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Introduction 

The great diversity of colors, plumage patterns, vocalizations and courtship displays of 

birds amazed early naturalists and have inspired evolutionary biologists for centuries 

(Darwin 1859, 1871; Wallace 1895; Hill 2006; Senar 2006). Such traits likely originated in 

the context of communication with conspecifics and heterospecifics, playing an important 

role in the establishment of geographic variation and the origin of new species (Price 2008). 

Theory and empirical work on geographic variation and speciation indicate that geographic 

isolation is crucial for biological populations to accumulate phenotypic differences (Mayr 

1942; Barraclough and Vogler 2000; Coyne and Orr 2004). Population differentiation in 

allopatry may result from the individual or combined effect of several evolutionary 

mechanisms including genetic drift, mutation, natural selection and social selection. Thus, 

understanding how different evolutionary mechanisms act to promote the diversity of 

phenotypes we observe in the natural world is a central theme in adaptation and speciation 

research. 

The Neotropical region is home to the greatest diversity of birds in the world (Stotz 

et al. 1996). Such diversity is, in large part, the result of the effect of various topographic 

barriers and climatic changes which have fragmented, isolated or allowed dispersion and 

colonization of new habitats over millions of years (Cracraft and Prum 1988; Brumfield 

and Capparella 1996; Smith et al. 2014). Geographic isolation has played a fundamental 

role shaping phenotypic diversity and speciation in the Neotropics given that polytypic 

species and areas with high rates of population genetic divergence tend to be concentrated 

in the tropics (Martin and Tewksbury 2008; Harvey et al. 2017). Nonetheless, compared to 

the well-documented patterns of tempo and mode of geographic speciation in Neotropical 

birds (Bates et al. 2008; Smith et al. 2014; Harvey et al. 2020), the evolutionary 



 
 

mechanisms underlying phenotypic differentiation once populations are isolated remain 

poorly understood. 

 If geographically isolated populations persist in time, then they may differentiate 

owing to genetic drift or selection. Nonetheless, theory suggests that the role of drift in the 

evolution of phenotypic traits is likely minor (Coyne, Barton, & Turelli, 1997; Price, 2008). 

This has been confirmed by a few empirical studies in Neotropical birds testing the role of 

genetic drift in promoting differentiation of plumage traits and songs, which instead found 

evidence supporting divergence under selection (Cadena et al. 2011; González et al. 2011). 

The role of natural selection driving population divergence in Neotropical systems has been 

most frequently shown by correlative studies testing for associations between traits and 

environmental gradients. Examples include adaptations of variable plumage pigmentation 

in response to gradients of precipitation and temperature in Furnariids (Marcondes et al. 

2021) or light environment in tanagers (Shultz and Burns 2017), as well as physiological 

adaptations to the loss of body heat and hypoxia in ducks inhabiting at high elevations in 

the Andes (McCracken et al. 2009; Gutiérrez-Pinto et al. 2014). Likewise, empirical studies 

have also shown the influence of habitat differences and food resources in shaping 

morphological traits (Chaves et al. 2007; Milá et al. 2009; Grant and Grant 2014). This 

evidence indicates that the study of adaptation to spatially variable resources or 

environments in Neotropical birds has been mostly focused in traits like morphology (i.e. 

size and shape), physiology, and overall plumage coloration. However, many plumage 

traits like head stripes or wing bars vary discretely (i.e. are present or not) among 

conspecific populations or congeneric species. Although discrete traits may also evolve in 

response to the environmental pressures (i.e. sensory drive; Endler 1992) or as cues to 

maximize foraging efficiency (Ficken and Wilmot 1968; Ficken et al. 1971; Mumme et al. 



 
 

2006), the adaptative value of such traits in ecological contexts has been poorly explored in 

part because they have been mostly associated with social signaling (Butcher and Rohwer 

1989; Savalli 1995).  

Particularly, researchers studying geographic variation in Andean birds have 

realized for long time that many discrete changes in plumage occur in seemingly random 

fashion among populations of the same species and are not associated to apparent 

differences in environments (Chapman 1923; Remsen 1984). This would suggest that most 

geographic variation may result from genetic drift or from the stochastic order in which 

mutations appear among populations (mutation order; Mani and Clarke 1990). Under 

mutation-order theory different mutations (i.e. changes in phenotype) are advantageous 

across populations sharing uniform environments, and they can be favored and fixed under 

natural or social selection. Thus, the only factor limiting mutations to spread to other areas 

is geographic isolation (Nosil and Flaxman 2011). Because different mutations may appear 

in different populations (or do so in different order), phenotypes may diverge even if 

populations share similar environmental regimes or selective pressures (Mendelson et al. 

2014). Despite the potential of the mutation-order framework to explain the apparent 

disassociation between environmental conditions and phenotype (Schluter 2009), the few 

studies that have tested explicitly the association between phenotype and environment in 

Neotropical birds have focused mostly on pairs of disjunct populations (Winger and Bates 

2015; Gutiérrez-Zuluaga et al. 2021). In contrast, studies assessing the extent of 

environmental variation and its association with phenotypic variation across widely 

distributed polytypic species in the Neotropics are scarce (Palacios et al. 2019; Moreira et 

al. 2020). 



 
 

 Social selection, i.e. selection on traits that results from competition for resources 

(e.g. territories, nest sites, and mates; West-Eberhard 1983) may be a main driver of 

population divergence in traits like plumage patches and songs (West-Eberhard 1983; 

Stutchbury and Morton 2001). Moreover, traits under social selection, either by male-male 

competition or mate choice, not only may evolve rapidly but may also take different 

directions among populations (West-Eberhard 1983; Prum 2012). Recent genetic and 

phylogenetic comparative studies have highlighted the importance of social selection as a 

driver of population divergence in plumage traits across large radiations of Neotropical 

birds (Price and Whalen 2009; Winger and Bates 2015; Marcondes and Brumfield 2019). 

For example, higher transition rates in ventral plumage patches (facial/frontal patches) used 

in intraspecific communication compared to dorsal plumage patches (head and back) most 

likely affected by natural selection  (Parra, 2010; Marcondes & Brumfield, 2019; but see 

Medina et al., 2017) indicates social selection may have a heretofore underappreciated role 

in the origin of geographic variation and speciation. 

 Despite correlative evidence suggesting social selection as an important driver of 

plumage evolution in Neotropical birds, few empirical studies have assessed the role of 

mechanisms like male-male competition and female choice in the evolution of plumage 

traits in Neotropical systems (McDonald et al. 2001; Stutchbury and Morton 2001; Stein 

and Uy 2006). This is surprising given that Neotropical birds exhibit a variety of life-

history traits like year-round territoriality and stable pair bonds, which make them more 

susceptible to evolve traits that may be useful to resolve conflicts for access to resources or 

mates (Stutchbury and Morton 2001; Tobias et al. 2011, 2016). Therefore, our 

understanding of the role of social and sexual mechanisms in the evolution of plumage 

traits in Neotropical birds has largely relied on inferences from better studied systems from 



 
 

the temperate zone and other tropical regions (Butcher and Rohwer 1989; Andersson 1994; 

Savalli 1995; Price 2008). Whether the findings and concepts in social selection developed 

from temperate species are applicable to tropical systems, however, is unclear (Stutchbury 

and Morton 2008; Tori et al. 2008).  

 Novel traits may be selected by mechanisms of social selection when such traits 

provide a competitive advantage to males (i.e. through male-male competition) to access 

resources in which females are interested such as territories or nest sites (West-Eberhard 

1983; Dijkstra et al. 2005; Tinghitella et al. 2018). Females are also likely to respond and 

select for a novel signal if such signal is honest (Maynard Smith and Harper 2003), 

meaning that the signal is an indicator of quality or implies some cost to its bearer (Zahavi 

1975; Guilforf and Dawkins 1995). Honest signaling can be evolutionary stable if costs of 

signaling a particular trait are greater for low-quality individuals (Grafen 1990), with costs 

being related to producing signals (i.e. physiological costs; Jawor and Breitwisch 2003) or 

to increasing aggression from conspecifics (i.e. social costs; Tibbetts 2014; Webster et al. 

2018). Assessing the cost of novel signals, however, is complicated because of the potential 

interplay between social and physiological costs. For example, new signals may affect the 

social interactions of individuals producing changes in hormone titers, which can affect 

different aspects of the fitness of individuals (Tibbetts 2014; Webster et al. 2018). 

Assessing the mechanisms underlying the origin of signaling traits thus requires integrative 

studies which have not been conducted in Neotropical birds.  

 In this dissertation, I addressed evolutionary and behavioral hypotheses related with 

the ecological and social mechanisms underlying the origin of plumage traits and 

geographic variation in Neotropical birds. My work ranges from phylogenetic comparative 

analyses to field experiments aimed to uncover the signature of evolutionary process 



 
 

shaping the evolution of phenotypes. The protagonists of this story are finches in the genus 

Arremon, a diverse group of lowland and highland birds ranging from northern Mexico to 

southern Argentina, whose geographic variation in plumage patches and evolutionary 

history has called the attention of taxonomists and evolutionary biologists for almost a 

century (Chapman 1923; Parkes 1954; Paynter 1978; Remsen 1984; Remsen and Graves 

1995; Cadena et al. 2007, 2011; Navarro-Sigüenza et al. 2008; Flórez-Rodríguez et al. 

2011; Buainain et al. 2016, 2017, 2020, 2021; Trujillo-Arias et al. 2017; Carneiro de Melo 

Moura et al. 2020). My approach involved museum and lab work, as well as detailed 

observations of behavior in the field. I used these data integrating several analytical 

approaches like phylogenetic comparative methods, design and implementation of 

behavioral experiments, combined with analyses of physiological and ecological attributes 

of free-living individuals. Conducting my research program required building a novel 

natural history baseline and a robust phylogenetic framework, for which I collaborated with 

colleagues and students I supervised. Manuscripts resulting from such work (Castaño et al. 

2019; Buainain et al. 2021; Rodríguez-Fuentes et al. 2021) are included as appendices, with 

the core of my dissertation corresponding to three original chapters. 

 In the first chapter, I studied the association between environment and the evolution 

of plumages traits across the genus Arremon. I used a multilocus molecular phylogeny of 

the genus to expand previous analyses on trait evolution focused on a single species 

complex (Cadena et al. 2011) to the whole genus and, for the first time, examined links 

between phenotypes and environments. In this chapter I took advantage of collaborative 

efforts I was involved with to reconstruct the most complete and robust phylogeny of this 

group yet available, which allowed me to integrate data from museum specimens, climatic 



 
 

and vegetation data derived from remote-sensed variables and phylogenetic methods to ask 

whether similar plumage traits are associated with similar or dissimilar environments. 

In the second chapter, I studied whether novel plumage traits may provide a 

competitive advantage (or disadvantage) relative to local traits during male-male contests, 

and therefore may represent a mechanism driving population divergence. I conducted 

simulated territorial intrusions using taxidermic mounts exhibiting different phenotypes and 

playback stimuli to assess the aggressive response of territorial males in two species of 

Arremon bushfinches from geographically distant areas of Colombia. I made use of 

standardized methods of experimental design, collecting of behavioral data and statistical 

analyses to determine whether differential aggression to different plumage traits may be 

mediating phenotypic differentiation in these non-model species. 

In the third chapter, I studied potential social and physiological costs associated to 

signaling a novel trait. I simulated the origin of a novel trait (i.e. painted a black pectoral 

band) in males of the Gray-browed Brushfinch (A. assimils), which naturally lack this trait. 

I compared changes in physiological (i.e. hormone titers, body condition) and socially-

mediated attributes (i.e. home-range size) that may be affected by changes in the social 

environment of manipulated males. I also monitored pair bond stability as an indicator of 

female preferences for novel versus local traits. For this chapter, I took advantage of 

extensive field work conducted in a color-marked population of A. assimilis that I and 

collaborators have studied since 2017 (Castaño et al. 2019; Rodríguez-Fuentes et al. 2021). 

I implemented field, lab and analytical methods necessary to understand the dynamics and 

feedbacks between physiology and social costs that may underlying plumage evolution in 

this system. 
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Abstract. A long-standing question in the study of geographic variation in Neotropical 

birds is whether seemingly convergent plumage traits observed in allopatric populations 

evolve in response to similar environmental regimes implying common selective pressures. 

We addressed this question by conducting analyses of the tempo and mode of evolution in 

two plumage traits, a black pectoral band and a superciliary stripe, which exhibit a 

complex pattern of geographic variation in the genus Arremon (Aves; Passerellidae) across 

the Neotropics. We also assessed whether Arremon populations exhibit ecological 
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differences associated with population divergence in these plumage traits through 

quantification of the overlap in their ecological niches estimated from climatic and habitat 

heterogeneity variables. We found that despite high phylogenetic signal, both plumage 

traits have experienced a high number of changes and have not evolved in correlated 

fashion. Moreover, we found low niche overlap across populations, suggesting that similar 

plumage traits have evolved convergently across populations facing different 

environmental conditions a pattern contradicting predictions from classic natural selection 

or mutation-order theory. Although phenotypic divergence among Arremon populations 

seems not to have resulted from adaptation despite geographic isolation and ecological 

conditions, alternative mechanisms by which natural and social selection may explain the 

pattern of repeated plumage evolution in the pectoral band and superciliary merit further 

study. 

 

Keywords: allopatric speciation, mutation-order, niche differentiation, reproductive 

isolation, sexual selection, plumage evolution 

 

Introduction 

The study of geographic variation (i.e. the existence of differences in genetically based 

traits among populations across the range of a species) is central to theories of adaptation 

and speciation (Mayr 1942; Endler 1977). Differences among populations likely arise 

through the accumulation of stochastic mutations in geographic isolation, which may be 

sorted by different evolutionary mechanisms including genetic drift or various forms of 

selection (Price 2008). Although genetic drift may, in principle, create gene combinations 

resulting in novel phenotypes, theory and empirical studies suggest that the role of drift in 



 
 

the evolution of phenotypic traits is likely minor (Coyne et al. 1997; Price 2008). In 

contrast, natural selection often promotes geographic variation via adaptation of 

populations to different environments. If geographic variation is a result of natural 

selection, then populations occupying different environments posing distinct selective 

pressures should differ in phenotypic traits (Gould and Johnston 1972). Accordingly, 

adaptive geographic variation often exists in ecologically relevant traits (e.g. 

morphometrics, physiology) responding to different selective environments involving 

abiotic and biotic factors (e.g. habitat, predators; Schluter 2000). Also, animal 

communication signals (e.g. coloration, songs) may diverge in response to properties of the 

environment (Morton 1975; Endler 1992; Dunn et al. 2015). In contrast to this dominant 

adaptive paradigm, however, populations differing markedly in communication traits (e.g. 

vocalizations, coloration) often occupy apparently similar habitats (Gulick 1890; Chapman 

1923; Remsen 1984), which raises questions about the dominant role of natural selection in 

promoting population divergence across different types of traits.  

An alternative adaptive hypothesis explaining why different traits may occur in 

similar environments is mutation-order theory (Mani and Clarke 1990). Under this view, 

mutations of similar adaptive value underlying different traits arise stochastically in 

separate populations occupying similar environments, and become fixed owing to social or 

natural selection where they appear (Nosil and Flaxman 2011; Mendelson et al. 2014). 

Thus, under classic natural selection, geographic variation reflects that mutations are 

adaptive in the environment where they occur but not in others; under mutation-order, 

distinct mutations are equally advantageous and favored at different sites with similar 

environments. Therefore, in the latter scenario, geographic variation in phenotype is 

accounted for by stochasticity in the mutation process and not by spatial differences in 



 
 

selective regimes (Schluter 2009). Moreover, as with natural selection, mutation-order 

theory may account for convergent patterns of geographic variation because, by chance, 

different populations may not acquire the same mutations nor fix them in the same order 

(Mani and Clarke 1990; Nosil and Flaxman 2011). In sum, relative to the deterministic 

process of ecological adaptation, the stochastic origin of mutations may explain the lack of 

correlation between some traits and environmental variables across populations (West-

Eberhard 1983; Mendelson et al. 2014; Tobias et al. 2020). 

The plumage coloration of birds is widely known to exhibit geographic variation 

(Remsen 1984; Zink and Remsen 1986). The color of large plumage patches like those in 

the back and belly often vary gradually among conspecific populations or among closely 

related taxa in response to climatic gradients, resulting in so-called ecogeographical rules 

(Zink and Remsen 1986, Delhey 2019). Because these plumage patches cover large areas of 

the body and are exposed to predators and to abiotic and biotic agents influencing 

physiology and causing damage to feathers (e.g. solar radiation, microorganisms, 

ectoparasites), their patterns of geographic variation are often linked to functional adaptive 

hypotheses including camouflage, thermoregulation and feather protection (Savalli 1995; 

Delhey 2019). In contrast, because plumage patches like head stripes or bars in the chest or 

wings are involved in communication (Searcy and Nowicki 2012) and are seemingly 

unlikely targets of natural selection, geographic variation in such traits is usually explained 

under mechanisms of sexual or social selection via female choice or male-male competition 

(Berglund et al. 1996; Dunn et al. 2015). This dichotomy in how researchers associate 

certain forms of selection with particular kinds of traits may prevent us from exploring the 

possibility that natural selection may also affect traits used in social contexts and species 

recognition which are typically assumed to be targets of sexual selection (Marchetti 1993; 



 
 

Schluter and Price 1993; Safran et al. 2013). Particularly, little is known about how 

mechanisms of natural or social selection have shaped the diversity of plumage traits in the 

Neotropics (Mumme et al. 2006; Shultz and Burns 2017; Meneses-Giorgi and Cadena 

2021), despite pervasive patterns of geographic variation in Neotropical birds and their 

importance in the study of speciation (Chapman 1917; Remsen 1984). The ability of 

mutation-order theory to account for geographic variation in birds has seldom been studied 

(Wilkins et al. 2013; Winger and Bates 2015), yet empirical studies on other taxonomic 

groups highlight the potential of this framework to explain divergence in coloration and 

acoustic signals among species (Henry 1994; Martin and Mendelson 2012).  

A leading hypothesis linking ecology and the evolution of signals in animals is 

sensory drive, which posits that properties of the environment may influence the evolution 

of sensory systems and bias the direction in which traits used in social contexts evolve 

(Endler 1992). For instance, because traits used for communication with conspecifics may 

be selected to enhance detectability or conspicuousness (Savalli 1995), signals contrasting 

against the background (e.g. white stripes in dark understories or black patches in brightly 

lit environments) should be favored by conspecifics (Maynard Smith and Harper 2003). 

Furthermore, variation in detectability of color against different backgrounds may bias 

female preferences towards traits that reduce searching times and allow distinguishing 

differences among potential mates (Schluter and Price 1993). Moreover, variation in 

ecological factors may also affect female preferences generating perceptual biases, which 

may then lead to the evolution of male traits through sensory exploitation (Ryan and 

Cummings 2013). Thus, environmental variation may drive changes in trait detectability, 

which may lead to divergence in female preferences and male traits among populations 

(Schluter and Price 1993; Kawata et al. 2007). Despite such strong conceptual framework, 



 
 

the hypothesis that sensory drive may explain the evolution of divergent phenotypes 

involved in contexts of male-male competition and mate choice in Neotropical taxa has 

received little study (Endler and Théry 1996; Anciães and Prum 2008). 

Arremon finches are a group of Neotropical songbirds with remarkable geographic 

variation in plumage traits across taxa and populations, occupying a wide range of 

environments from humid and dry forests in the lowlands up to montane habitats in South 

and Central America (Rising et al. 2011). Most geographic variation in plumage traits is in 

the presence or absence of a black pectoral band and a superciliary (Chapman 1923; Parkes 

1954). Similar phenotypes in the A. torquatus complex exist in geographically separate 

populations which are not closely related and some form of selection likely explains the 

recurrent evolution of phenotypes in the group because traits evolve at a higher rate than 

that expected under genetic drift (Cadena et al. 2011). Furthermore, although geographic 

variation in these traits was traditionally assumed to be unrelated to differences in the 

environment (Chapman 1923), exposure to different climatic regimes may have driven 

niche differentiation among allopatric forms (Cadena and Loiselle 2007; Moreno-Contreras 

et al. 2020) and potentially influenced signal evolution. However, no formal asssessments 

of the ecological differentiation of populations and its association with particular plumage 

traits have been conducted in Arremon.  

Here, we provide a more complete picture of convergent evolution underlying the 

patterns of geographic variation in Arremon by expanding previous analyses on trait 

evolution focused on a single species complex (Cadena et al. 2011) to the whole genus and 

by examining, for the first time, links between phenotypes and environments. We test the 

alternative hypotheses that (1) ecological differences are associated with population 

divergence in plumage traits in Arremon, an indication of adaptation to contrasting habitats; 



 
 

and (2) that populations inhabiting similar environments exhibit different plumage traits, 

which would be consistent with mutation-order theory. We first conducted ancestral state 

reconstructions of plumage traits on a multilocus molecular phylogeny and described 

general aspects of the tempo and mode of trait evolution. Second, using phylogenetic 

comparative methods we asked whether similar plumage traits are associated with similar 

or dissimilar environments.  

 

Methods 

Taxon sampling and phylogeny 

The genus Arremon as recently circumscribed based on molecular phylogenetic analyses 

(Cadena et al., 2007; Klicka et al., 2014) comprises 47 taxa (i.e. species and subspecies; 

Rising et al. 2011). We based our analyses on a well-supported maximum-likelihood 

phylogeny based on 2,321 loci flanking ultra conserved elements in the nuclear genome 

(Buainain et al. 2021) in which we included 45 of the currently recognized taxa, except A. 

phaeopleurus and A. schlegeli fratruelis given their scarcity in collections. We also 

sampled an undescribed and genetically distinct subspecies of A. aurantiirostris from 

Central America (pers. obs.). Missing taxa probably did not affect our analyses because we 

sampled close relatives sharing similar plumage traits and occupying geographically 

adjacent areas (Cadena et al. 2011; Rising et al. 2011). 

 

Plumage data 

We focused our phenotypic analyses on two plumage traits that vary geographically within 

and among Arremon species: a black pectoral band and a superciliary. We codified 

character states for each trait after JEA inspected and compared 318 specimens from all 



 
 

taxa in the genus (7.2 ± 3.0 specimens/taxon, range = 1-14) at the American Museum of 

Natural History. Both plumage traits were coded in three states (absent, partial and 

complete). Although the superciliary also varies in coloration (e.g. white, gray, green, 

orange), we focused only on its extent (i.e. pattern).  

 

Plumage evolution 

We described the evolution of plumage traits by assessing their phylogenetic signal, i.e. the 

tendency of traits of related species to resemble each other more than species drawn at 

random from the same tree (Blomberg and Garland 2002), using two alternative methods. 

First, we calculated the D statistic (Fritz & Purvis, 2010) using the phylo.d function in the 

package ‘caper’ (Orme et al. 2014). The D statistic is appropriate for binary traits and D 

tipically varies from 0 to 1. When D equals 0 the trait evolves across the tree following a 

Brownian motion model (strong phylogenetic signal), whereas when D = 1 the trait evolves 

following a random model (i.e. no phylogenetic signal). D can also take negative values 

indicating that the trait evolves more conservatively than expected under Brownian motion 

(but see Revell, Harmon, & Collar, 2008). We compared D values against simulated values 

(1000 permutations) to assess whether they were significantly different from predictions of 

a Brownian motion or  a random pattern of evolution. Given that our plumage traits have 

three character states, we ran different analyses treating the partial state either as absent or 

present (i.e. complete).  

Second, we tested for phylogentic signal in plumage traits using the δ statistic, 

which is more appropriate for categorical traits with more than two character states (Borges 

et al. 2019). δ varies from 0 to any positive real number, taking high values when 

evolutionary relatedness is strongly associated with observed trait values (strong 



 
 

phylogenetic signal) and low values when evolutionary change in the trait is independent 

from the phylogeny (no phylogenetic signal). The significance of the δ statistic was tested 

against simulated values (100 permutations). Besides scenarios where the partial state was 

treated as absent or complete, we calculated δ for a third scenario where plumage traits had 

three character states. We estimated δ using code available from Borges et al. (2019; 

https://github.com/mrborges23/delta_statistic). 

To further describe the mode of evolution of discrete plumage traits we 

implemented MK models using the function fitDiscrete in ‘geiger’ v2.0 (Pennell et al. 

2014). This procedure allowed us to compare different models describing transition rates 

between character states for each plumage trait and to select the model best-fit to the data 

using the Akaike information criterion corrected for small sample sizes (AICc) and Akaike 

weights (ω). Once we identified the best model of evolution for each trait, we reconstructed 

ancestral character states using stochastic character mapping (Huelsenbeck et al. 2003) 

implemented in ‘phytools’ (Revell 2012). Posterior probabilities for states at each internal 

node, as well as the mean number of changes between states, were estimated from 100 

stochastic character maps (i.e. possible character stories sampled from their Bayesian 

posterior distribution) on the maximum-likelihood phylogeny based on UCE loci by 

Buainain et al., (2021) following Revell (2013). This method accommodates uncertainty on 

inferences of ancestral states based on a single topology by sampling character histories for 

each parameter sample from the posterior distribution (Bollback 2006). 

Finally, we also assessed whether changes between states of the pectoral band are 

independent or not from states in the superciliary (i.e. whether the two plumage traits 

evolve independently). We tested this hypothesis using Pagel's (1994) correlation test as 

implemented in the function fitpagel in ‘phytools’(Revell 2012). Because this method only 



 
 

applies for binary traits, we ran two different analyses, one treating the partial state as 

absent, and other treating it as complete. We compared the independent model against 

models where one trait is dependent of the other, and where both traits are interdependent. 

Model selection was assessed using the Akaike information criterion as in previous model 

comparisons.  

 

Ecological characterization of Arremon populations 

We obtained locality data for all Arremon taxa from eBird records (https://ebird.org) 

available on March 4 2021. For some taxa with few records (< 10) we added records based 

on sound recordings (https://www.xeno-canto.org) or museum specimens. We selected 

records separated by a minimum distance of 2 km to increase independence (Moreno-

Contreras et al. 2020). We assigned records to each taxon based on literature (Rising et al. 

2011), supported by georeferencing of museum specimens employed as reference points to 

establish range boundaries. After checking each record in Google Earth 

(https://earth.google.com), those that were out of the known elevational range of their 

corresponding species or showed a clear geopolitical discordance with their tagged locality 

were discarded, resulting in a final dataset with 2037 records (mean 43.3 localities/taxon, 

range = 9-168). 

Using locality records, we extracted climatic data from 19 environmental variables 

plus elevation from WorldClim v2.1 using ‘raster’ (Fick and Hijmans 2017). These data 

include variables related with annual and seasonal variation in temperature and 

precipitation at a 30 s resolution collected between 1970 and 2000. We also included five 

habitat heterogeneity measures at a 30 s resolution based on the textural features of the 

enhanced vegetation index (EVI), which capture detailed spatial variation within forest and 

https://earth.google.com/


 
 

open habitats (Tuanmu and Jetz 2015). Given that several of our bioclimatic and habitat 

heterogeneity variables capture similar features of the environment, we discarded highly 

correlated variables (r > 0.8; variance inflation factor (VIF) >10) using the function vifcor 

in the package ‘USDM’ (Naimi et al. 2014) to reduce model redundancy and collinearity 

(Dormann et al. 2013). From this analysis, we retained eight uncorrelated bioclimatic 

variables for subsequent niche overlap analysis: mean diurnal range (bio2), isothermality 

(bio3), mean temperature of wettest quarter (bio8), precipitation of wettest month (bio13), 

precipitation of driest month (bio14), precipitation seasonality (bio15), precipitation of 

warmest quarter (bio18), precipitation of coldest quarter (bio19); plus three habitat 

heterogeneity variables: evenness, coefficient of variation in EVI, and entropy. Previous 

studies have found that bioclimatic variables perform well predicting species distributions 

in Arremon (Cadena and Cuervo 2010; Trujillo-Arias et al. 2017; Buainain et al. 2020; 

Moreno-Contreras et al. 2020), and relate to variation in plumage coloration in other birds 

across different taxonomic and geographic scales (Miller et al. 2019; Marcondes et al. 

2021).  

To determine whether populations exhibiting alternative plumage traits (e.g. 

presence or absence of a black pectoral band) inhabit similar environments, we analyzed 

ecological niche overlap in pairwise comparisons among (1) the 46 lineages in the genus 

Arremon and (2) 16 pairs of sister taxa in the genus. We followed the framework developed 

by Broennimann et al., (2012) to quantify niche overlap between populations. First, using 

data from each of the 11 environmental variables, we calculated the density of occurences 

along the environmental axes defined by a principal component analysis (PCA-env). Then, 

using variables obtained from this multivariate analyses (PC1 and PC2) we estimated niche 

overlap using Schoener’s D (Schoener 1968), which ranges from 0 (no overlap) to1 



 
 

(identical potential niches). We interpreted values of D following Rödder and Engler 

(2011): 0–0.2 = no or very limited overlap, 0.2–0.4 = low overlap, 0.4–0.6 = moderate 

overlap, 0.6–0.8 = high overlap, 0.8–1.0 = very high overlap. Third, we performed a niche 

similarity test (Warren et al. 2008) to test the hypothesis of niche conservatism between 

pairs of populations. We did not reject the hypothesis of niche similarity between two 

populations when their observed D value was greater than 95% (p < 0.05) of the expected 

D values simulated after 1000 replications allowing random shifts within the ranges of each 

population (Warren et al. 2008; Broennimann et al. 2012). For each comparison, we used as 

background environment (Broennimann et al. 2012) the localities obtained for the 

remaining Arremon taxa, which describe the environmental space that any Arremon taxon 

could encounter across the Neotropics. All analyses were implemented in package ‘ecospat’ 

v. 3.2  (Broennimann et al. 2021), while visualizations of niche overlap were obtained using 

a modified version of the niceOverPlot function for R developed by J. Fernández-López 

and I. Villa. 

 

Niche evolution 

We assessed the phylogenetic signal of uncorrelated axes (PC1, PC2 and PC3) describing 

environments occupied by Arremon populations using the phylosig function in the package 

‘phytools’ (Revell 2012). We used as trait values the median of each PC estimated from all 

values for each taxon. Then, we calculated Blomberg’s K, which compares the variance of 

of standardized phylogenetic independent contrasts to what one would expect under a 

Brownian motion model (Blomberg et al. 2003). When K equals 1, relatives resemble one 

another as much as one expects under Brownian motion, whereas when K < 1 there is less 

phylogenetic signal than expected under Brownian motion. K may also be > 1, in which 



 
 

case the trait evolves more conservatively than expected under Brownian motion. We also 

tested for phylogentic signal in the PC’s using lambda (λ; Pagel, 1999); when λ is close to 

zero there is no phylogenetic signal, whereas λ = 1 describes a purely neutral (random) 

evolution of a trait (Pagel 1999). The statistical significance of K and λ was assessed based 

on comparisons of observed values against expected values simulated under 999 

randomizations as implemented in the phylosig function.  

To further describe the mode of niche evolution as described by each environmental 

PC we implemented four alternative models of trait evolution using the function 

fitContinuous in ‘geiger’ v2.0 (Pennell et al. 2014): a) Brownian motion model, in which 

traits evolve as a random-walk process and niche disparity accumulates approximately 

linearly through time (Felsenstein 1985); b) Ornstein-Uhlenbeck model, where niches 

shows a trend to evolve towards a single adaptive peak (Hansen 1997; Butler and King 

2004); c) early-burst model, where niche diversification is concentrated towards the base of 

the tree and decreases exponentially through time (Harmon et al. 2010); and d) a white 

noise model, in which niches evolve independently of phylogeny. We selected the model 

best-fit to the data using the Akaike information criterion corrected for small sample sizes 

(AICc) and Akaike weights (ω). 

 

Statistical analyses 

To assess whether populations with similar traits inhabit similar or different environments, 

we implemented two analytical approaches. First, we compared differences in observed 

Schoener’s D values between 16 pairs of sister taxa using a Wilcoxon test. Hypotheses in 

which traits are linked to environments predict that populations with similar phenotypes 

(e.g. complete band vs. complete band) should exhibit higher niche overlap than 



 
 

comparisons involving populations with different phenotypes (e.g. complete band vs. band 

absent). Second, we analyzed the effect of our predictor (environmental) variables on the 

presence or absence of plumage traits through phylogenetic Bayesian multilevel models 

using the software stan implemented in the package brms (Bürkner 2017). This method 

allowed us to assess the effect of multiple predictors on plumage patches coded as binary 

(presence/absence) or categorical (i.e. absent, partial and complete), while including group-

level effects that account for statistical non-independence of species data due to shared 

phylogenetic history. 

 Our models analyzed each plumage patch separately as dependent variable, while 

including as explanatory variables those related with climate (PC1, PC3) and habitat 

heterogeneity (PC2; see Results). Because divergence in plumage coloration may vary in 

relation to geography, the intensity of sexual selection or due to evolutionary constraints in 

body size (Martin et al. 2010; Galván et al. 2013), we also included in our models as 

explanatory variables latitude, longitude, elevation, body mass and a proxy of sexual 

selection as follows. Latitude and longitude were estimated using the package 

‘adehabitatHR’ (Calenge 2006) as the centroid of a minimum convex polygon including all 

geographic localities for each taxon. The median of elevation of each taxon was calculated 

using values extracted from Worldlclim (30 s). Body mass was estimated for 42 taxa using 

a set of 759 adult individuals (468 males, 291 females) sourced from museum and live 

specimens, averaging at least three individuals for each taxon (mean = 18 individuals per 

taxon; range = 3-82). As a proxy for the intensity of sexual selection through male-male 

competition via direct (i.e. physical agression) or indirect effects (e.g. access to resources or 

extra-pair copulations), we estimated an index of sexual size dimorphism (SSD) measuring 

the size difference between male individuals and the population mean (Lislevand et al. 



 
 

2007; Miles et al. 2018). For 31 taxa with more than two individuals for each sex, we 

calculated SSD as the difference between male and female mass divided by the taxon mean 

mass (SSD = ( massM  massF/mass taxon). A SSD of zero means that males and females 

have similar body sizes, positive values indicate that males are larger than females, and 

negative values that females are larger than males. To complement missing data on body 

size and SSD, we imputed data using the package ‘Rphylopars’ (Goolsby et al. 2017) using 

a Brownian motion model and variance-covariance matrix between these traits. All 

predictor variables were scaled to a mean of 0 and a standard deviation of 1. Finally, all 

models included a phylogenetic correlation matrix estimated from our phylogeny as a 

group-level effect to account for correlations due to phylogenetic relatedness between taxa 

(Bürkner 2017). 

 Because the pectoral band and superciliary are discrete traits, we used a Bernoulli or 

cumulative distribution family depending if they were treated as binomial (absent/present) 

or categorical (absent, partial and complete), respectively. For each model, we applied 

default priors and run four chains sampled for 10.000 generations with 5000 generations of 

warm-up, and 5000 chains of sampling. Model convergence was considered acceptable if 

the R-hat statistic was less than 1.01, and when effective sample sizes (ESS) where > 500 

for all model paramenters. All statistical analyses were implemented in R (R Development 

Core Team 2016). 

 

Results 

Plumage evolution 

The two tests we employed detected significant phylogenetic signal in both the pectoral 

band and the superciliary (Table 1), indicating that these traits tend to be more similar 



 
 

between closer relatives than to taxa drawn at random from the tree. The evolution of both 

traits was best fit by an equal-rates model relative to other models of trait evolution (Table 

2), suggesting than character states were equally likely to change to any other state (i.e. 

there was no directionality in trait evolution). Finally, Pagel’s method indicated that an 

independent model of evolution explained significantly better the evolution of the pectoral 

band and superciliary compared to alternative models in which the evolution of these traits 

was correlated (Table 3).  

The ancestor of Arremon was reconstructed with high confidence as bearing a 

complete pectoral band (posterior probability = 0.98; Fig. 1), yet this trait has been labile 

through time, with a mean estimate of 11.83 changes across character maps on the tree. 

Most changes implied the loss or reduction of the pectoral band to absent (6.05) or partial 

states (2.33), while other character-state changes were less frequent (i.e. gain of a complete 

band from partial state = 0.69,  gain of complete band from absent state = 1.97; Fig. 1). A 

complete superciliary was recovered as the ancestral state in Arremon (posterior probability 

= 1.0; Fig. 1). This trait experienced 8.03 changes along the tree, most of them implying 

reductions to partial (4.7 changes) and absent states (2.79). No gains of a complete 

superciliary occurred from absent or partial states. 

 

Ecological characterization of Arremon populations and niche evolution 

PCA analyses recovered three principal components explaining 63.8% of the total variance 

across the eight climatic and three habitat heterogeneity variables we examined (Table 4). 

PC1 (30.5%) was positively correlated with variables describing more humid environments 

during extreme seasons (e.g. the driest month), whereas negative values corresponded to 

environments with wider temperature regimes and higher seasonality in precipitation. PC2 



 
 

(19.6%) was positively correlated with all variables describing habitat heterogeneity, thus 

indicating more heterogenous habitats. Higher values on PC3 (13.6%) reflected higher 

seasonal variation in temperature and precipitation, whereas lower values indicated more 

isothermal environments (i.e. where diurnal temperature range is equivalent to the annual 

temperature range).  

Taxa belonging to different clades or having similar plumage traits were uniformly 

distributed across the environmental space described by the three principal components 

(SFig. 1). Blomberg’s K and Pagel’s λ  were < 1 for all three axes, indicating less 

phylogenetic signal than expected under Brownian motion (Table 5). However, the 

evolution of all three niche axes was best fit by a Brownian motion model of trait evolution 

compared to the Ornstein-Uhlenbeck, evolutionary burst and white-noise models (Table 6).  

 

Ecological overlap 

Pairwise comparisons among the 46 lineages in the genus Arremon indicated that most 

pairs of populations have no (D = 0.0-0-2; 55.4% of comparisons) to low overlap (D = 0.2-

0.4; 28.3%) in their niches. However, there were a few cases in which populations have 

moderate (D = 0.4-0.6; 13.9%) to high overlap (D = 0.6-0.78; 2.3%). Background similarity 

tests also indicated low niche similarity among the 46 lineages analyzed: only 75 out of 

1081 (7%) pairwise comparisons were significantly more similar than expected under a null 

distribution of D values. Likewise, comparisons restricted to 16 pairs of sister taxa sharing 

similar plumage traits did not have higher or lower overlap than pairs of sister taxa with 

different traits (pectoral band: W =15, p-value = 0.32; superciliary: W = 29, p-value = 0.24; 

Fig. 2). For instance, within the brunneinucha group (Fig. 3A), pairs of taxa lacking the 

black pectoral band (apertus, allinornatus, inornatus and virenticeps) exhibited low levels 



 
 

of niche overlap (0.0-0.43), but niche overlap was similarly low with their respective 

relatives having the pectoral band (0.07-0.42). Likewise, low levels of niche overlap were 

observed between taxa of the torquatus complex bearing or lacking a black pectoral band 

(Fig. 3B), as well as in lowland Arremon taxa varying in the extent of the superciliary (Fig. 

3C).  

 The lack of differences in the environments used by taxa sharing similar traits was 

corroborated by our Bayesian multilevel models given that none of the PC axes 

summarizing climatic and habitat heterogeneiety explained variation in plumage traits. 

Similarly, we did not find an effect of geographical variables like latitude, longitude, 

elevation, nor variables like body mass and sexual size dismorphism on the plumage traits 

we examined (Table 7). The same result was obtained when traits were treated as binary 

(i.e. partial as absent or complete) or categorical (i.e. partial grouped in its own state) 

(STable 1). 

 

Discussion  

Extensive evidence supports a dominant role for natural selection in the establishment of 

genetically based geographic variation (Coyne and Orr 2004; Sobel et al. 2010). The 

framework of adaptation via natural selection typically establishes that population 

divergence occurs by the fixation of particular mutations that are advantageous in the 

environments where they occur but not in others. Alternatively, mutation-order theory 

proposes that different mutations may be advantageous and therefore fixed via selection in 

similar environments (Schluter 2009). Although the Neotropics harbors the greatest 

diversity of birds in the world (Stotz et al. 1996) and geographic variation is pervasive 

across many species and biomes (Remsen 1984; Haffer and Fitzpatrick 1985), there have 



 
 

been few attempts to understand the evolutionary mechanisms underlying geographic 

variation in discrete plumage traits that distinguish many allopatric populations. 

Furthermore, given that large breeding ranges, occupation of montane regions and 

heterogeneous habitats make populations more susceptible to diverge in phenotypic traits in 

birds (Phillimore et al. 2007), one would expect that if adaptation drives phenotypic 

diversification and geographic variation, then the diversity of environments across the 

Neotropics would be especially prone to promote the origin of different plumage 

phenotypes.  

We conducted one of the first studies testing for an association between 

environment and the presence or absence of discrete plumage traits in a Neotropical bird 

clade comprising multiple species and populations, and tested predictions derived from 

natural selection and mutation-order theories. Our analyses revealed that populations of 

Arremon finches occupy a variety of distinct environments and that plumage traits, despite 

exhibiting phylogenetic signal, have experienced numerous evolutionary changes. Such 

lability of habitat occupation and phenotypes suggests there has been ample potential for 

adaptive evolution. Nonetheless, divergence among populations in two geographically 

variable plumage traits was not associated with differences in their ecological niches, 

contradicting a potential role for natural selection driving geographic variation in such 

traits. In contrast to patterns expected under classic natural selection and mutation-order 

theory, a salient pattern in our analysis was that similar plumage traits have evolved 

convergently across populations facing different environmental conditions. 

 The lack of an association between our metrics of environmental variation and the 

presence or absence of a pectoral band and superciliary stripe in Arremon is intriguing 

given that the complex diversification experienced by the group across the Neotropics 



 
 

provided the geographical and ecological conditions to evolve divergent phenotypes by 

natural selection or mutation-order processes. This genus originated in humid montane 

habitats in Central America ~8.4 mya and later expanded to the lowlands and highlands of 

Central and South America (between 8.4–4.5 mya), occupying a diversity of environments 

(Buainain et al. 2021). As documented in many taxa originating in Central America and 

expanding to South America, Arremon lineages likely occupied a diversity of new habitats, 

and once established they experienced vicariant events associated with physical barriers as 

well as climatic events that fragmented their ranges (Cadena et al., 2007; Weir, 2009). Such 

isolation of populations has resulted in restricted levels of gene flow and marked genetic 

structure in several taxa in the genus (Cadena et al. 2007; Navarro-Sigüenza et al. 2008; 

López et al. 2016; Trujillo-Arias et al. 2017; Buainain et al. 2020; Carneiro de Melo Moura 

et al. 2020), revealing the potential of populations to evolve in disparate directions. 

However, although geographic variation in ecological conditions and the wide geographic 

distribution of Arremon in isolated populations would seem conducive to plumage traits 

adapting to particular environments thereby causing divergence among populations, our 

analyses do not support this hypothesis.  

Although our analyses of niche divergence based on climatic and vegetation data 

and the lack of association between phenotypes and environmental variables do not support 

the hypothesis that geographic variation in plumage traits in Arremon is adaptive, some 

selective processes linked to plumage evolution may still merit consideration. For example, 

spatial variation in the availability of resources may influence the ability of individuals to 

synthesize melanin-based traits and the expression of such traits may be mediated by 

physiological trade-offs influenced by the environment (Cadena et al., 2011). Although the 

costs of producing melanin-based traits remain little studied (Jawor and Breitwisch 2003; 



 
 

Stoehr 2006), some evidence suggests that expression of melanic plumage is condition-

dependent. For instance, several amino acid precursors (e.g. tyrosine) and enzimes that 

require ions (i.e. copper, zinc) to synthetisize melanins are likely adquired through the diet 

and may be limiting resources (Jawor and Breitwisch 2003; McGlothlin et al. 2007; 

Guindre-Parker and Love 2014). Melanogenesis also involves costs like cytotoxic 

byproducts (Galván and Alonso-Alvarez 2008), as well as pleiotropic effects of genes 

regulating  melanocortin 1 receptors which may alter immune function and glucocorticoid 

stress responses (Ducrest et al. 2008). A stronger immune response is energetically 

demanding and may lead to trade-offs with other nutient-demanding processes such as 

growth and reproduction (Lochmiller and Deerenberg 2000). Thus, if resources necessary 

to produce melanin-based traits like those we examined in Arremon are variable among 

populations in ways not captured by our macroecological variables, then trade-offs between 

resource allocation in melanin-based traits and other physiological processes may lead to 

spatial variation in selection acting on different phenotypes. 

Our results revealing no association between plumage and environment indicate one 

must consider alternatives to the action of selective processes to explain the pattern of 

repeated plumage evolution in the pectoral band and superciliary across Arremon 

populations. One such alternative involves developmental mechanisms that allow slight 

phenotypic shifts (i.e. gains or losses) once a plumage pattern has evolved (Price and 

Pavelka 1996). For instance, plumage patterns like scales, bars and spots evolve 

convergently across avian clades following similar sequential steps, indicating that 

developmental constraints may maintain basic pattern elements despite ecological 

differences and long-term divergence (Gluckman and Mundy 2016). Such constraints might 

underlie overall patterns of convergence among clades in Arremon, a group noted by some 



 
 

authors to exhibit labile plumage (Chapman 1923; Parkes 1954; Navarro-Sigüenza et al. 

2008; Cadena et al. 2011; Moreno-Contreras et al. 2020). Whether evolutionary transitions 

in Arremon follow simple phenotypic trajectories biased by development remains to be 

established by further comparative and experimental studies. 

Also, we note that although our analyses show no association between phenotypic 

traits and environment, we cannot firmly conclude that classic natural selection or 

mutation-order processes have not been involved in shaping patterns of geographic 

variation in Arremon. This is because social and sexual selection may interact with 

adaptation, effectively limiting our ability to uncover the mechanisms underlying plumage 

evolution (Rundle and Rowe 2018). For instance, female preferences for the pectoral band 

may have evolved under sensory drive (Endler and Basolo 1998), possibly because it 

facilitates detection of males under particular environmental conditions (Schluter and Price 

1993). However, females may later change to favor males lacking pectoral bands owing to 

hidden preferences for novel phenotypes being expressed once they arise (Ryan and Rand 

1993; Hill 1994) or due to greater benefits gained from mating with these males (Andersson 

1994; Price 1998). Alternatively, male-male competition may also facilitate invasion of a 

population by a novel trait when males exhibiting such trait are better competitors and are 

better able to access resources and females (Dijkstra and Border 2018). Thus, social 

selection though mate choice or male-male competition might lead to a decoupling between 

environment and traits.  

Regardless of the selective mechanisms involved, the stochasticity of mutations may 

be important to explain plumage divergence among populations of Neotropical birds, 

particularly in the Andes (Remsen 1984; Remsen and Graves 1995; Winger and Bates 

2015). Although our findings do not support the premise of mutation-order theory that 



 
 

different traits may be equally advantageous in similar environments, our results do appear 

consistent with elements of such framework, namely that plumage evolution may have a 

stochastic component in which traits appear and dissapear haphazardly from different 

populations as ‘mutant characters’ (Chapman 1923). In contrast to expectations from 

mutation-order, however, the fate of such mutants in Arremon appears to be independent of 

the environment; for example, pectoral bands have evolved in taxa occurring in habitats 

ranging from humid to dry forests in the lowlands, to upper montane forests.  

Although our study did not find evidence that plumage divergence in Arremon has 

resulted from adaptation to macroecological variables, evidence still exists that the pectoral 

band and superciliary stripe have evolved at a faster rate than that expected under genetic 

drift, which implies some form of selection (Cadena et al. 2011) and calls for additional 

work to understand the forces driving plumage evolution. Given the lack of an association 

between environment and variation in the pectoral band and superciliary across Arremon 

populations, social selection is a promising research are to understand the causes of 

population differentatiion and speciation that have intrigued researchers interested on 

geographic variation in Neotropical birds for decades (Chapman 1917; Haffer 1969; 

Remsen 1984; Graves 1985; Cadena et al. 2011; Winger and Bates 2015). As a next step, 

we suggest that behavioral experiments are needed to understand whether social selection 

through male-male competition or female choice is a driver of geographic variation across 

Arremon populations. Particularly, studies testing how individuals respond to conspecifcs 

varying in the presence or absence of plumage traits in different populations may provide 

insight on the costs and benefits of novel traits during in contexts of male-male competion 

or female choice (Tarof et al. 2005; Filardi and Smith 2008; Van Dongen and Mulder 

2008). Furthermore, experiments manipulating plumage signals may inform us about costs 



 
 

and benefits that individuals bearing novel signals may experience (Tibbetts, 2014, Webster 

et al. 2018). Because environmental factors like microhabitat (Gomez and Théry 2007) and 

parasites (Hamilton and Zuk 1982; Fitze and Richner 2002) may affect the costs and 

benefits of bearing certain traits or choosing males with particular phenotypes, replication 

of the above experiments across different populations may be useful to determine how 

might perception of competitors and mates vary geographically (Dunn et al. 2008), and the 

implications of such variation for speciation (Uy et al. 2018).  
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Tables and Figures 

Table 1. Statistics for phylogenetic signal in two plumage traits in the genus Arremon. 

Because the D statistic is limited to binary characters, we estimated the D statistic both 

treating the partial state (1) as absent (0) or complete (2). The δ-statistic was estimated 

including the original three states of each plumage trait. Bold non-significant P-values for 

the D statistic means that traits are under Brownian evolution. Higher and significant δ-

statistic P-values suggest a high degree of phylogenetic signal. 

Phylogenetic Signal 

Measure 

Pectoral 

band  

(0-1,2) 

Pectoral 

band  

(0,1-2) 

Pectoral 

band 

(0,1,2) 

Superciliary 

(0-1,2) 

Superciliary 

(0,1-2) 

Superciliary 

(0,1,2) 

Estimated D 0.104 -0.240 - -1.377821 -2.12051 - 

P random model 0.017 0.001 - 0 0 - 

P Brownian model 0.477 0.66 - 0.969 0.974 - 

δ-statistic 0.590 11.807 13.300 17.719 116.035 38.642 

P-value 0.17 0.08 0.04 0 0.06 0 

 

 

 

 

 

 

 

 

 



 
 

 

Table 2. Comparisons of alternative discrete character evolution models for the pectoral 

band and superciliary in the genus Arremon. In both traits, an equal-rates (ER) model was 

selected as the best supported compared to other five models with increasing order of 

parameterization: Ordered-1 (ordered with a single transition rate); Ordered-2 (ordered 

symmetric); Ordered-4 (ordered unsymmetric); SYM (symmetric, un-ordered); and ARD 

(an all-rates-different). 

 

Pectoral band 

    
Model ER Ordered-1 Ordered-2 Ordered-4  SYM ARD 

AICc 152.62 268.38 270.38 274.38 156.56 162.56 

ω 0.87 0.00 0.00 0.00 0.12 0.01 

 

Superciliary 

     
Model ER Ordered-1 Ordered-2 Ordered-4  SYM ARD 

AICc 105.82 134.72 136.72 140.70 109.82 115.73 

ω 0.88 0.00 0.00 0.00 0.12 0.01 

 

 

 

 

 

 

 

 



 
 

 

Table 3. Results of Pagel’s method for evolutionary correlation between the pectoral band 

and superciliary in the genus Arremon. An independent model of evolution was better 

supported than models where both traits evolve correlately. Scenario A treats partial and 

absent states as the same and different from the complete state, whereas Scenario (B) treats 

partial and complete states as the same and different from absent. 

Scenario A  

 

 

Independent 

Pectoral band 

dependent 

Superciliary 

dependent Interdependent 

AICc 249.50 253.50 253.50 257.50 

ω 0.78 0.11 0.11 0.01 

Scenario B 

 
AICc 155.23 159.22 159.23 163.22 

ω 0.78 0.11 0.10 0.01 

 

 

 

 

 

 

 

 

 



 
 

 

Table 4. Component factor loadings (correlation matrix) for the PC scores (eigenvalues > 

1.0) that summarize most variation in ecological niches across eight bioclimatic variables 

and three on habitat heterogeneity.  

Variable PC1 PC2 PC3 

Bio2 (Annual Mean Diurnal Range) -0.327 -0.025 0.007 

Bio3 (Isothermality) 0.248 0.044 -0.513 

Bio8 (Mean Temperature of Wettest Quarter) 0.059 0.019 0.621 

Bio13 (Precipitation of Wettest Month) 0.391 0.003 0.339 

Bio14 (Precipitation of Driest Month) 0.448 0.098 -0.054 

Bio15 (Precipitation Seasonality) -0.358 -0.125 0.339 

Bio18 (Precipitation of Warmest Quarter) 0.315 0.016 0.336 

Bio19 (Precipitation of Coldest Quarter) 0.470 0.089 0.016 

Coefficient of variation -0.073 0.557 0.066 

Evenness -0.099 0.555 0.036 

Entropy -0.104 0.587 -0.011 

 

 

 

 

 

 

 

 



 
 

 

Table 5. Statistics for phylogenetic signal for the three principal components (PC) that 

summarize variation in the environmental space of taxa in the genus Arremon. All three 

PC’s show significant phylogentic signal, suggesting that closer relatives have more similar 

niches than expected by chance. 

 

Blomberg’s K Pagel’s λ 

PC1 0.83 1.34 

P-value 0.003 0.002 

PC2 0.75 0.53 

P-value 0.01 0.02 

PC3 0.80 0.53 

P-value 0.004 0.011 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Table 6. Comparisons of alternative univariate models of evolution for the three principal 

components (PC) that summarize variation in the environmental space of taxa in the genus 

Arremon. Across all three PC’s, a Brown motion model of evolution was the best fit to the 

data, suggesting that niche divergence across taxa tends to accumulate as a function of time.  

 

 

Brownian motion Ornstein–Uhlenbeck Evolutionary burst White noise 

 

− ln L AICc ω − ln L AICc ω − ln L AICc ω − ln L AICc ω 

PC1 -81.19 166.65 0.59 -81.18 168.93 0.19 -81.19 168.94 0.19 -83.97 172.21 0.04 

PC2 -32.55 69.38 0.51 -32.51 71.59 0.17 -32.55 71.67 0.16 -33.66 71.60 0.17 

PC3 -62.87 130.03 0.58 -62.84 132.25 0.19 -62.87 132.32 0.18 -65.38 135.03 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Table 7. Results from Bayesian multilevels models that estimated the effect of several 

predictor on the presence of the pectoral band and superciliary in Arremon taxa. None of 

the predictos had a significant effect on any plumage trait as shown by 95% CI not different 

from zero. The parameter ‘disc’ is a default family parameter, and Phylogenetic error is the 

error in the models attributed to the phylogenetic matrix. 

 

Pectoral band Superciliary 

Population-Level Effects Estimate 95% CI Estimate 95% CI 

Intercept -1.9 (-3.14, -0.75) -2.95 (-4.55, -1.58) 

PC1 (climate) -0.39 (-1.29, 0.50) 0.38 (-0.44, 1.19) 

PC2 (habitat heterogeneity) 2.24 (-0.26, 4.79) -1.96 (-4.50, 0.51) 

PC3 (climate) 1.28 (-0.50, 3.07) -0.02 (-1.58, 1.61) 

Latitude -0.01 (-1.69, 1.58) -1.69 (-3.52, 0.08) 

Longitud -0.9 (-2.45, 0.55) -0.52 (-1.92, 0.92) 

Elevation 0.13 (-1.93, 2.16) 0.95 (-1.80, 1.95) 

Body mass -0.57 (-2.07, 0.85) -0.69 (-2.28, 0.74) 

Sexual Size Dismorphism (SSD) 0.81 (-0.43, 2.10) -0.17 (-1.33, 1.01) 

Family Parameters 

    
disc 1.00 (1.00, 1.00) 1.00 (1.00, 1.00) 

Group-Level Effects 

    
Phylogenetic Error (sd) 4.89 ( 0.10, 29.54) 6.91 ( 0.10 ,45.87) 

 

 

 



 
 

 

 

Figure 1. Phylogeny and ancestral state reconstructions of the pectoral band (left) and 

superciliary (right) showing several independent reductions and losses of both traits across 

main clades in the genus Arremon (A: lowland Arremon; B: brunneinucha; C: 

castaneiceps; D: torquatus complex). Taxa names on the tips are abbreviations using the 

first three letters of the specific and subspecific epithets. The topology is the best supported 

tree recovered in maximum likelihood (ML) analysis using 2,201 concatenated loci 

(UCEs). Most nodes have high bootstrap support (≥80) (Buainain et al. 2021) . Colored 

branches indicate character states for current taxa (at the tips) as well the proportion of time 

spent in each state, while pies denote the posterior probabilities of the character being in 

each state based on stochastic mapping. Bird illustrations by Hevana Lima. 

 

 



 
 

 

Figure 2. Populations of Arremon finches sharing similar or different character states for 

the pectoral band and superciliary did not differ in the extent of niche overlap. Overall, 

pairs of sister taxa tend to have low to null overlap (Schoner’s D <0.4) in their ecological 

niches. 

 



 
 

 



 
 

Figure 3. Environmental spaces of selected Arremon taxa based on bioclimatic and habitat 

heterogeneity variables, showing overlap in the two PCA axes explaining most variation in 

environmental space. A general pattern of low niche overlap independent of whether taxa 

share or not similar plumage traits is found across main clades in the genus: (A) 

brunneinucha; (B) torquatus and (C) lowland ‘Arremon’. Colored environmental spaces 

correspond to distinct taxa, with respective taxa names indicated by abbreviations using the 

first three letters of the specific and subspecific epithets. Isopleths within environmental 

spaces are drawn from a kernel density distribution. Upper scripts denote character states 

for the pectoral band in panels A and B (*complete) and the superciliary in panel C 

(*complete, †partial). Taxa with absent states do not have superscripts. 
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Abstract 

Whether novel traits involved in animal communication are favored or not by social 

selection depends on how receivers respond to them. If alternative traits arise at different 

locations or the same traits are perceived differently, then populations may diverge even 

when occupying similar environments. Aggressiveness towards bearers of novel versus 

familiar traits is informative about how male-male competition may drive phenotypic 

evolution, yet few studies have tested the function of signaling traits in social selection 

across populations. We assessed the role of a black pectoral band during territorial contests 

in two allopatric species of Neotropical passerine birds in the genus Arremon either having 

or lacking this plumage trait. Field experiments using taxidermic mounts and playback of 

conspecific songs revealed that males of both species were equally aggressive towards 

phenotypes bearing or lacking a pectoral band. Although evaluating physiological and 



 
 

social costs of bearing alternative traits and assessing female preferences is required to 

further examine the roles of social and sexual mechanisms in the evolution of plumage and 

geographic variation, our results indicate that social selection via male-male interactions is 

an unlikely driver of phenotypic divergence among populations of Arremon. 

 

Significance 

Social selection via intrasexual competition for resources may drive phenotypic divergence 

and population differentation in animals, but few studies have tested predictions of this 

hypothesis by examining how alternative traits varying geographically are perceived in 

contexts of male-male competition. We assessed the behavioral response of territorial males 

in two species of Neotropical songbirds to taxidermic mounts having or lacking a black 

pectoral band, a geographically variable plumage trait. Irrespective of their own phenotype, 

males of both species were similarly aggressive to potential intruders bearing or lacking the 

pectoral band. In contrast with work suggesting male-male interactions may mediate trait 

evolution, our results indicate that pectoral bands in this system are unlikely targets of 

social selection via contests in which males compete for territories, and call for studies 

assessing long-term costs of bearing alternative traits or female choice as selective forces 

driving phenotypic evolution. 

 

Keywords character evolution, geographic variation, parallel evolution, sexual selection, 

speciation, species recognition 

 

Introduction 



 
 

Identifying mechanisms that promote the maintenance or loss of phenotypic traits within 

populations is paramount to understanding divergence among lineages and its implications 

for speciation. This is particularly relevant for traits involved in species recognition and 

mating such as communication signals, which may be critical for reproductive isolation 

(Andersson 1994; Price 2008; Price-Waldman et al. 2020). Natural selection, social 

selection (including sexual selection; West-Eberhard 1983), and random drift may all play 

important roles in the origin and diversification of traits involved in communication (Price 

1998; Uy et al. 2018). An important step towards understanding the role of social selection 

(i.e. selection arising from competition for resources including mates; West-Eberhard 1983) 

in driving trait evolution is to assess how receivers perceive and respond to individuals 

exhibiting novel traits. For example, pre-existing female preferences for elaborate traits 

such as elongated tails in fishes, complex calls in frogs, or plumage ornaments in birds may 

lead to the fixation of such traits in populations where they arise via mutation (Basolo 

1990; Ryan and Rand 1993; Jones and Hunter 1998). Likewise, a novel trait may confer a 

selective advantage if it signals an individual’s greater competitive abilities to defend 

resources or mates (West-Eberhard 1983; Mendelson et al. 2014). Therefore, how males 

respond to unfamiliar traits exhibited by other males (e.g. coloration or various other 

ornaments involved in male-male contests) may also influence the likelihood of fixation of 

novel phenotypes (West-Eberhard 1984; Dijkstra et al. 2005; Stuart-Fox et al. 2006; 

QvarnstrÖm et al. 2012). Accordingly, when novel traits arise in different populations, 

social selection may result in divergence of distinctive signals in allopatry even if 

populations occupy similar environments (West-Eberhard 1983; Winger and Bates 2015). 

Traits involved in species recognition in birds including vocalizations or plumage 

patches have often been selected for in contexts of intraspecifc competition for resources or 



 
 

mates (West-Eberhard 1983; Price 2008). Therefore, social competition may be an 

important driver of trait evolution, with far-reaching consequences for population 

divergence and speciation (Seddon et al. 2013; Tibbetts and Safran 2009; Tobias et al. 

2012). Multiple studies have examined the role of plumage traits in contexts of social 

dominance and mate choice within populations of birds (Senar 1999; Griffith et al. 2006; 

Uy et al. 2018). However, little attention has been devoted to testing whether newly 

evolved traits are recognized (hence potentially favored or selected against) or not by 

conspecifics (Burley et al. 1982; Burley and Symanski 1998; Witte et al. 2000), with 

studies showing mixed results. For example, in two pairs of allopatric Monarcha 

flycatchers from the Solomon Islands, males were more aggressive to local than to novel 

plumage patterns found in other populations (Uy et al. 2009). In contrast, males of Red-

backed Fairy-wren (Malurus melanocephalus) in Australia were equally aggressive to local 

and novel plumages (Greig et al. 2015). Given that male responses to unfamiliar plumages 

may vary among taxa, contrasting responses to novel ornaments may represent an 

important albeit often overlooked mechanism resulting in geographic variation arising from 

differences in patterns of fixation or loss of plumage traits among populations.  

We studied the potential role how males perceive novel and familiar plumage traits 

in population divergence in a species complex of birds from the Neotropical montane 

region, a global hotspot of avian species diversity in which geographic variation in plumage 

is pervasive (Remsen 1984; Graves 1985). To the extent that such geographic variation is a 

likely precursor of speciation, our study investigates evolutionary forces underlying the 

remarkable diversity of Neotropical forest birds (Winger and Bates 2015). To assess 

behavioral mechanisms underlying the fixation or loss of novel traits within and between 

populations, we tested the role of a plumage ornament during male-male contests in 



 
 

populations of the genus Arremon (Passerellidae), which exhibit marked geographical 

variation in plumage in Neotropical mountains (Chapman 1923; Cadena and Cuervo 2010). 

Plumage variation in the widespread Arremon torquatus complex involves mainly the 

presence or absence of a black pectoral band and a white superciliary, which have been 

independently gained and lost multiple times (Cadena et al. 2011). Because the phenotypic 

similarity of some populations in these plumage traits cannot be explained by common 

ancestry and because the fixation of such traits across allopatric populations has occurred at 

a faster rate than expected under genetic drift, selection has likely driven convergent 

evolution (Cadena et al. 2011).  

We experimentally simulated territorial intrusions by opponents signaling familiar 

(local) phenotypes, as well as non-familiar (novel) phenotypes using taxidermic mounts and 

playback of conspecific songs in populations of Arremon species either having (A. 

basilicus) or lacking (A. a. assimilis) a black pectoral band. The experimental setup allowed 

us to test a prediction of the hypothesis that geographic variation in the presence or absence 

of pectoral bands has evolved through social selection in contexts of male-male competition 

(Cadena et al. 2011), namely that territorial males should exhibit different levels of 

aggressiveness towards opponents having or lacking a pectoral band (Arnott and Elwood 

2009; Searcy and Beecher 2009). Alternatively, if social selection via male-male 

competition has not played a primary role in the evolution of the pectoral band, then 

territorial males should be equally aggressive towards local and novel phenotypes (Arnott 

and Elwood 2009).  

 

Methods 

Study system 



 
 

The Gray-browed Brushfinch (A. assimilis) is a sexually monomorphic passerellid 

inhabiting the forest understory, forest edges and older second growth in montane 

environments (1500-3600 m above sea level) of the Andes from Venezuela to Peru (Rising 

et al. 2011). The four subspecies of A. assimilis form a clade in which a black pectoral band 

is likely ancestral because it is present in the early diverging larensis and poliophrys 

subspecies, and absent in the more recently diverged assimilis and nigrifrons (Chapman 

1923; Cadena et al. 2011). The Sierra Nevada Brushfinch (A. basilicus) is also a sexually 

monomorphic species, endemic to the Sierra Nevada de Santa Marta in northern Colombia, 

where it inhabits the dense and humid understory mostly along ravines from 600 to 2800 m 

above sea level (Rising et al. 2011). The monotypic A. basilicus and its sister species A. 

perijanus exhibit a black pectoral band, which is wider in the former (Chapman 1923; 

Cadena et al. 2011).  

We studied a population of A. a. assimilis (hereafter A. assimilis) in the Eastern 

Andes of Colombia at the Floresta de la Sabana Reserve (4°48' N, 74°00' W), in the 

mountains east of the city of Bogotá. The reserve (2800-3200 m above sea level) covers ca. 

500 ha of primary montane forests in a landscape also comprising different types of 

secondary forest and scrub dominated by Chusquea bamboo, as well as semi-urban areas. 

We studied 13 territorial pairs. For seven of them, we mist-netted and uniquely colored-

banded five males and two females between June and October 2017 (Castaño et al. 2019). 

The remaining six pairs were distinguished based on their continuous occupation of the 

same area and vocal interactions with neighbor pairs.  

We studied A. basilicus in the Sierra Nevada de Santa Marta in ravines and patches 

of secondary forest intermingled with coffee plantations along the road (ca. 9.6 km; 1450-

1700 m above sea level) between veredas Vista Nieve (11°05' N, 74°04' W) and Los Moros 



 
 

(11°03' N, 74°02' W) in Santa Marta and Ciénaga, Magdalena, Colombia. Because of time 

restrictions, we did not capture nor band individuals. Instead, we located 45 territorial pairs 

during March-April 2019, which we distinguished from others based on recurrent and 

simultaneous observations of their vocal activity and that of neighbors.  

Although sexes are alike in both Arremon species, we distinguished males from 

females by their more aggressive behavior (see Results), their higher vocal rate, and their 

distinct vocalizations (females have unique song elements not shared with males; J. 

Rodríguez-Fuentes et al. unpubl. data). In A. assimilis, we were also able to distinguish 

sexes in most pairs because individuals were uniquely color-banded (Castaño et al. 2019). 

 

Overview of experiments 

To assess responses of males to plumage traits we conducted experiments with 

mounted specimens and song playback. The logic of experiments was to simulate territorial 

intrusions by potential competitors exhibiting either a local or a novel plumage trait (i.e. the 

presence or lack of black pectoral band), and to quantify the aggressive responses of 

territorial males. We assumed our assessments of aggression indicate whether or not 

individuals recognized challengers with different phenotypes as a potential threat to their 

territories or mates. Similar experiments have been used to assess the role of plumage and 

song in recognition of sexual or ecological competitors (Ratcliffe and Grant 1983a, b; 

Baker and Baker 1990; Filardi and Smith 2008; Uy et al. 2009). Studies examining 

multimodal signaling have conducted experiments combining local and foreign plumage 

and song; because we were interested in how males responded to variation in a single 

plumage trait, our experiments only used conspecific territorial songs to attract territory 

owners to taxidermic mounts. 



 
 

We conducted experiments in the territories of 13 males of A. assimilis. 

Experiments involved five different treatments per male, for a total of 65 experiments. One 

treatment assessed the behavioral response to (1) song playback only, whereas the other 

four consisted of song playback together with a mounted specimen representing: (2) an 

individual lacking pectoral band (i.e., the local phenotype); (3) narrow pectoral band; (4) 

broad pectoral band; and (5) a heterospecific songbird (control). Because our experiments 

on A. assimilis revealed no differences between the song playback and control treatments, 

nor between the narrow and broad-band treatments (see below), we assessed the behavioral 

response of A. basilicus males to three treatments: (1) no pectoral band, (2) broad pectoral 

band (i.e. the local phenotype) and (3) a heterospecific songbird (control). All treatments 

involved the presentation of a taxidermic mount together with conspecific song playback. 

To optimize our time in the field and prevent reductions in sample sizes when males did not 

respond to all plumage treatments, we presented only one treatment to each male of A. 

basilicus. We assessed the response of 15 males per treatment for a total of 45 experiments 

on 45 different birds. In both species, we chose to use resident warbler species in the genus 

Myiothlypis (Parulidae) as heterospecific controls because they are syntopic with our focal 

species yet they are most likely not ecological competitors. Black-crested Warbler 

Myiothlypis nigrocristata was the control treatment for A. assimilis and White-lored 

Warbler Myiothlypis conspicillata was the control treatment for A. basilicus. 

 

Plumage stimuli 

We used taxidemic mounts in horizontal perching position as stimuli for experiments (Fig. 

1). For experiments in Bogotá, we collected six A. assimilis adult males and two M. 

nigrocristata adult males (controls) from two localities 20-40 km from our study area. 



 
 

Because banded populations in the genus Arremon differ in the width of pectoral bands, we 

randomly assigned mounts of the naturally unbanded A. assimilis to three plumage 

treatments: no pectoral band, narrow band, and broad band. We then painted pectoral bands 

on the breast feathers of mounts assigned to treatments with pectoral band using a black # 

120 nontoxic “Touch (ShinHanart)” marker, while mounts lacking pectoral band were 

treated with a Touch Colorless blender. Pectoral band area was estimated in ImageJ 

(Rasband 2016) from photos of male museum specimens of taxa closely related to A. 

assimilis varying in the extent of their pectoral band. We defined narrow pectoral bands 

based on A. assimilis larensis (median = 150 mm2, N = 4), whereas broad pectoral bands 

were based on A. basilicus (median = 250 mm2, N = 7). 

 For experiments in the Sierra Nevada de Santa Marta, we collected and mounted 

two males and two females of A. basilicus and two males of the control M. conspicillata 

from three localities within the study area. In pilot experiments, male A. basilicus were 

equally aggressive towards conspecific male and female mounts. Thus, we assumed that 

any slight differences in size or plumage between sexes in this species, if they exist and are 

observable in taxidermic mounts, did not influence responses. We randomly assigned one 

male and one female mount to each of two plumage treatments: no pectoral band and broad 

band. Because A. basilicus has a pectoral band, creating mounts lacking pectoral bands 

required us to cover bands on specimens with white feathers. We employed feathers from 

the throat and chest of specimens of A. assimilis placed in three to four layers of feathers 

glued one over another until obtaining a uniform white plumage resembling that of A. 

assimilis. We used reflectance spectrophotometry to verify that manipulated specimens 

were similar in coloration to populations in the genus Arremon showing or lacking pectoral 

bands (Online Resource Figs S1, S2).  



 
 

 

Song playback stimuli 

Males of A. assimilis have a repertoire of solo songs composed of high-pitched and 

modulated elements used in contexts of territorial defense and mate attraction; male songs 

differ from female songs in the presence of unique elements repeated stereotypically at a 

higher rate (J. Rodríguez-Fuentes et al. unpubl. data). However, during prolonged territorial 

intrusions that may escalate to physical aggression, males may also emit soft songs at a 

distinctly lower amplitude than solo songs. A. basilicus also sings loud and soft songs in 

contexts similar to those observed in A. assimilis (see Results), but differences between 

sexes have not been studied. Because the solo song is a wide-ranging signal associated to 

territorial defense or intruder’s motivation of usurping a territory or mate, whereas soft 

song is a short-ranging signal used in close agonistic interactions (Akçay et al. 2015), we 

only employed solo songs as playback stimuli in our experiments. In experiments in 

Bogotá, we used five natural solo songs of males of A. assimilis (identified based on a 

study of vocal behavior of this species; J. Rodríguez-Fuentes et al. unpubl. data) from five 

localities in the Eastern Andes of Colombia archived at Xenocanto (XC323982, XC467897, 

XC467898, XC375304) and the Colección de Sonidos Mauricio Álvarez Rebolledo of 

Instituto Alexander von Humboldt (IAVH-CSA 17911). We prepared tracks of 2 min for 

each male, which in some cases were a fragment of a longer song and in others repetitions 

of a 30-50 sec song. Each 2-min track incorporated 18 to 23 songs (mean = 21.6), 

corresponding to the typical pace of natural songs in this species. In experiments in the 

SNSM, we used five natural solo songs of males of A. basilicus, three of them recorded at 

different elevations in localities nearby (Tracks 2-51-1 and 2-51-3 in Krabbe 2008; 

XC31295) and two recorded along the Vista Nieve-Los Moros road (XC467902, 



 
 

XC467903). We avoided playing the latter two songs to males with territories within 0.5 

km of the area where the song was recorded. Each 2-min track incorporated 23 to 58 songs 

(mean = 36.8), which we assume reflect natural variation among individuals and diel 

patterns of vocal rate based on our detailed work on A. assimilis (J. Rodríguez-Fuentes et 

al. unpubl. data) and our unpublished observations of A. basilicus. The stimuli were 

prepared using Adobe Audition 1.5 (Adobe Systems, San Jose, CA). We filtered out 

background noise with a 2000 Hz high pass-filter, which is lower than the minimum 

frequency of songs. We standardized song amplitude to -1 dB, so that all stimuli were 

broadcast at the same amplitude. 

 

Experiment protocol 

We set experimental arenas (2 m radius) in the center of the core area as defined by 

analyses of home ranges in A. assimilis (Castaño et al. 2019), or far from territory borders 

in unmapped pairs of A. assimilis and A. basilicus. In each experimental arena, we fixed the 

taxidermic mount on a twig at 1.5 m height, with a wireless speaker (BOSE SoundLink 

Color II) concealed at 1.2 m in the vegetation. The playback track was broadcast from a 

HUAWEI ALE-L23 mobile phone. All stimuli were played back at 80 dB SPL as measured 

with an analogue sound level meter (Volcraft® 329; Cweighting, fast response) placed 1 m 

from the speaker. This amplitude is within the range of natural song and playback 

responses of both species. 

Each experiment consisted of 2 min of silence (pre-playback), followed by 2 min of 

playback of natural song, and a variable time of post-playback. Experiments were finalized 

when the male attacked the mount, or after 5 min of no movement or vocal activity once the 

male abandoned the arena. The order in which treatments were presented to a given male of 



 
 

A. assimilis, as well as the mounts and playback stimuli used in each experiment in both 

species, were randomized. We started experiments when birds had been silent for at least 2 

min. An observer was concealed 6-8 m from the mount in the vegetation, where he 

recorded all of the subject’s vocalizations and dictated behavioral responses to a TASCAM 

D-40 digital recorder with a ME67 Sennheiser shotgun unidirectional microphone. 

Flagging tape placed every 2 m from the mount was used to estimate horizontal distance, 

and a 2-m pole marked every 50 cm placed near the mount allowed estimating vertical 

height. If a male did not respond during the experiment, we cancelled the experiment and 

repeated again after 48 hours (9 cases in A. assimilis, 15 cases in A. basilicus). We 

discarded one A. assimilis and two A. basilicus males that never approached the arena (> 20 

m away) after three experiments possibly because arenas were placed outside their regular 

territories, or responded but were distracted by the simultaneous response of neighbors. 

However, we did not discard individuals that approached to the arena but did not sing 

during the experiment. We were unable to record the data blind because our experimental 

design involved focal animals in the field. All experiments were carried out by the same 

observer. 

Experiments on A. assimilis were conducted from November 28 to December 29 

2017, whereas experiments on A. basilicus were from 30 March to 11 April 2019. All 

experiments took place from 0600 to 1100 hours and 1500 to 1730 hours, when both 

species are most vocally active. Because dates of experiments coincided with the breeding 

season in both species, individual variation in aggressiveness among individuals at different 

breeding stages may exist (Fedy and Stutchbury 2005; Demko and Mennill 2018). We 

sought to minimize effects of this source of variation by focusing on overall levels of 

aggression, and conducting all experiments within a month in each population. Any given 



 
 

male of A. assimilis was tested for all treatments over five to 12 days (mean = 8 days), 

presenting a new mount/treatment in different days (one to five days elapsed between 

consecutive experiments). Each male of A. basilicus was tested for only one treatment.  

 

Measuring behavioral responses 

Following previous studies (Filardi and Smith 2008; Uy et al. 2009), we measured 

10 variables characterizing behavioral responses of males to experimental treatments: (1) 

latency of response (time it took for the territory owner to approach or vocalize in response 

to the playback); (2) latency of approach (time it took for the territory owner to be within 2 

m from the mount/speaker); (3) distance of closest approach (calculated based on the 

horizontal and vertical closest approaches); (4) time spent < 2 m from the mount/speaker; 

(5) time spent > 2 m from the mount/speaker; (6) time spent singing < 2 m from the 

mount/speaker; (7) time spent singing > 2 m from the mount/speaker; (8) number of 

jumps/flights near the mount/speaker (< 2 m) without contact; (9) time spent singing soft 

songs; and (10) latency of attack (measured from latency of approach until the male 

attacked the mount). Variables 4 to 9 were also analysed as proportions of the total time of 

each experiment because experiments varied in duration (A. assimilis: mean = 807 s, range 

= 76-2173 s; A. basilicus: mean = 1300 s, range = 186-5545 s), but results did not differ 

from those using original counts. When individuals did not enter the arena (A. assimilis: 3 

control, 3 playback; A. basilicus: 8 control), latency of approach was the time elapsed 

between the initial response to the playback (latency of response) and the time when males 

finally retired from the experiment. We did not quantify calls because they are difficult to 

distinguish between sexes. Given our focus on male aggression, we did not quantify 

behavioral responses by females, but noted whether females were present or absent during 



 
 

experiments and examined whether female presence influenced male responses as 

explained below.  

 

Statistical analyses   

To obtain a composite variable measuring strength of territorial defense or recognition, we 

summarized behavioral responses of males across treatments using a principal component 

analysis (PCA) for each species separately using the package FactoMinerR (Lê et al. 2008). 

Because independent variables were measured in different scales, we standardized them 

using the function scale in R prior to extracting principal component (PC) scores. We ran a 

PCA for each species separately including all their respective treatments (Uy et al. 2009). 

We also analyzed results of our experiments based on a combined PCA analysis including 

behavioral responses of both species to treatments with and without pectoral band, as well 

as to their respective controls.  

To evaluate whether the presence or absence of a pectoral band might confer  

competitive advantages or disadvantages to intruding males, we used linear mixed models 

(LMMs) using the function lmer in the R package lme4 (Bates et al. 2014) to assess the 

effect of plumage treatment on aggresiveness elicited on territory holders. Because we were 

unable to use a different taxidermic mount for each experiment, we controlled for the effect 

of particular characteristics of the mounts by including mount identity in models (Johnson 

and Freeberg 2016). The model was run for each species separately including a composite 

behavioral response based on PCA (see below) as the response variable, and plumage 

treatment and presence of female as fixed variables, with song recording, time of the 

experiment and taxidermic mount as random factors, the latter nested within plumage 

treatment. Because we applied five different treatments on each of 13 males of A. assimilis, 



 
 

we also included male identity and experiment order as random factors in the models for 

this species. In the analysis combining data from both species, we also included female 

presence and species as fixed factors –the latter interacting with plumage treatment–, and 

the same random factors as with the model described for each single species. We also ran 

LMMs to compare treatments for each behavioral variable separately using fixed and 

random factors as described above. 

We assessed whether nonsignificant differences among treatments in our analyses 

(see below) may reflect low power of statistical tests due to small effect sizes or high 

within-population variability. We estimated Cohen’s d confidence intervals (CIs) for effect 

sizes of PC1 scores in pairwise comparisons between treatments for each species 

(Colegrave and Ruxton 2003) through 2000 bootstrap iterations in the package bootES 

(Kirby and Gerlanc 2013). CIs including zero are consistent with the null hypothesis of no 

effect of treatments on behavioral response (Colegrave and Ruxton 2003). 

Because not all males attacked mounts, we chose not to include latency of attack in 

the PCA used to measure aggression. Instead, we assesed differences in the time to attack 

alternative plumage treatments for each species using a factorial ANOVA. We also 

compared differences in the number of attacks among treatments with a Fisher’s exact test.  

Because males may respond to competitors depending on their quality (Andersson 1994), 

we asked whether traits likely indicating quality of receivers mediated responses to 

simulated intrusions in males of A. assimilis. We assessed the effect of body condition, 

home-range size, number of neighbors and distance to the closest neighbor on an overall 

index of aggression estimated for each of 12 males as the mean of PC1 scores in 

experiments with no pectoral band, narrow-banded and broad-banded treatments (results 

were similar when including the playback and control treatments). We estimated body 



 
 

condition using a real-mass index (RMI) obtained from the residuals of a regression 

between body mass and wing length (Labocha and Hayes 2012; Castaño et al. 2019). 

Estimates of home-range size with a 95% kernel density estimator (KDE) followed 

methods described in Castaño et al. (2019). We estimated linear distance between centroids 

of adjacent home-ranges, and counted the number of territorial neighbors (i.e. those sharing 

a common border) for each male using field data collected between 2017 and 2018 

(Castaño et al. 2019; JEA and CDC unpubl. data). We assessed the effect of these traits 

describing male quality on overall aggressiveness of males using a multiple linear 

regression using the lm function. All analyses were conducted in R (R Development Core 

Team 2016).  

 

Results 

In A. assimilis, males and females responded together in 32 of the 65 experiments, whereas 

only males responded in 33 experiments. In A. basilicus, males and females responded 

together in 16 out of 45 experiments; only males responded in 29 experiments. Males of 

both species always approached first. When females participated in territorial defense, they 

approached the mount or speaker while in some cases vocalizing, but later remained 

foraging on the ground or abandoned the arena while males continued actively responding. 

The following analyses focus on behavioral responses of males.  

 Three principal components with eigenvalues > 1.0 (Table 1) explained most of the 

variance in our nine behavioral response variables in A. assimilis (72.3%; PC1 = 37.0%; 

PC2 = 23.3%; PC3 = 12.0%) and A. basilicus (78.9%; PC1 = 48.9%; PC2 = 18.1%; PC3 = 

11.9%). In both species, PC1 was positively associated with time spent < 2 m from the 

mount, time singing < 2 m, number of jumps/flights and time singing soft songs, and 



 
 

negatively associated with closest approach, latency of approach (A. basilicus only), time 

spent > 2 m and time singing > 2 m (A. basilicus only). PC2 was positively associated with 

latency of approach, time spent > 2 m and time singing > 2 m (A. assimilis only). PC3 was 

positively associated with latency of response in both species. Thus, PC1 was positively 

associated with aggressive behaviors (e.g. more time spent and singing close to the 

intruder) in both species, whereas behaviors suggesting lack of interest or inspection 

behavior (e.g. time spent out of the arena and less approach to the mount) were negatively 

associated to PC1 or positively associated to PC2. Because PC1 summarized most variables 

related with aggressiveness, we used PC1 as an index of aggression to conspecifics (see 

also Uy et al. 2009). Similar associations between behavioral variables and PC’s were 

recovered when analyzing data from both species in a single PCA (Online Resource Table 

S1).   

Overall, territorial males responded equally to local and novel plumage traits in both 

species. Aggression indices did not differ among no band, narrow-banded, and broad-

banded treatments in A. assimilis, nor between no band and broad-banded treatments in A. 

basilicus (Tables 2, 3; Fig. 2). We obtained similar results in analyses using PC1 scores 

obtained from the PCA using data from experiments in both species, although A. basilicus 

had significantly higher aggression scores compared to A. assimilis (Online Resource Table 

S2; Fig. S3). Confidence intervals for Cohen’s d effect sizes were consistent with a lack of 

statistical differences between treatments having or lacking pectoral bands in both species 

and not with limited statistical power to detect differences (Online Resource Fig. S4). 

Female presence or absence did not have a significant effect on the response of males 

(Tables 2, 3), indicating that male aggression was not affected by cooperative territorial 

defense or mate guarding. Among random factors analysed in both species (Tables 2, 3), 



 
 

we found that territorial male identity was the only factor that tended to have an effect on 

the aggression index in A. assimilis (χ2(1) = 7.28, P = 0.006), whereas the effects of mount 

identity (A. assimilis: χ2(1) = 0, P = 1.0; A. basilicus: χ2(2) = 0.37, P = 0.981), song 

recording (A. assimilis: χ2(1) = 2.79, P = 0.247; A. basilicus: χ2(1) = 1.11, P = 0.292), time 

of the experiment (both species: χ2(1) = 0, P = 1.0) and trial order (A. assimilis only:  χ2(1) 

= 0, P = 1.0) were not significant. However, overall aggressive responses in A. assimilis 

were not affected by any of the traits we measured as indicators of male quality (Online 

Resource Table S3). Most behavioral variables associated with PC1 did not differ among 

treatments in A. assimilis nor in A. basilicus (Online Resource Figs S5, S6). In A. basilicus, 

males presented with no-band mounts (i.e. the novel trait) gave more jumps/flights around 

the mount than males presented with broad-band mounts (i.e. the local trait; Online 

Resource Fig. S6). 

Males of A. assimilis physically attacked mounts in 26 out 52 experiments (50%), 

with 11 of the 13 males attacking a mount in at least one experiment. The control mount 

was attacked only once, whereas the rest of the attacks were directed to mounts having 

narrow band (10), broad band (9), and no band (6). Although mounts with a pectoral band 

were attacked more frequently than those without a band, differences were not significant 

(Fisher’s Exact Test, narrow band vs. no band: P = 0.226; broad band vs. no band: P = 

0.428; Fig. 3). Latency of attack to no band, narrow-band, and broad-band treatments did 

not differ (F2,22 = 0.64, P = 0.535; Online Resource Fig. S7). Males of A. basilicus 

physically attacked mounts in 21 out 45 experiments (46.7%, each male was only tested 

once), showing no difference in the frequency nor speed with which they attacked no-band 

and broad-band mounts. No-band and broad-band mounts received 10 and 11 attacks, 



 
 

respectively (Fisher’s Exact Test, P = 1.0; Fig. 3), and the latency to attack them did not 

differ (F1,19 = 0.20, P = 0.660). Control mounts were never attacked. 

We also explored whether responses as described by PC3 varied among treatments 

in A. assimilis and A. basilicus, reasoning that because this axis is an index of time to 

initiate a response it might be an indicator of the role of plumage traits in long-distance 

signaling (i.e. they may be important in grabbing a bird’s attention from afar; Savalli 1995). 

As with PC1, we found no differences in responses to no band and banded treatments in 

either species (Online Resource Table S4; Fig. S8). 

 

Discussion 

What determines the fate of novel traits when they arise within populations?  

We experimentally assessed behavioral responses of males of two species of Arremon 

brushfinches to simulated territorial intrusions by individuals exhibiting either familiar or 

novel plumage traits. We focused on assessing responses to presence/absence and different 

sizes of pectoral bands, a plumage trait that not only varies among species and populations 

of Arremon, but is also important in social signaling in several groups of passerine and non-

passerine birds (Senar 2006). Differences in responses by males to non-familiar traits (i.e. 

the presence or absence of the pectoral band) relative to responses to the local phenotype 

would be consistent with social selection having a role on the fate of novel traits and its 

consequences for population differentiation. However, territorial males were similarly 

aggressive towards mounts irrespective of whether they showed pectoral bands of any size 

or not in both a population having and in a population lacking a pectoral band. This 

suggests that social selection via male-male competition for territories via agonistic 



 
 

interactions is unlikely to be a major driver of plumage trait evolution and population 

divergence in this system. 

 Our results differ from those of similar studies in which experimental manipulation 

of melanin- or carotenoid-based plumage patches did produce differential responses by 

territory owners (but see Greig et al. 2015), including black breast stripes in Great Tit 

Parus major (Järvi and Bakken 1984), red collars in Red-collared Widowbird Euplectes 

ardens (Pryke et al. 2001), and white throat patches in Golden Whistler Pachycephala 

pectoralis (van Dongen and Mulder 2008). In these species, males showed either dominant 

or subordinate behavior depending on the extent and intensity of plumage patches exhibited 

by opponents, as well as on their own plumage. In contrast, males of A. assimilis and A. 

basilicus appear to use no information on whether oponents exhibit a pectoral band to 

influence their territorial defense strategy, thus exhibiting similar levels of aggression 

towards familiar and novel traits regardless of whether species exhibit (A. basilicus) or lack 

(A. assimilis) pectoral bands. Therefore, such traits would appear unlikely to be socially 

selected via male-male contests when competing for territories. 

 A caveat of our conclusion that pectoral bands are unlikely targets of social 

selection in the context of competition for territories among males is that our experiments 

only considered the response of signal receivers in one territorial encounter. A more 

thorough understanding of the role of social selection in the evolution of plumage in this 

system could be achieved by also considering the perspective of senders in terms of the 

long-term costs and benefits of bearing alternative traits. Plumage manipulation 

experiments in various species have shown that enlargement or reduction of plumage 

patches may influence aggressiveness, dominance, body condition and stress levels, thus 

potentially affecting territory size or the abilitiy to retain territories (Senar 1999; Senar 



 
 

2006; Safran et al. 2008; Webster et al. 2018). Therefore, experiments manipulating 

plumage of free-living individuals to simulate the origin of novel traits would be a natural 

next step for studies in the Arremon system, which may uncover differential physiological 

and social costs for males bearing novel and local traits (Tibbetts 2014; Webster et al. 

2018). Manipulating the plumage of live birds would also allow one to examine the role of 

pectoral bands in connection with behavior (e.g. gesture, displays), a possibility our 

experiment with static mounts did not address. Given the importance of gesture in 

increasing complexity or exaggerating static or dynamic signals (Ligon et al. 2018; Miles 

and Fuxjager 2018), manipulation of plumage patches in free-living individuals may  

complement the use of mounts when assessing the function of static traits in male-male 

interactions (Peek 1972; Røskaft and Rohwer 1987; Laubach et al. 2013; Tryjanowski et al. 

2018).  

Factors like an individual’s quality, age and prior fighting experiences may 

influence assessment strategies and the outcome of territorial contests (Briffa et al. 2015; 

Chapin et al. 2019). Regarding age and experience, the response of territorial males to 

particular traits may vary over time if individuals interact not one but multiple times with 

bearers of different traits, enabling them to conduct repeated assessments of the congruence 

between traits and individual quality (Rohwer and Rohwer 1978). Repeated territorial 

contests allowing males to assess each other are likely in Arremon brushfinches given the 

high density of territories and active role of males in territorial defense (Castaño et al. 

2019). Because we conducted repeated experiments with males of A. assimilis, we were 

able to observe that some males were consistently more –or less– aggressive than others in 

response to mounts with or no pectoral bands (Tables 2, 3), a likely indication of individual 

variation in personality or prior fighting experience (Réale et al. 2007; Briffa et al. 2015). 



 
 

Variation in a receiver’s perception of their own quality and of a sender’s signals may lead 

to alternative strategies of communication within a population (Botero et al. 2010). 

Therefore, although some individuals in our experiments responded aggressively to 

opponents signaling novel traits, an overall treatment effect could have been masked by 

some individuals consistently showing low aggressiveness. Furthermore, if males with 

different personalities have the chance of interacting multiple times with opponents, then 

behavioral responses have potential to deviate from presumably innate behaviors exhibited 

during a single interaction with an intruder exhibiting a novel signal (McNamara and 

Houston 2005). How learning affects asssessment strategies in animal contests is a pending 

matter in game-theory modeling (Leimar 2019), which is relevant to understanding how the 

costs and benefits experienced during repeated contests may influence the odds of fixation 

of novel traits over time. 

 Because our results suggest that social selection via male-male competition is 

unlikely to affect the fate of novel signals in populations of Arremon brushfinches, we 

require alternative explanations for the loss and gain of pectoral bands. Given that the rate 

of phenotypic divergence in the group suggests some form of selection acting on plumage 

(Cadena et al. 2011), a prime candidate for the mechanism influencing trait evolution is 

sexual selection via female choice. Female preferences for novel traits may lead to 

replacement of local traits if the former are better indicators of male quality in particular 

environments (West-Eberhard 1983; Price 2008), or if female pre-existing biases favor 

novel traits (e.g. via sensory drive; Ryan and Rand 1993). Experimental studies often 

indicate that females prefer traits from their own population over traits from other 

populations (Baker and Baker 1990; Patten et al. 2004), yet females of several species may 

prefer traits not naturally exhibited by local males including both artificial (i.e., novel) 



 
 

ornaments (Burley et al. 1982; Burley and Symanski 1998) as well as exaggerated traits 

(Andersson 1982; Burley and Coopersmith 1987; Baldassarre and Webster 2013). 

Therefore, compounded with the fact that different mutations influencing male plumage 

may stochastically appear in different populations (Chapman 1923), geographic variation in 

female preferences (e.g. Tarof et al. 2005; Dunn et al. 2010) may lead to the fixation of 

distinct phenotypes in separate populations (Price 1998). 

 Plumage traits like the presence or absence of bands are generally fixed in 

populations of the A. torquatus complex. However, some individuals with complete 

pectoral bands or spotted chests suggestive of incipient bands are occasionally found in 

otherwise unbanded populations of A. assimilis, including in our study site (pers. obs.) and 

others in Colombia and Ecuador (Chapman 1923). Such mutations (sensu Chapman 1923) 

likely reflect that pectoral bands in this group have a simple genetic basis (Cadena et al. 

2011; Gluckman and Mundy 2016), probably in regulatory regions controlling the 

expression of genes in the melanogenic pathway (Uy et al. 2016; Abolins-Abols et al. 

2018). While such simple genetic basis may facilitate fixation in populations, rare 

phenotypes might experience frequency-dependent disadvantages in mating even if favored 

by females, which could result in their loss by genetic drift (Kirkpatrick and Nuismer 2004; 

Stein and Uy 2006). To ascertain whether the presence or absence of pectoral band has 

been indeed mediated by female choice in Arremon brushfinches, studies assessing female 

responses to different plumage traits (Ratcliffe and Grant 1983a), or measuring effects of 

plumage manipulation on pair-bond stability and paternity (Baldassarre and Webster 2013) 

are required. 

 

Implications for geographic variation in Neotropical montane birds     



 
 

Our understanding of the evolutionary forces involved in divergence of plumage traits 

at different stages of speciation in Neotropical birds has been derived largely from 

descriptions of patterns of geographic variation and comparative analyses allowing one to 

make inferences about the role of stochastic and selective mechanisms in population 

differentiation (Remsen 1984; Parra 2010; Cadena et al. 2011; Winger and Bates 2015). In 

contrast, few studies have assessed the evolutionary significance of geographic variation by 

explicitly testing hypotheses about the function of plumage traits in scenarios of sexual or 

natural selection (McDonald et al. 2001; Mumme et al. 2006). Our experimental work 

examining the behavioral responses of territorial males to novel and local plumage 

phenotypes focusing on a trait associated with social competition in several passerine 

species (Tibbetts and Safran 2009) extends knowledge of mechanisms underlying plumage 

evolution. Our results suggest that the presence or absence of pectoral bands in different 

populations of Arremon brushfinches, a salient geographical pattern that has long called for 

an explanation (Chapman 1923; Remsen 1984; Cadena et al. 2011), likely does not reflect 

geographic variation in the role of such plumage traits in male-male interactions in the 

context of interference competition for territories. Our work thus rejects some purported 

roles of social selection in plumage evolution, yet opens new avenues to explore other 

mechanisms promoting the pervasive variation in plumage among geographically isolated 

populations that has long fascinated and puzzled ornithologists and evolutionary biologists 

interested in birds of the Neotropical mountains. 
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Tables and Figures 

Table 1 Component factor loadings (correlation matrix) for the PC scores (eigenvalues > 

1.0) in A. assimilis and A. basilicus that summarize most variation across nine behavioral 

variables quantified in experiments. PCA analyses were run separately for each species 

including all five treatments. Similar results were obtained in analyses combining data from 

both species (Online Resource Table S1) 

 

Behavioral Response  

A. assimilis A. basilicus 

PC1 PC2 PC3 PC1 PC2 PC3 

Latency of response -0.182 0.158 0.915 0.016 0.458 0.863 

Latency of approach -0.485 0.659 0.237 -0.707 0.558 -0.047 

Distance of closest approach  -0.693 -0.003 0.132 -0.689 0.181 -0.05 

Time spent < 2 m of the mount/speaker 0.822 0.471 0.025 0.801 0.354 -0.134 

Time spent > 2 m of the mount/speaker -0.529 0.676 -0.229 -0.725 0.572 -0.137 

Time singing < 2 m of the mount/speaker 0.724 0.379 -0.049 0.817 0.496 -0.052 

Time singing > 2 m of the mount/speaker -0.567 0.729 -0.289 -0.627 0.339 -0.437 

Jumps/flights < 2 m of the mount/speaker 0.665 0.331 0.016 0.724 0.054 -0.36 

Time singing soft songs  0.572 0.412 0.162 0.814 0.505 -0.055 

 

 

 

 

 



 
 

Table 2 Results from the linear mixed-model that assessed the aggressive response (PC1 

score) of 13 territorial males of A. assimilis to taxidermic mounts lacking a pectoral band 

(local phenotype: no pectoral band) or showing this trait (novel phenotype: narrow or broad 

band). Note that territorial males were similarly aggressive to local and novel phenotypes. 

Estimates, standard errors, t and probability values (P) are shown for the intercept of each 

treatment and contrasts between different treatments (:). Contrasts between control or 

playback and other plumage treatments were significant, but are not shown for simplicity 

Fixed Effects Estimate SE t P 

Playback -1.791 0.424 -4.228 0.0004 

Control -1.761 0.430 -4.095 0.0006 

No pectoral band 0.481 0.461 1.044 0.3066 

Narrow band 0.828 0.458 1.809 0.0823 

Broad band 1.009 0.450 2.241 0.0341 

Control : playback -0.030 0.438 -0.068 0.9462 

No pectoral band : narrow band 0.348 0.416 0.835 0.4080 

No pectoral band : broad band 0.528 0.413 1.278 0.2078 

Narrow band : broad band 0.180 0.405 0.444 0.6589 

Female 0.553 0.328 1.686 0.0972 

Random Effects Variance Std.Dev. 

  
Arremon ID 0.408 0.639 

  
Mount ID 0.000 0.000 

  
Song ID 0.260 0.510 

  
Trial Order 0.000 0.000 

  



 
 

Time of experiment 0.000 0.000 

  
Residual 1.035 1.017 

  
Significant effects are highlighted in bold 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table 3 Results from the linear mixed-model that assessed the aggressive response (PC1 

score) of 45 territorial males of A. basilicus to taxidermic mounts with pectoral band (local 

phenotype: broad band) or lacking this trait (novel phenotype: no pectoral band). Note that 

territorial males were similarly aggressive to local and novel phenotypes. Estimates, 

standard errors, t and probability values (P) are shown for the intercept of each treatment 

and contrasts between different treatments (:). Contrasts between the control and other 

plumage treatments were significant, but are not shown for simplicity. Each plumage 

treatment assessed 15 different males 

Fixed Effects Estimate SE t P 

Control -2.421 0.401 -6.043 <0.0001 

No pectoral band 1.562 0.384 4.067 0.0013 

Broad band 0.886 0.367 2.413 0.0291 

No pectoral band : Broad band -0.676 0.431 -1.570 0.1253 

Female 0.045 0.373 0.120 0.9053 

Random Effects Variance Std. Dev. 

  
Mount ID 0.000 0.000 

  
Song ID 0.185 0.430 

  
Time of experiment 0.544 0.738 

  
Residual 0.806 0.898 

  
Significant effects are highlighted in bold 

 

 



 
 

 

Figure 1. Photographs of taxidermic mounts of A. assimilis (a-c), A. basilicus (d-f) and 

controls (f-g) used in simulated territorial intrusions. (a) natural, no pectoral band (local 

phenotype); (b) artificial, narrow band; (c) artificial, broad band; (d) natural, broad band 

(local phenotype); (e) artificial, no pectoral band; (f) M. nigrocristata and (g) M. 

conspicillata. Mounts were fixed to reflect typical perching postures of males when singing   

 



 
 

 

Figure 2. Aggression score (PC1; mean ± SE) of territorial males (colored points) of A. 

assimilis and A. basilicus to simulated territorial intrusions with different plumage 

treatments and conspecific song, except the playback treatment in A. assimilis which only 

included conspecific song. Positive PC1 values suggest higher aggression, whereas 

negative values indicate lower aggressiveness. Territorial males in both species were 

equally aggressive to treatments with mounts showing or lacking pectoral bands as 

indicated by non-significant contrasts (letters above each treatment; Tables 2-3). Control 

treatments corresponded to Black-crested Warbler M. nigrocristata (a) and and White-lored 

Warbler M. conspicillata (b). Illustrations courtesy of Wildlife Conservation Society 

(Ayerbe-Quiñones 2019) 



 
 

 

Figure 3. Frequency of physical attacks and no attacks of territorial males of A. assimilis 

(a) and A. basilicus (b) to taxidermic mounts exhibiting pectoral bands of different sizes or 

lacking such a band during simulated territorial intrusions. In A. assimilis males tended to 

attack mounts with narrow and broad pectoral bands more often than they attacked mounts 

lacking a pectoral band, but this trend was not significant. Males of A. basilicus males 

attacked mounts having or lacking a pectoral band with similar frequency 

 

 

 

 

 

 

 

 

 



 
 

Supplementary material 

Table S1 Component factor loadings (correlation matrix) for the PC scores (eigenvalues > 

1.0) in A. assimilis and A. basilicus that summarize most variation across nine behavioral 

variables quantified in experiments. PCA analyses were run jointly for each species but 

excluding the playback treatment of A. assimilis. Similar results were obtained in analyses 

including all five treatments for each species separately (see main text; Table 1) 

 PC1 PC2 PC3 

Variance explained % 40.1 21.6 13.0 

Behavioral Response    

Latency of response 0.008 0.427 -0.694 

Latency of approach -0.598 0.608 -0.086 

Distance of closest approach  0.672 0.134 -0.200 

Time spent < 2 m of the mount/speaker 0.796 0.414 0.149 

Time spent > 2 m of the mount/speaker -0.614 0.634 0.276 

Time spent singing < 2 m of the mount/speaker 0.789 0.485 -0.059 

Time spent singing > 2 m of the mount/speaker -0.580 0.520 0.436 

Jumps/flights < 2 m of the mount/speaker  0.535 0.062 0.561 

Time singing soft songs < 2 m 0.735 0.538 -0.175 

 

 

 

 



 
 

Table S2 Results from the linear mixed-model that assessed the aggressive response (PC1 

score) of territorial males of A. assimilis (N = 13) and A. basilicus (N = 45) to taxidermic 

mounts with local and novel phenotypes. Note that territorial males were similarly 

aggressive to mounts with or lacking a pectoral band. Estimates, standard errors, t and 

probability values (P) are shown for the intercept of each treatment and contrasts between 

different treatments (:). Similar results were obtained when using PC1 scores estimated 

separately for each species (see main text; Tables 2-3). Contrasts between the control and 

other plumage treatments were significant, but are not shown for simplicity  

 Fixed effects Estimate SE t P 

Treatment A. assimilis 

Control -1.871 0.399 -4.693 0.00005 

No pectoral band -0.093 0.413 -0.225 0.82325 

Narrow band 0.052 0.415 0.126 0.90021 

Broad band 0.131 0.407 0.321 0.74973 

No pectoral band : Narrow band 0.145 0.476 0.305 0.76108 

No pectoral band : Broad band 0.223 0.473 0.472 0.63796 

Narrow band : Broad band 0.078 0.466 0.168 0.86694 

Treatment A. basilicus 

Control -2.580 0.378 -6.826 0.00000 

No pectoral band 1.889 0.366 5.157 0.00001 

Broad band 1.207 0.361 3.339 0.00222 

No pectoral band : Broad band -0.682 0.432 -1.578 0.11868 

Species 1.299 0.527 2.467 0.01936 



 
 

Female 0.376 0.258 1.460 0.14793 

Random effects Variance Std. Dev. 

  
Mount ID 0.000 0.000 

  
Song ID 0.166 0.408 

  
Time of experiment 0.141 0.375 

  
Residual 1.243 0.115 

  
Significant effects are highlighted in bold 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table S3 Results of multiple linear regression of aggressive response (overall PC1 score) 

of 12 territorial males of A. assimilis to taxidermic mounts bearing or lacking pectoral band. 

None of the traits measured as indicators of male quality affected their overall 

aggresiveness (R2 = 0.32, F4,7 = 0.819, P > 0.552). The overall PC1 score of each male 

correspond to the mean of PC1 scores across no pectoral-banded, narrow-banded and 

broad-banded treatments. Similar results were obtained using the overall aggression score 

including the playback and control treatments (R2 = 0.39, F4,7 = 1.159, p > 0.40) 

Variable 

Unstandardized 

coefficient 

Standardized 

coefficient 

 

 

Beta Std. error Beta t P 

Constant 5.377 3.409 

 

1.577 0.159 

Body condition -0.159 0.307 -0.245 -0.518 0.621 

Home-range size -0.289 3.342 -0.036 -0.086 0.934 

Number of neighbors -0.705 0.636 -0.490 -1.108 0.304 

Distance to closest 

neighbor -0.042 0.033 -0.570 -1.281 0.241 

 

 

 

 

 

 

 



 
 

Table S4 Results from the linear mixed-models that assessed the time to response (PC3 

score) of territorial males of A. assimilis (N = 13) and A. basilicus (N = 45) to taxidermic 

mounts with local and novel phenotypes (Fig. S5). Note that territorial males responded 

similarly to mounts with or lacking pectoral band. Estimates, standard errors, t and 

probability values (P) are shown for the intercept of each treatment and contrasts between 

different treatments (:). Contrasts between the control or playback and other plumage 

treatments were not significant and are not shown for simplicity 

Fixed effects A. assimilis 

Treatment Estimate SE t P 

Playback -0.188 0.504 -0.373 0.73500 

Control -0.064 0.420 -0.153 0.88400 

No pectoral band -0.295 0.444 -0.664 0.52900 

Narrow band 0.281 0.444 0.633 0.54800 

Broad band 0.096 0.441 0.217 0.83500 

No pectoral band : Narrow band 0.576 0.521 1.105 0.34200 

No pectoral band : Broad band 0.391 0.521 0.750 0.50200 

Narrow band : broad band -0.185 0.520 -0.355 0.74300 

Female 0.072 0.278 0.258 0.79700 

Random effects Variance Std. Dev. 

  
Arremon ID 0.391 0.626 

  
Mount ID 0.162 0.403 

  
Song ID 0.000 0.000 

  
Trial Order 0.000 0.000 

  



 
 

Time 0.196 0.443 

  
Residual 0.533 0.730 

  
Fixed effects A. basilicus 

Treatment Estimate SE t P 

Control -0.451 0.487 -0.927 0.41350 

No pectoral band 0.395 0.477 0.829 0.46250 

Broad band -0.633 0.448 -1.415 0.26430 

No pectoral band : Broad band -1.029 0.653 2.917 0.21590 

Female 0.491 0.258 1.906 0.07530 

Random effects Variance Std. Dev. 

  
Mount ID 0.319 0.565 

  
Song ID 0.000 0.000 

  
Time 0.830 0.911 

  
Residual 0.005 0.070 

  
 

 

 

 

 

 

 



 
 

 

Fig. S1 Reflectance spectra for black and white pectoral plumage of Arremon mounts used 

in experiments. We found reflectance spectra for marker-painted bands in mounts (d) were 

similar to natural bands across other Arremon taxa (a. A. basilicus; b. A. assimilis larensis; 

c. A. perijanus). Spectra curves include the mean (black line) and standard deviation (gray 

shade) 

 



 
 

 

Fig. S2 Reflectance spectra for white pectoral plumage of Arremon mounts used in 

experiments. We found similar reflectance spectra for mounts lacking a pectoral band 

(natural) and color-blended (A. assimilis), as well as feather-cover white chest plumage (A. 

basilicus). Spectra curves are the average of three measurements 



 
 

 

Fig. S3 Aggression score (PC1; mean ± SE) of territorial males (colored points) of A. 

assimilis and A. basilicus to simulated territorial intrusions with different plumage 

treatments. Positive PC1 values suggest higher aggression, whereas negative values 

indicate lower aggressiveness. Territorial males in both species were equally aggressive to 

treatments with mounts showing or lacking pectoral band as indicated by non-significant 

contrasts (letters above each treatment; Table S2). Similar results were obtained when using 

PC1 scores estimated separately for each species (see main text; Fig. 2; Tables 2-3). All 

treatments used conspecific male solo songs. Control treatments corresponded to Black-

crested Warbler M. nigrocristata (a) and and White-lored Warbler M. conspicillata (b). 

Illustrations courtesy of Wildlife Conservation Society (Ayerbe-Quiñones 2019) 



 
 

 

Fig. S4 Power analysis showing mean effect sizes (Cohen’s d) and 95% confidence 

intervals (CI) for aggression responses (PC1 scores estimated for each species separately) 

between presentation treatments in A. assimilis and A. basilicus. Confidence intervals 

around effect sizes crossing the dotted line of null effect at zero reflect that lack of 

differences in response between treatments are not due to limited statistical power, being 

instead compatible with there being no effect of treatments on responses. Similar results 

were obtained when using PC1 scores estimated from a combined PCA of both species (not 

shown) 

 



 
 

 

Fig. S5 Physical and acoustic behavioral responses of males of A. assimilis to five different 

experimental treatments. All four variables correlated positively (loadings > 0.5) with the 

aggression score PC1 (Table 1). Males responded similarly to treatments involving 

taxidermic mounts lacking the pectoral band or with different sizes of this trait, while 

elicited less marked responses to the playback and control treatments. Bars represent means 

± SE, with different letters in the top indicating significant contrast comparisions. Colored 

points represent individuals 



 
 

 

Fig. S6 Physical and acoustic behavioral responses of males of A. basilicus to three 

different experimental treatments. Most variables correlated positively (loadings > 0.5) 

with the aggression score PC1 (Table 1). Except for the number of jumps/flights, males 

responded similarly to treatments involving taxidermic mounts lacking or having the 

pectoral band, and responded less strongly to the control treatment. Bars represent means ± 

SE, with different letters in the top indicating significant contrast comparisions. Points 

represent individuals 

 



 
 

 

Fig. S7 Variation in latency of attack in A. assimlis (a) and A. basilicus (b) defined as the 

time it took to a territorial male to attack the taxidermic mount since it arrived at the arena. 

Not all males attacked the mount as shown by sample sizes (N) across 13 

experiments/treatment in A. assimilis, and 15 experiments/treatment in A. basilicus. Bars 

represent means ± SE, with letters in the top indicating non-significant contrasts between 

treatments for each species. Points represent individuals 

 

 

 



 
 

 

Fig. S8 Time to respond score (PC3; mean ± SE) resuming variation in latency of response 

in territorial males of A. assimilis (a) and A. basilicus (b) males to simulated territorial 

intrusions with different plumage treatments. Positive PC values suggest slower response 

(longer latency to respond), while negative values suggest quicker response (shorter latency 

to respond). Territorial males in both species showed similar latency to respond to 

treatments involving mounts with and no pectoral band as indicated by non-significant 

contrasts (letters above each treatment; Table S4) 
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Abstract 

To elucidate the role of social selection driving signal evolution, one must understand how 

do animals perceive and respond to individuals exhibiting novel traits. In particular, work 

is needed to assess physiological and social costs and benefits to signal senders and 

receivers, which may ultimately influence the fate of traits arising via mutation. We 

simulated (i.e. artificially painted) the presence of a pectoral band in territorial males in a 

population of a Neotropical songbird (Arremon assimilis) naturally lacking such trait, and 

examined changes in home-range size, body condition, corticosterone levels and pair-bond 

stability relative to control individuals lacking pectoral bands over several weeks in the 

field. Baseline corticosterone levels increased more after plumage manipulation in males 

with a band, but this was unrelated to changes in home-range size or body condition, which 

did not differ between experimental and control males. Nonetheless, pairs were less stable 
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in males with a band: some of them divorced, remated, or lost their territories. Our results 

suggest that bearing a pectoral band can result in costs in physiology and the ability of 

males to retain mates, and that such costs may prevent increases in the frequency of this 

trait and may account for its evolutionary loss in ancestors of A. assimilis. Our 

experimental study provides insight about the role of mechanisms influencing the fate of 

novel traits at early stages of population divergence, unveiling a potential role of female 

preferences in the origin of geographic variation. 

 

Keywords: geographic variation, glucocorticoid, male-male competition, mate choice, 

sexual selection, social selection trait evolution 

 

Introduction 

The understanding how intra- and intersexual competition drive the evolution of signaling 

traits plays a central role in theories of animal communication and speciation (Darwin 

1871; Andersson 1994; Maynard Smith and Harper 2003). Social selection (including 

sexual selection; West-Eberhard 1983) may promote signal evolution through female 

preferences acting on male attributes reflecting good genes or the ability of males to 

provide direct benefits to females (Endler 1992; Andersson 1994; Price 1998). 

Alternatively, signal evolution may also result from selective pressures acting in social 

contexts via competition among males for resources allowing them to gain access to mates 

(West-Eberhard 1983; Senar 2006; Tobias et al. 2012). Despite the importance of inter- and 

intrasexual competition in driving signal evolution across several taxonomic groups (West-

Eberhard 1983; Lindsay et al. 2019), little is known about how these mechanisms promote 



 
 

the fixation or loss of novel traits within populations (Dijkstra and Border 2018; Tinghitella 

et al. 2018). 

Speciation in birds is often driven by divergence among populations in traits 

involved in communication like coloration and song (Price 2008). Because such signaling 

traits are likely shaped by various forms of selection (Andersson 1994; Maynard Smith and 

Harper 2003; Price 2008), uncovering the selective forces driving population divergence is 

central to understanding the origin of avian species. This is especially relevant for areas 

with high species richness and geographically variable species like the Neotropics, where 

much of the phenotypic differentiation preceding speciation is often attributed to 

stochasticity in the mutation process and genetic drift acting differently among populations 

in the absence of gene flow (Chapman 1923; Remsen 1984). However, geographic 

variation may also result from natural selection or various forms of social selection (Cadena 

et al. 2011; Seddon et al. 2013; Winger and Bates 2015). To what extent might the diversity 

of plumage traits among tropical species (and within-species geographic variation in 

plumage which may be a precursor to speciation) be explained by mechanisms of social 

competition or sexual selection remains to be seen. 

Whether and how plumage traits might be favored in contexts of male-male 

competition or female choice depends on the interplay between the benefits and costs of 

exhibiting alternative phenotypes (Maynard Smith and Harper 2003; Searcy and Nowicki 

2012). A novel signal may spread in a population if it provides benefits to the signaler like 

access to resources or mates. For instance, plumage traits correlated with dominance or 

aggression may help settle intra-sexual contests for resources like food and territories 

(Senar 2006; Tobias et al. 2012). Alternatively, invasion by a novel signal may be 

constrained if signals are physiologically costly to produce or maintain (Jawor and 



 
 

Breitwisch 2003; Walther and Clayton 2005), or if individuals signaling high quality or 

dominance sustain social costs like increased aggression (Webster et al. 2018). For 

example, experimental work shows that exhibiting plumage patches may alter social 

interactions of males with their neighbors or social mates, as well as levels of circulating 

hormones like sex steroids or glucocorticoids indicating stress (Laubach et al. 2013; Levin 

et al. 2018). On the other hand, females may favor novel signals reflecting male quality and 

hence receive direct or indirect benefits from mating with particular males (Schluter and 

Price 1993). Further, pre-existing sensory biases may also lead females to prefer novel 

traits (Ryan and Rand 1993; Schluter and Price 1993). However, females which favor a 

novel trait may expend more energy searching for mates, delaying breeding or increasing 

exposure to predators (Real 1990). Females may also suffer costs related to the 

attractiveness of their mates like drawing attention from predators or other females 

(Schluter and Price 1993; Qvarnström and Forsgren 1998).  

Given the various mechanisms which may promote the fixation or loss of novel 

plumage traits in populations, a critical step towards understanding the role of social 

selection shaping the diversity of plumage traits in birds is to investigate benefits and costs 

to senders of novel signals during social interactions. In particular, studies aimed at 

understanding how novel signals affect behavior, and how behavior in turn relates to 

condition, physiological traits and the fitness of individuals are key to understand the origin 

and maintenance of socially –and sexually– selected traits (Rubenstein and Hauber 2008; 

Tibbetts 2014). Such kind of work is essentially lacking in the Neotropical region, which 

harbors the greatest diversity of birds in the world. 

The Neotropical brushfinches in the Arremon torquatus complex (Passerellidae) 

exhibit striking geographic variation in plumage (Chapman 1923; Cadena and Cuervo 



 
 

2010). Plumage variation mainly involves the presence or absence of a black pectoral band 

and a white superciliary. Because these traits have been lost and gained multiple times at a 

faster rate than expected under genetic drift, some form of selection has likely driven their 

evolution (Cadena et al. 2011). In a previous study, we experimentally assessed the 

function of black pectoral bands in two species of Arremon (one having a pectoral band and 

the other lacking this trait) in the context of male-male competition. Because males of both 

species were similarly aggressive to taxidermic mounts exhibiting or lacking pectoral 

bands, this trait does not appear to provide a competitive advantage –or disadvantage– and 

therefore has likely not evolved under contexts of social selection via male-male 

competition (Avendaño and Cadena 2021). However, because experiments only assessed 

the response of signal receivers in a single territorial encounter, our inferences did not 

consider that individuals may interact multiple times, which may affect the outcome of 

competitive contests (Rohwer and Rohwer 1978; Leimar 2019). Furthermore, given the 

importance of body movements in signaling (Miles and Fuxjager 2018), responses to static 

mounts may differ from those to free-living birds bearing alternative signals. Also, in our 

study based on territorial intrusion experiments we did not evaluate physiological and 

social costs of bearing a pectoral band over time (Tibbetts 2014; Webster et al. 2018), nor 

the influence of such trait on pair-bond stability (Leichty and Grier 2006). 

Building on our prior work, we conducted a new field experiment in which we 

manipulated the plumage of free-living males aiming to further assess costs and benefits of 

bearing a novel trait (Higham 2014). We experimentally painted a black pectoral band on 

the plumage of territorial males of the Gray-browed brushfinch (Arremon assimilis 

assimilis), which naturally lack this trait and exhibit white ventral plumage (Fig. 1). We 

then examined changes in manipulated and control males in home-range size, body 



 
 

condition, and a stress hormone over several weeks. If bearing a pectoral band affects 

interactions of males with other males influencing use of space, then one expects changes 

in home-range sizes following plumage manipulation. If pectoral bands mediate social 

interactions among males or with mates influencing physiology, then one expects males 

with and without pectoral bands to differ in body condition or in titers of hormones like 

corticosterone, a glucocorticoid hormone of the hypothalamo–pituitary–adrenal axis 

mediating physiological and behavioral responses allowing animals to cope with 

environmental or social stressors (Landys et al. 2007; MacDougall-Shackleton et al. 2019). 

Finally, if having or lacking pectoral bands influences pair-bond dynamics due to female 

sexual preferences, then one would expect differences in the stability of pairs involving 

control males and those with a pectoral band. 

  

Methods 

Study system and general methods 

We assessed potential costs and benefits associated with the origin of a novel plumage trait 

in the Gray-browed Brushfinch (A. assimilis), an Andean passerellid songbird inhabiting 

the understory of montane forest and dense bushes in the Andes of Venezuela, Colombia, 

Ecuador, and Peru (Rising et al. 2011). We studied a color-marked population at the 

Floresta de la Sabana Reserve in the mountains east of Bogotá, Colombia (04°48'N; 

74°00'W; Castaño et al. 2019; Avendaño and Cadena 2021). This population belongs to the 

nominate subspecies, which lacks a black pectoral band present in other taxa in the A. 

torquatus complex (Chapman 1923; Cadena and Cuervo 2010). Individuals of A. assimilis 

establish stable pair bonds which defend territories year-round (pers. obs.), with males 

playing a more active role than females in territory defense (Avendaño and Cadena 2021; 



 
 

Rodríguez-Fuentes et al. 2021). Home ranges appear to be stable in time, although 

considerable changes in size or shape may be brought about by natural mortality and 

human-induced habitat modifications (Castaño et al. 2019). Our study population exhibits a 

main breeding peak between May and August, with some pairs rebreeding between 

November and December, possibly triggered by the onset of seasonal rains (Castaño et al. 

unpubl. data).  

To evaluate effects of bearing a black pectoral band, we conducted a field 

experiment in which we assessed morphological (i.e. body condition), physiological 

(corticosterone levels) and socially-mediated ecological attributes (i.e. home-range size) 

prior to and after manipulating the plumage of males to simulate the origin of such band in 

a population naturally lacking it (Fig. 1). We selected and monitored 30 color-marked 

territorial males, 25 of which also had their mates color-marked. Due to habitat continuity 

and logistic reasons, territories were located in two areas separated by c. 2.0 km and at 

different elevations (2700-2800 m and 3000-3100 m). Before manipulation, we conducted 

home-range mapping as in a previous study (Castaño et al. 2019; see below). Once home-

ranges were mapped (March 21-August 6 2018), we captured males (between 28 and 66 

days after finalizing mapping) and sequentially drew blood samples, took morphometric 

measurements, and manipulated their plumage (see below) prior to releasing them. There 

was a time lag between finishing mapping and initiating the experiment because many 

individuals bred –and subsequently molted– between April and June. One to 22 days after 

manipulating plumage, we began remapping home-ranges (August 28-December 21 2018) 

and then recaptured males (between 15 days before and 50 after finalizing mapping) to take 

new blood samples and measurements. All individuals were captured by luring them into a 

6x2 m mist net using playback of the song of a conspecific male or a vocal duet, in some 



 
 

cases matched with a conspecific taxidermic mount in perching posture. Because we 

studied males in different breeding stages, we measured reproductive condition as cloacal 

protuberance volume following Briskie (1993) and considered this variable in subsequent 

analyses. 

We assigned 15 males to each of two plumage treatments: no pectoral band 

(control) and with band (experimental). To prevent males receiving the same treatment 

from being spatially clustered, we interspersed territories of males assigned to different 

treatments. Although we sought to maintain constant sample sizes per treatment across 

analyses, sample sizes varied because of mortality or emigration, replacements after 

plumage manipulation, and difficulties in recapturing males after manipulation. Thus, of the 

30 males mapped before manipulation, we mapped 23 after manipulation (11 with no 

pectoral band; 12 with band) plus four new males which replaced former territory holders 

(3 with no pectoral band; 1 with band) and were not included in home-range analyses. Of 

the 23 mapped males, we recaptured 16 (7 with no band, 9 with band) at the end of the 

post-manipulation phase (mean time between recaptures ± SD: 88 ± 16 days). Thus, 

analyses of body condition and corticosterone were restricted to this set of 16 individuals. 

We also ran analyses described below excluding two males with no band whose territories 

were affected by human disturbance after manipulation, but results did not differ from those 

using the complete dataset. Finally, via repeated visits to territories, we monitored the 

stability of 29 pairs in which both sexes were color-marked and where the male’s plumage 

was manipulated (13 with no pectoral band; 16 with band), noting whether pair members 

were present or absent, and whether any of the individuals had been replaced by another 

bird. 

 



 
 

Plumage manipulation 

To simulate the origin of a black pectoral band and examine its effects on males, we 

painted a band on the pectoral plumage of free-living birds. We used an ammonia-free hair 

dye (Natural black 1.0, Green Code, Recamier), which we previously tested on white, free-

range chickens in the study area. We chose this dye because it has no components 

potentially harmful to birds, did not fade producing greenish tones as commercial nontoxic 

markers did, retained blackness for more than 10 weeks, and produced reflectance spectra 

similar to those of pectoral bands existing naturally in other Arremon taxa.    

 We mixed similar volumes (1 cm3) of ammonia-free hair coloring and hair color 

developer, and then applied the mix gently with a brush on pectoral feathers forming a band 

across the chest while maintaining the bird resting on its back. After 10 min, we washed the 

plumage with water and dried it with paper towels and a hairdryer prior to releasing the 

bird. Following Beck et al. (2018), we measured the size of artificial pectoral bands based 

on three photographs of each bird taken on a white background with a metric ruler as a size 

standard. We used the threshold tool in Image J (Rasband 2016) to produce black-and-

white images to calculate the area covered by the pectoral band and used the mean area 

from the three photographs as our estimate of pectoral band area. Although we painted 

pectoral bands of sizes within the range naturally observed in members of the A. torquatus 

complex (Avendaño and Cadena 2020), band area in recaptured males was 60% greater 

than at the beginning of the experiment (median = 920 mm2; range = 673-1159 mm2; n = 9) 

likely because dye residuals continued spreading (Fig. 1). For control birds with no band, 

we followed similar processing steps and handling times as with experimental birds, 

applying water with a brush to the plumage instead of the dye. Time elapsed between time 



 
 

of capture and release was slightly longer for males with band (mean ± SD; 95 ± 21 min) 

than for those with no band (75 ± 12 min). 

 

Body condition 

If exhibiting a pectoral band affects interactions with neighbors and mates, then body 

condition of males with such a trait may be affected owing to energetically demanding 

behaviors like flying and singing during territorial defense and mate attraction (Landys et 

al. 2007; MacDougall-Shackleton et al. 2019). We estimated body condition before and 

after plumage manipulation using a real mass index (RMI, Schulte-Hostedde et al. 2005) 

corresponding to the residuals of a linear regression between body mass measured with a 

spring balance (0.1 g precision) and tarsus length measured with a dial caliper (0.1 mm 

precision). Residuals were estimated including measurements before and after plumage 

manipulation of each individual in the same regression (n = 32, from 16 males; F1,30 = 

6.462; R2 = 0.15; P = 0.01; Labocha and Hayes 2012). Individuals with negative RMI 

values have poor condition relative to individuals with positive values.  

 

Blood sample collection and corticosterone assays 

We compared baseline and stress-induced corticosterone levels in males before and after 

manipulating their pectoral plumage. Baseline corticosterone levels mediate homeostatic 

regulation of the stress response system and other physiological and behavioral systems 

(Sapolsky et al. 2000), and may increase during periods of heightened male-male 

aggression (Dickens and Romero 2013; Laubach et al. 2013) or of pair-bond instability 

preceeding divorces (Ouyang et al. 2014). If males exhibiting a pectoral band become 

stressed by changes in their social environment, then they should exhibit a greater increase 



 
 

in levels of baseline corticosterone across the experiment than males with no band. On the 

other hand, stress-induced corticosterone levels allow animals to regulate physiological and 

behavioral processes in response to chronic stressors like prolonged social instability, but 

predicting the direction of change in stress-induced corticosterone levels is not 

straightforward because low stress-induced corticosterone prevents coping appropiately 

with stressors yet high stress-induced concentrations of this hormone can be maladaptive 

(Dickens and Romero 2013). In sum, given that both reducing or increasing levels of 

baseline or stress-induced corticosterone may have negative effects on fitness (Bonier et al. 

2009), we interpret the magnitude of changes in corticosterone levels in males throughout 

our experiment as an indication of physiological costs (Goymann and Wingfield 2004).  

We collected two blood samples (60-120 uL) from the brachial vein of each 

individual captured using a heparinized syringe: one within three minutes after capture (i.e. 

baseline) and a second after 30 min of confinement in a dark cloth bag (i.e. stress-induced; 

Romero and Reed 2005). Blood samples were stored on ice and centrifuged (at 10,000 rpm 

for 5 min) within 6 h of collection, and plasma samples were frozen at −80°C. We 

quantified plasma corticosterone using a validated competitive enzyme-linked 

immunoassay following the manufacturer's instructions (ADI-900-097, Enzo Life Sciences, 

Farmingdale, NY). Samples for each individual were assayed in duplicate and each assay 

plate included a standard to build a calibration curve. We randomly assigned individuals to 

plates, assaying all four samples of each individual in the same plate. The assay sensitivity 

was 2.60 pg/ml, and the average intra- and interassay coefficients of variation were 11.53% 

and 6.42%, respectively (n = 2 plates). These values are within the range reported in other 

studies measuring corticosterone levels in tropical birds (Schwabl et al. 2016). 

 



 
 

Home-range mapping and estimation 

We estimated home-range sizes of males before and after plumage manipulation following 

methods similar to those of a previous study on A. assimilis (Castaño et al. 2019). Briefly, 

three to four observers simultaneously spot-mapped home ranges by visiting each territorial 

male/pair every week in random order (9-18 visits during each mapping phase). In each 

visit we followed individuals trying to collect at least five consecutive GPS locations 

(precision <5 m; Garmin GPSMAP64s) every five minutes, but we also considered data 

gathered during visits when fewer than five locations were obtained because of weather 

conditions or elusive behavior of birds. We tried to secure at least 40 locations per male (a 

recommended minimum is 30; Seaman et al. 1999). Overall, we recorded 1044 and 1064 

locations for 23 males before and after plumage manipulation, respectively (Tables S1-S2). 

The number of locations did not differ between pre-manipulation (mean = 45, range = 41–

59 points per male) and post-manipulation (mean = 46, range = 41–55 points per male), 

although mapping took longer during pre-manipulation (mean = 96, range = 31–130 days 

per male) than during post-manipulation (mean = 74, range = 48–111 days per male) likely 

due to greater familiarity of observers with space use by individuals. 

 We estimated the home-range size of each male using the 95% fixed-kernel 

methods in package adehabitatHR (Calenge 2006). To estimate kernels we used smoothing 

parameters and estimations of shape and home-range size obtained via bootrapping location 

data collected for each male (Barg et al. 2016; Castaño et al. 2019). Because 95% fixed-

kernel estimates did not differ when using data sets of 30, 40 and total locations gathered 

(Table S3), we present home-range estimates based on all locations. Mapping duration was 

correlated with home-range size, but this variable did not affect home-range estimates 

before and after plumage manipulation (Table S3). Very similar results were obtained using 



 
 

a minimum-convex polygon method to measure home ranges (data not shown; Castaño et 

al. 2019). 

 

Ethical note 

Field techniques and experiments conducted in this research were approved by the Comité 

Institucional para el Cuidado y Uso de los Animales de Laboratorio CICUAL-UNIANDES. 

Mist-netting, banding and collection of specimens were authorized by the Autoridad 

Nacional de Licencias Ambientales of Colombia through the Permiso Marco de 

Recolección de Especímenes granted to the Universidad de los Andes (decretos 1177 de 

2014 and 1386 de 2015). This research followed all ASAB/ABS guidelines for the 

treatment of animals in research as well as all applicable international, national, and/or 

institutional guidelines for the care and use of animals. 

 

Statistical analyses 

To determine the effect of the presence or lack of a pectoral band in territorial males we 

assessed the change across the experiment between experimental and control males in body 

condition, corticosterone levels, and home-range size. We compared the change in each 

response variable after plumage manipulation between treatments using a factorial 

ANOVA. Initial analyses showed that cloacal protuberance volume, sampling date, 

duration of playback prior to capture, and presence/absence of a taxidermic mount when 

capturing the male did not affect baseline nor stress-induced corticosterone levels (Tables 

S4-S5). Thus, we assume that the change in hormone levels were not affected by these 

variables. For experimental males we assessed whether the size of pectoral bands at the 

beginning and the end of the experiment was related to changes in body condition, home-



 
 

range size and corticosterone levels through simple lineal regressions using the lm function 

in R (R Development Core Team 2016). 

We log10 transformed corticosterone measurements and home-range estimates to 

meet assumptions of normality and equality of variances. Because our datasets may not 

meet the assumptions of parametric tests, we implemented permutation tests to obtain p-

values for linear models using the package lmPerm (Wheeler 2010). We also assessed 

whether nonsignificant changes after plumage manipulation may reflect low power of 

statistical tests due to small effect sizes or high within-population variability. We estimated 

Cohen’s d confidence intervals (CIs) for effect sizes of our response variables in pairwise 

comparisons between treatments (Colegrave and Ruxton 2003) through 2000 bootstrap 

iterations in the package bootES (Kirby and Gerlanc 2013). CIs including zero are 

consistent with the null hypothesis of no effect of treatments on behavioral response 

(Colegrave and Ruxton 2003). All analyses were run in R (R Development Core Team 

2016). Our study design and statistical methods were not preregistered. 

 

RESULTS 

Exhibiting a pectoral band did not imply a cost nor benefit to males in terms of body 

condition: the change in real mass index after manipulation did not differ significantly 

between males with no band and males with a band (Fig. 2A-B; Table 1). However, the 

increase in baseline corticosterone in males with a band was significantly higher than in 

males with no band (Fig. 2C-D; Table 1), suggesting a potential physiological cost. The 

change in stress-induced corticosterone levels after manipulation did not differ betwen 

treatments (Fig. 2E-F Table 1). Exhibiting a pectoral band did not influence dynamics in 



 
 

home-range sizes: the change in home-range size after manipulation did not differ between 

males with and without bands (Fig. 3; Table 1).  

The sizes of pectoral band sizes at the beginning and the end of the study did not 

affect the change in body condition, home-range sizes, or corticosterone levels among 

males with a band (Table S6). Overall, confidence intervals for Cohen’s d effect sizes 

across different analyses aimed to detect differences in change in home-range size, 

corticosterone levels and body condition between treatments with or without pectoral band 

were consistent with a lack of statistical differences and not with limited statistical power to 

detect differences (Table 2). 

In contrast to the above variables showing no (or limited) differences between males 

with a band and with no band, we found that a potential cost associated with pectoral bands 

may involve the ability of males to retain their mates. We observed four divorces among 

the 16 pairs in which males had a band, whereas none of the 13 pairs with males with no 

band divorced. Although this pattern was not significant possibly due to small samples 

(Fisher's exact test, p-value = 0.107), it is intriguing and suggestive given additional 

observations. In two of the pairs that divorced, males were replaced within 2 to 6 days after 

plumage manipulation. In these cases, females remained in their territories and mated with 

a new male with no band. In turn, their former mates with a band behaved as floaters 

around their former territories, where we observed them sporadically (2-4 times) in the 

three months following their divorce. In the remaining two cases, females abandoned their 

mates with a band and dispersed to the territory of a neighbor male with no band. One 

female moved with her immediate neighbor (c. 80 m distant; Figs. 3A-B) 13 days after we 

manipulated the plumage of her former mate. The other female remained with her former 

mate with painted plumage for at least two months prior to disappearing and being found 



 
 

three months later settling a new territory (c. 200 away) with a former floater male. Further 

evidence that pectoral bands may influence the ability of males to retain mates is that both 

of the abandoned males having a band remained by themselves in their territories until 

acquiring a second female c. one month after divorcing, only to be abandoned again in both 

cases within a week. One abandoned male repaired with a former mate after molting its 

plumage (i.e. after losing its pectoral band). 

 

DISCUSSION 

We experimentally simulated the origin of a black pectoral band in a natural population of 

A. assimilis lacking this trait with the aim of understanding potential social benefits or costs 

of bearing this trait over several weeks. We did not find significant differences in changes 

in a trait mediated by social interactions (i.e. home-range size) nor in body condition 

between males in which a pectoral band was experimentally painted and in control males 

lacking such band. However, baseline corticosterone levels in males with a band increased 

more after manipulation than those in males with no band, suggesting that bearing a 

pectoral band may involve some physiological cost. Moreover, males with a band were the 

only ones to lose or switch their mates, suggesting that the presence of bands mediated pair-

bond stability. To our knowledge, our study represents the first of its kind aimed at a 

mechanistic understanding of the evolution of signalling traits in a Neotropical bird using 

field-based experiments, and is consistent with work unveiling a dynamic feedback 

between signals, physiology and behavior underlying the origin and maintenance of 

elaborate phenotypes (Husak and Moore 2008; Rubenstein and Hauber 2008; Tibbetts 

2014; Vitousek et al. 2014). 



 
 

In agreement with the hypothesis that males exhibiting a novel plumage trait in a 

population may experiment physiological costs resulting from the interaction between 

signal and behavior, we found that males with artificial pectoral bands painted on their 

plumage exhibited a greater increase in levels of baseline corticosterone compared to 

control males. Because elevated baseline corticosterone reflects a physiological response to 

environmental or social stressors (Landys et al. 2007; MacDougall-Shackleton et al. 2019), 

we may have expected that males with a band would also experience a decline in body 

condition owing to effects of glucocorticoids promoting fat metabolism and muscle 

catabolism (Husak and Moore 2008). However, we did not detect significant changes in 

body condition after manipulation in males with a band relative to controls without a band. 

Causal effects of corticosterone on body condition need not be observed when reductions in 

body condition are compensated via behavioral effects of circulating corticosterone that 

promote foraging activity and fat deposition (Wingfield and Silverin 1986; Landys et al. 

2006).  

The variation in baseline corticosterone documented in our study agrees with 

expected seasonal dynamics of glucocorticoids in birds (Romero 2002; Wada et al. 2006), 

with low levels coinciding with the end of molt (i.e. before manipulation), and higher levels 

at the start of the second breeding season in our study population (i.e. after manipulation; 

Schwabl et al. 2016; Figs. 2C-D). However, seasonal variation cannot explain the greater 

increase in baseline corticosterone after plumage manipulation in males with a band 

because they were sampled during the same time span as males with no band. Further, 

sampling date and cloacal protuberance volume, two variables reflecting breeding stage, 

did not explain variation in baseline corticosterone between treatments (Tables S4-S5). 

Thus, we conclude that the elevated baseline corticosterone response in males with a band 



 
 

was likely associated with changes in the social environment of males following the 

experimental manipulation of their plumage.  

 In other experimental studies in which plumage patches of birds were enhanced or 

reduced, the social environment of males was altered, with a variety of repercussions. In 

some cases where plumage patches were enlarged, territories increased in size (Evans and 

Hatchwell 1992; Marchetti 1998) or quality (Rohwer and Røskaft 1989), whereas when 

patches were reduced or concealed, males spent more time in aggressive interactions with 

intruders, experienced reductions in territory size, or lost territories (Peek 1972; Smith 

1972; Evans and Hatchwell 1992; Leichty and Grier 2006). In other cases, modified 

plumages did not affect male-male interactions nor territories (Butcher 1991). As a 

consequence of altered male-male interactions caused by plumage manipulation, males may 

also experience changes in baseline or stress-induced corticosterone levels (Laubach et al. 

2013; Davies et al. 2018). We did not find differences in home-range size between males 

with or without pectoral band after manipulation, suggesting that this trait did not provide 

an advantage or disadvantage during territorial contests in our study population of A. 

assimilis. Moreover, because elevated baseline corticosterone in males with a band was 

unrelated to changes in home-range size, this apparent physiological cost may have not 

resulted changes in the dynamics of behavioral interactions among males in response to 

plumage manipulation. This result is consistent with our previous study using simulated 

territorial intrusions in this species and in a naturally banded species (A. basilicus), where 

males were similarly aggressive to taxidermic mounts showing or lacking pectoral bands 

(Avendaño and Cadena 2021). Thus, experimental approaches involving both static 

(mounts) and dynamic (free-living individuals) stimuli suggest that the presence or absence 



 
 

of a pectoral band in Arremon brushfinches has not likely evolved via social selection in 

contexts of male-male disputes. 

A caveat of our conclusion that pectoral bands are unlikely targets of social 

selection in the context of competition for territories among males is that our mapping 

technique overlooks sporadic territorial interactions which may account for an increase in 

baseline corticosterone levels observed in males with a band and which may have long-

term costs in terms of survivorship or fitness (Newman and Soma 2011; Davies et al. 

2018). Alternatively, several factors may override potential advantages of males with a 

band during territorial disputes (Tibbetts 2014), preventing changes in home-range size. For 

example, although males with no band may initially perceive males with a band as 

intimidating, they may nonetheless engage in contests with them when resources are 

limited (Grafen 1987; Tibbetts 2013). Further, if individuals are able to assess the abilities 

of rivals via multiple interactions, then competitors may detect incongruences between 

signal and ability (Rohwer and Rohwer 1978), resulting in traits being irrelevant for the 

resolution of contests with familiar individuals (Stuart-Fox and Johnston 2005; Vedder et 

al. 2010). However, because some males with a band lost their mates (and territories) in our 

study, bearing such trait may involve some social cost to signalers possibly related to their 

increased baseline corticosterone levels.  

A salient result suggesting that bearing a pectoral band may impose a social cost to 

males was that divorces were experienced only by males with a band. These males either 

left their territories voluntarily, or were expelled or abandoned by their mates; because they 

seemingly faced additional difficulties to remate, we believe that females initiated divorces. 

Given theory indicating that divorce may be adaptive (Choudhury 1995), we hypothesize 

that females may have abandoned males with a band to mate with individuals they 



 
 

perceived to be of higher quality (Rowley 1983; McNamara et al. 1999). Alternatively, we 

cannot rule out the possibility that divorces were forced by intrusions by other males 

displacing former territory owners (Taborsky and Taborsky 1999). In any case, our results 

suggest that female preferences and behavior are an alternative mechanism to male-male 

competition to explain the evolution of the black pectoral band in in A. assimilis, the genus 

Arremon (Chapman 1923), and perhaps other sparrows (Tibbetts and Safran 2009) and 

birds in other clades (Uy et al. 2018). 

In conclusion, our study provides insight into the relative role of intra- and inter-

sexual mechanisms that might promote or prevent the fixation of a novel plumage trait in a 

Neotropical bird, and is informative about how social selection may be involved in the 

origin of geographic variation and speciation in Neotropical birds (Winger and Bates 2015; 

Dijkstra and Border 2018). Ultimately, the evolution of plumage traits likely involved in 

signaling and perhaps species recognition (e.g. pectoral bands) is spurred by stochastic 

mutations (Chapman 1923, Remsen 1984, Winger et al. 2015), yet the rich literature on 

plumage variation in the Neotropics largely lacks careful consideration of the selective 

forces influencing the fate of such mutations, except for a few rare examples describing 

putative roles of various forms of selection driving geographic variation (McDonald et al. 

2001; Mumme et al. 2006; Stein and Uy 2006). Our experimental simulation of the origin 

of a novel trait further contributes to understanding how selective mechanisms may operate 

at early stages of population divergence via social selection in Neotropical birds by 

revealing that in a population lacking a pectoral band, individuals exhibiting such a trait 

may exhibit costs as revealed by changes in stress hormones and pair-bond stability. Our 

results also highlight the need to integrate both mechanisms of social selection (i.e., male-

male competition and mate choice) when assessing the costs and benefits of signaling a 



 
 

novel trait (Hunt et al. 2009) and the consequences for trait evolution. We found that 

bearing a pectoral band is associated with increased levels of baseline corticosterone, but 

we did not uncover a link between male-male competition –as indexed by the size of home 

ranges– and such apparent physiological cost. Instead, we found evidence suggesting that 

female preferences may explain why pectoral bands, despite arising occasionally within 

populations of A. assimilis with no band (Chapman 1923), seemingly do not increase in 

frequency. Also, female preferences may be associated with the loss of a pectoral band in 

A. assimilis and with the puzzling “leapfrog” pattern of geographic variation involving this 

trait in the A. torquatus complex (Cadena et al. 2011).  

To further understand the role of selection on the evolution of plumage traits, future 

work should determine whether sexual preferences of females and male-male competition 

vary geographically (Dunn et al. 2008; Liu et al. 2009), and examine whether experimental 

manipulation of plumage traits in males influences interactions with mates and neighbors as 

well as physiology and fitness (Thusius et al. 2001; Pedersen et al. 2006; Levin et al. 2018). 

In sum, the integration of behavior and physiology represents a promising research avenue 

to understand the role of social competition and mate choice in the evolution of plumage 

phenotypes that have historically astonished ornithologists interested in the origin and 

geographic variation of Neotropical birds. 
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Tables and Figures 

 

Table 1: Results of analyses assessing the change of each response variable measured after 

plumage manipulation for both plumage treatments. All analyses had enough statistical 

power to detect significant changes in body condition, baseline and stress-induced 

corticosterone and home-range size between males with and with no pectoral band as 

shown by effect sizes (Cohen’s d) and their 95% confidence intervals. A significant change 

in baseline corticosterone was detected between plumage treatments after manipulation. P-

values presented are from a factorial ANOVA, with permutation tests in parenthesis.  

 

Variable Df F P-value Cohen's d 95% CI 

Change in body condition 1, 14 2.831 0.115 (0.104) 0.848 -0.16, 1.71  

Change in baseline CORT 1, 14 4.347 0.056 (0.046) 1.051 0.017, 2.050 

Change in stress-induced CORT 1,14 0.030 0.865 (0.961) 0.088 -0.91, 1.20 

Change in 95% fixed-kernel 1, 12 0.689 0.423 (0.092) 0.719 -0.16, 1.58 

Change in 95% fixed-kernel a 1, 10 1.116 0.316 (0.251) 0.719 -0.14, 1.64 

a Estimations excluding two males with no pectoral band whose territories were human-

disturbed. 

 

 

 

 

 

 



 
 

 

Figure 1: Male of A. assimilis (left) exhibiting natural white pectoral plumage on which a 

black pectoral band was artificially painted on Sept 3 2018 (center; band area = 252 mm2). 

This male was recaptured on Nov 22 2018 (right; band area = 673 mm2). Pectoral bands 

mantained color within the range naturally existing in populations of other Arremon taxa. 

 



 
 

 

Figure 2: Exhibiting a pectoral band  implied a cost to males in terms of changes in 

baseline corticosterone levels (CORT), but not in body condition expressed as real mass 

index (RMI) or stress-induced corticosterone levels compared to males with no pectoral 

band after plumage manipulation. Lines in panels A, C, and E connect individuals before 

and after manipulation of the chest plumage in males treated as control (no pectoral band) 



 
 

and experimental (with pectoral band). Panels B, D, and F summarize the change in body 

condition, corticosterone levels or home-range size for males across the experiment. Values 

above zero represent increases, while values below zero are reductions in these attributes 

across the experiment. Illustrations courtesy of Wildlife Conservation Society (Ayerbe-

Quiñones 2018). 

 

Figure 3: Examples showing home ranges of five territorial males of A. assimilis before 

(A) and after (B) experimental manipulation of their plumage. Males 1, 3 and 5 were 

experimental subjects bearing a black pectoral band in the second part of the experiment 

(B), whereas males 2 and 4 were controls with natural white plumage across the study (A-



 
 

B). 95% kernel home-range sizes are shown in orange, and core areas in red. Circles depict 

georreferenced records of males with pectoral band (black circles) or with no band (blue 

circles). Changes in home-range size across the experiment (C-D) did not differ between 

treatments as denoted by nonsignificant statistical differences (NS). One male with band 

(M1) divorced after being painted. Its female moved to the territory of its neighbor (M2), 

which had white chest plumage. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Supplementary material 

Supplementary Table 1. Sampling methodology details for 23 territorial males of Arremon assimilis spot-mapped before 

plumage manipulation in 2018. 

Individual Treatment 

95% 

Kernel 

(ha) 

95% 

Kernel 

(log) 

Total  

points 

Mean 

points/day 

No. of 

visits 

First 

register 

Last 

register 

Mapping 

duration 

(days) 

Juvenile 

presence 

Antonio No_band 0.169 -0.773 45 3.5 13 21 mar 26 jul 127 

 
Juangui No_band 0.502 -0.300 43 3.1 14 21 mar 26 jul 127 14 jul-26 jul 

Sospe No_band 0.194 -0.713 48 3.7 13 4 apr 27 jul 114 

 
Hamilton No_band 0.631 -0.200 49 4.1 12 22 mar 16 jul 116 24 may 

Jarvis No_band 0.250 -0.602 41 4.1 10 4 apr 27 jul 114 

 
Tigger No_band 0.128 -0.894 44 3.7 12 21 mar 23 jul 124 23 jul 

Gary No_band 0.502 -0.300 49 4.5 11 10 apr 6 aug 118 29 may-25 Jul 

Charlie No_band 0.129 -0.889 49 3.8 13 10 apr 6 aug 118 6 may-18 jul 

Morrison No_band 0.144 -0.843 44 4.4 10 26 jun 27 jul 31 26 jun-27 jul 

Yariguí No_band 0.245 -0.611 59 3.1 19 12 jun 6 aug 55 

 
Pijao No_band 0.095 -1.020 46 3.5 13 22 may 6 aug 76 

 
Camus With_band 0.177 -0.753 45 3.8 12 3 apr 26 jul 114 21 may-14 jul 



 
 

Thorin With_band 0.103 -0.989 44 3.7 12 21 mar 26 jul 127 26 jul 

Seiya With_band 0.966 -0.015 47 3.4 14 21 mar 27 jul 128 

 
Jimmy With_band 0.270 -0.568 42 4.2 10 25 may 27 jul 63 

 
Doumulin With_band 0.335 -0.475 41 4.6 9 4 apr 16 jul 103 

 
Optimus With_band 0.274 -0.563 44 3.7 12 26 mar 3 aug 130 

 
Dani With_band 0.074 -1.131 45 4.1 11 10 apr 6 aug 118 29 may-12 jun 

Maynard With_band 0.109 -0.961 41 2.9 14 18 jun 6 aug 49 18 jun-6 aug 

Chester With_band 0.064 -1.194 44 2.8 16 18 jun 6 aug 49 

 
Marley With_band 0.280 -0.553 46 2.9 16 12 jun 6 aug 55 3 jul-6 aug 

Nicéforo With_band 0.044 -1.356 44 2.4 18 22 may 6 aug 76 22 may-6 jul 

Ringo With_band 0.076 -1.116 44 3.7 12 22 may 3 aug 73 

 
 

 

 

 

Supplementary Table 2. Sampling methodology details for 23 territorial males of Arremon assimilis spot-mapped after 

plumage manipulation in 2018. 



 
 

Individual Treatment 

95%  

Kernel  

(ha) 

95%  

Kernel  

(log) 

Total  

points 

Mean 

points/day 

No. of  

visits 

First  

register 

Last  

register 

Mapping  

duration 

(days) 

Juvenile 

presence 

Antonio No_band 0.230 -0.638 51 3.4 15 12 sep 27 nov 76 19 nov-27 nov 

Juangui No_band 0.223 -0.652 42 3.5 12 12 sep 19 nov 68 

 
Sospe No_band 0.221 -0.656 47 2.9 16 4 sep 19 nov 76 

 
Hamilton No_band 0.265 -0.577 55 3.1 18 28 aug 21 nov 85 11 aug-21 nov 

Jarvis No_band 0.074 -1.133 41 3.4 12 28 aug 6 nov 70 

 
Tigger No_band 0.133 -0.875 48 3.2 15 4 sep 21 nov 78 

 
Gary No_band 0.223 -0.652 50 3.6 14 19 sep 7 dic 79 11 sep-7 dic 

Charlie No_band 0.092 -1.038 48 3.4 14 4 oct 11 dic 68 

 
Morrison No_band 0.051 -1.292 43 4.8 9 1 nov 19 dic 48 

 
Yariguí No_band 0.310 -0.509 41 2.9 14 4 oct 19 dic 76 

 
Pijao No_band 0.178 -0.749 47 4.3 11 27 sep 20 dic 84 

 
Camus With_band 0.218 -0.662 50 3.1 16 12 sep 11 dic 90 

 
Thorin With_band 0.149 -0.826 49 3.8 13 13 sep 27 nov 75 

 
Seiya With_band 1.000 0.000 47 2.9 16 28 ago 7 dic 101 

 



 
 

Jimmy With_band 0.191 -0.719 45 3.2 14 11 sep 19 nov 69 

 
Doumulin With_band 1.084 0.035 47 3.6 13 30 aug 19 dic 111 

 
Optimus With_band 0.117 -0.933 46 2.9 16 21 sep 7 dic 77 

 
Dani With_band 0.156 -0.808 49 3.3 15 19 sep 30 nov 72 19 sep-10 oct 

Maynard With_band 0.060 -1.222 42 4.2 10 10 oct 11 dic 62 

 
Chester With_band 0.059 -1.231 46 3.3 14 16 oct 21 dic 66 

 
Marley With_band 0.222 -0.653 43 3.9 11 1 nov 21 dic 50 

 
Nicéforo With_band 0.061 -1.217 44 3.7 12 19 oct 19 dic 61 

 
Ringo With_band 0.108 -0.967 43 3.9 11 1 nov 21 dic 50 13 dic-21 dic 

 

 

 

 



 
 

Supplementary Table 3. ANOVA model showing significant and no-significant effects of 

sampling attributes on estimation of 95% Kernel home-range sizes. Probability values (P) 

from parametric ANOVA and randomization tests (in parenthesis) are provided. 

Variable Df 

Type III 

Sum of 

Squares F P 

Mapping duration (days) 1, 126 1.263 12.464 0.001 (<0.001) 

Time of manipulation (before-after) 1, 126 0.133 1.316 0.253 (0.765) 

Number of locations 2, 126 0.176 0.867 0.423 (0.270) 

Mapping duration*Time of manipulation 1, 126 0.182 1.793 0.183 (0.070) 

Mapping duration*Number of locations 2, 126 0.298 1.469 0.234 (0.069) 

Time of manipulation*Number of locations 2, 126 0.210 1.038 0.357 (0.966) 

Mapping duration*Time of 

manipulation*Number of locations 2, 126 0.512 2.524 0.084 (0.066) 

Residuals 126 12.773 

  
 

 

 

 

 

 

 

 



 
 

Supplementary Table 4. ANOVA model showing the lack of significant effects of 

plumage treatment and other variables on baseline corticosterone levels of territorial males. 

Probability values (P) from parametric ANOVA and randomization tests (in parenthesis) 

are provided.  

Variable Df 

Type III  

Sum of Squares F P 

Plumage treatment 1, 8 0.0833 1.052 0.335 (0.500) 

Time of manipulation 1, 8 0.5597 7.068 0.029 (0.922) 

Plumage treatment*Time of manipulation 1, 8 0.3946 4.982 0.056 (0.178) 

Male ID 14, 8 2.0134 1.816 0.199 (0.198) 

Body condition (RMI) 1, 8 0.0102 0.129 0.728 (0.318) 

Cloacal protuberance 1, 8 0.0018 0.023 0.883 (0.745) 

Day of the year 1, 8 0.0013 0.016 0.901 (0.902) 

Playback duration 1, 8 0.0609 0.77 0.406 (0.726) 

Mount presence 1, 8 0.0854 1.078 0.330 (0.204) 

Residuals 8 0.6335 

  
 

 

 

 

 

 

 



 
 

Supplementary Table 5. ANOVA model showing the lack of significant effects of 

plumage treatment and other variables on stress-induced corticosterone levels of territorial 

males. Probability values (P) from parametric ANOVA and randomization tests (in 

parenthesis) are provided.  

Variable Df 

Type III Sum 

of Squares F P 

Plumage treatment 1, 8 0.0057 0.244 0.635 (0.044) 

Time of manipulation 1, 8 0.0282 1.213 0.303 (0.220) 

Plumage treatment*Time of manipulation 1, 8 0.0196 0.841 0.386 (0.282) 

Male ID 1, 14 0.6522 2.002 0.163 (0.222) 

Body condition (RMI) 1, 8 0.0002 0.008 0.930 (0.638) 

Cloacal protuberance 1, 8 0.065 2.796 0.133 (0.112) 

Day of the year 1, 8 0.0014 0.061 0.811 (0.130) 

Playback duration 1, 8 0.0575 2.473 0.154 (0.633) 

Mount presence 1, 8 0.0043 0.185 0.679 (0.571) 

Residuals 8 0.1861 

  
 

 

 

 

 

 

 



 
 

Supplementary Table 6. Results of simple linear regressions assessing the effect of initial 

or final pectoral band sizes of experimental males on the change in body condition, 

corticosterone levels (CORT) and home-range size. 

Initial pectoral band size Df F Adjusted R2 P 

Change in body condition (RMI) 1, 7 2.510 0.159 0.157 

Change in baseline CORT 1, 7 0.012 -0.141 0.917 

Change in stress-induced CORT 1, 7 1.390 0.046 0.277 

Change in 95% fixed-kernel 1, 6 2.507 0.177 0.165 

Final pectoral band size     

Change in body condition (RMI) 1, 7 0.841 -0.020 0.390 

Change in baseline CORT 1, 7 1.624 0.072 0.243 

Change in stress-induced CORT 1, 7 0.001 -0.143 0.980 

Change in 95% fixed-kernel 1, 6 0.700 -0.045 0.435 

 

 

 

 

 

 

 

 

 

 

 



 
 

Conclusions 

In this dissertation I integrated different approaches to disentangle the relative roles of 

different evolutionary and behavioral mechanisms underlying phenotypic divergence 

among populations in a specious group of Neotropical birds. In the first chapter, I found 

that Arremon populations sharing similar plumage traits occupy a great diversity of 

environments, which challenges long-standing assumptions made by students of geographic 

variation on Neotropical birds, who suggested that population divergence evolves via 

adapation in response to similar ecological regimes (classic natural selection) or under 

uniform environments (mutation-order theory). However, I cannot reject a role for natural 

selection or mutation-order process at early stages of differentiation among Arremon 

populations because the signature of ecological or mutation-order processes can be eroded 

by post-speciation niche divergence and ensuing effects of natural and social selection. In 

the second chapter, I found that populations of two Arremon taxa showing different 

phenotypes respond similarly aggressively to simulated intruders with local and novel traits 

(i.e. having or lacking a black pectoral band), suggesting that this plumage trait likely has 

not evolved under contexts of male-male competition. In the third chapter, I found through 

plumage manipulation experiments in males of A. assimilis that bearing a pectoral band can 

result in costs in physiology and the ability of males to retain their mates. These results 

suggest that physiological costs and female preferences may account for the loss of a 

pectoral band in ancestors of this species, and may be potential mechanisms explaining 

patterns of geographic variation across the genus.  

My results highlight the need of assessing the costs and benefits that females 

experience when mating with males bearing different phenotypes, a topic that has been 

largely missing from the literature on geographic variation and speciation in Neotropical 



 
 

birds. Moreover, measuring the effect of plumage manipulations in female preferences 

through studies of extra-pair paternity, or assessing territorial responses of females paired 

with mates with band versus with no band may inform us about changes in the perception 

(i.e. quality) of their mates. My work offers a broad picture of the interaction between 

social and sexual mechanisms shaping plumage divergence in allopatry. However, my 

research has only scratched the surface of the complex evolutionary and behavioral 

mechanisms behind the exuberant diversity of Neotropical birds. 
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Appendix 1. Home‐range size of an Andean bird: Assessing the role of physical 

condition (Biotropica 51: 591-594) 
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1  | INTRODUC TION

Understanding spatial distributions of organisms is key to compre‐
hend the ecology of species (Anich, Benson & Bednarz, 2009). The 
home ranges of individuals (i.e., areas normally traversed while for‐
aging and breeding; Burt, 1943) may vary among species depending 
on life‐history traits or within species due to variation in attributes 
of individuals (Börger et al., 2013). Variation within species is less 
well understood (Adams, 2001; Börger et al., 2013), and patterns of 

space use might vary depending on several biotic and abiotic factors 
(Diemer & Nocera, 2014). Within the home range lies the territory, 
an area of exclusive and intense use, often demarcated with visual 
or acoustic signals and defended with physical aggressions (Noble, 
1939; Ringler, Ringler, Mendoza & Hödl, 2011; Tobias, Gamarra‐
Toledo, García‐Olaechea, Pulgarín & Seddon, 2011). Although having 
territories can facilitate access to mates or resources (Duca, Guerra 
& Marini, 2006; Hinde, 1956), individuals may leave them to obtain 
additional resources, to acquire information about nearby habitats 
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Abstract
Because space‐use patterns are a key aspect of the ecology and distribution of spe‐
cies, identifying factors associated with variation in size of territories and home 
ranges has been central to studies on population ecology. Space use might vary in 
response to extrinsic factors like habitat quality and to intrinsic factors like physi‐
cal condition and individual aggressiveness. However, the role of these factors has 
been poorly documented in the tropics, particularly in high‐elevation bird species. 
We report the home‐range size of a Neotropical Andean bird, the gray‐browed brush 
finch (Arremon assimilis), and evaluate the role of physical condition in explaining vari‐
ation in home‐range size among individuals. We performed spot mapping to estimate 
the home ranges of 14 territorial males in Bogotá, Colombia, using minimum convex 
polygons (MCP) and 95% kernel density estimators (KDE). The mean home‐range size 
estimated for the 100% MCP was 0.522 ± 0.305 ha (range = 0.15–1.18 ha), whereas 
the 95% KDE estimation was 0.504 ± 0.471 ha (range = 0.13–1.88). We calculated 
the real mass index of each bird as a proxy of physical condition to assess whether 
individuals in better physical condition had larger home ranges. Because we found 
no relation between our estimations of physical condition and home‐range size, we 
conclude that space use in this species might depend more on ecological factors such 
as habitat quality or neighbor density than on individual traits.
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2  |     CASTAÑO‐G eT Al.

or competitors, or to engage in extra‐pair mating (Anich et al., 2009; 
Neudorf, Stutchbury & Piper, 1997; Norris & Stutchbury, 2001).

Identifying factors defining home‐range and territory size is es‐
sential to understand the dynamics and structure of populations, 
how individuals interact with their conspecifics, and what are their 
ecological requirements. Among extrinsic factors, home‐range and 
territory size are inversely related to population density (Morse, 
1976), likely because interactions with neighbors influence estab‐
lishment (Adams, 2001; Searcy & Beecher, 2009). Also, home‐range 
and territory size may reflect features of habitat quality including 
physical structure and resource availability (Diemer & Nocera, 2014; 
Duca & Marini, 2005; Smith & Sugart, 1967). Intrinsic factors such 
as individual behavior (e.g., aggressiveness) and physical condition 
may also influence territorial behavior (Brown, 1969; Hinde, 1956). 
In species where males defend territories, physical condition often 
relates to territory size and quality (Bart & Earnst, 1999; Price, 
1984), with fittest males occupying better and often larger territo‐
ries (Candolin & Voigt, 2001). Males in better condition may be su‐
perior competitors because they can more effectively defend larger 
areas while assuming energetic and predation‐risk costs (Andersson, 
1994; Hinde, 1956). Condition may also reflect energy reserves, 
resistance to parasites, and the capacity to survive and reproduce 
(Reis, Dantas & de Melo, 2017; Schulte‐Hostedde, Millar & Hickling, 
2001). Therefore, females mating with males having high‐quality 
territories can benefit both directly by obtaining abundant resources 
for themselves and their young, and indirectly by mating with males 
siring high‐quality offspring (Candolin & Reynolds, 2001).

Most data on space use and home ranges in birds are from stud‐
ies in temperate zones, where males typically establish territories 
and attract mates to areas defended only for the duration of the 
breeding season (Brown, 1969; Odum & Kuenzler, 1955; Stutchbury 
& Morton, 2008; Tobias et al., 2016). In contrast, tropical birds 
often defend territories year‐round facing variable resources and 
constraints (Stutchbury & Morton, 2001); however, data for the 
Neotropics are remarkably scarce, with a bias toward lowlands and 
only a handful of studies on montane species (Duca & Marini, 2005; 
Hermes & Schaefer, 2017; Kattan & Beltrán, 2002). We mapped 
home ranges of Gray‐browed Brushfinches (Arremon assimilis assi-
milis) at a highland site in the Andes and tested for an association 
between physical condition and home‐range size. Our goals were to 
(a) characterize the spatial distribution of individuals at a local scale; 
(b) identify and delimit the area used by individuals; and (c) deter‐
mine whether morphological traits related with physical condition 
are associated with home‐range size. We hypothesized that males in 
better physical condition would have larger home ranges.

2  | METHODS

2.1 | Study species

The Gray‐browed Brushfinch is an understory passerine bird found 
in the undergrowth of humid montane forests (1,500–3,600 m; 
Cadena & Cuervo, 2010) from the Andes of western Venezuela 

to southern Peru (Del Hoyo, Elliott, Sargatal & Christie, 2018). 
Individuals forage solitarily or in pairs searching for insects on the 
leaf litter; they appear to be monogamous, forming pairs that defend 
territories year‐round (pers. obs.).

2.2 | Study area

We worked in a protected area in the “Condominio Floresta de la 
Sabana”	 (N	 4°48′34.48″,	W	 74°0′	 57.78″)	 in	 the	mountains	 east	
of Bogotá, Colombia. The area comprises some of the largest 
high‐elevation humid forests near the city interspersed with dis‐
turbed areas including pastures, houses, and secondary growth. 
Secondary growth and the understory of native forest are domi‐
nated by shrubs and Chusquea bamboo. Annual precipitation is 
bimodal, with peaks in March–May and September–November 
(Vargas, Santos, Cárdenas & Obregón, 2011). We worked at eleva‐
tions from 2,800 to 3,000 m, focusing on three areas of continuous 
forest where A. assimilis was common (Figure S1). To adequately 
understand home‐range boundaries, we studied birds with adja‐
cent territories (Anich et al., 2009).

2.3 | Data collection and home‐range mapping

We conducted fieldwork from January to October 2017. Pairs ex‐
hibiting high site–fidelity evidenced by continuous singing or forag‐
ing activity in the same area were selected for home‐range mapping 
from January to May. We captured individuals between June and 
July by attracting them to mist nets (6 × 2.1 m; 26 mm mesh size) 
using a 1–2 min playback of male songs or a juvenile call available 
in xeno‐canto.org (XC279704, XC242125, XC242121). Birds were 
marked with a numbered metallic band and a unique combination 
of three plastic color bands for identification during spot mapping 
(Balph, 1979). For each individual, we measured tarsus length, total 
culmen length, bill length, bill height, and bill width at nostril using 
a dial caliper (0.1 mm precision); we measured wing chord and tail 
length with ornithological rulers and body mass with a Pesola scale 
(50–100 g). We determined sex based on the presence of cloacal pro‐
tuberance in males and brood patch in females, and based on behav‐
ior (males were highly vocal and more aggressive to song playback).

To describe home ranges, we mapped birds detected singing, for‐
aging, or moving (Bibby, Burgess & Hill, 1992; Verner, 1985) between 
06:00–12:00 hr and 14:00–18:00 hr during almost every week from 
June to October 2017. We visited each pair in different days and 
hours, with which pair we studied in any given moment determined 
randomly. Once we identified an individual or pair using 10 × 50 bin‐
oculars, we attempted to follow them, recording a GPS point every 
five	minutes	(Garmin	e‐trex10;	accuracy	≤	5	m)	since	confirming	the	
birds’ identity until losing track of them, recording a maximum of 7 
locations per individual per day. On average, for 3–5 individuals stud‐
ied in a day, we gathered 13–17 GPS locations (Table 1). We carefully 
avoided influencing the movement of birds; most of the time individ‐
uals seemed indifferent to our presence. When birds where moving 
fast, we marked locations with flagging tape and retrieved the points 
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TA B L E  1   Sampling methodology details for 14 territorial males of Arremon assimilis studied in 2017

Individual Mean points/day Days of mapping First register Last register
Mapping duration 
(days) Juvenile presence

1 3 (3.07) 14 7‐Jun 21‐Aug 76 ‐

2 4 (3.3) 13 7‐Jun 28‐Aug 83 24‐Jun–10‐Jul

11‐Aug–18‐Aug

3 3 (2.8) 15 7‐Jun 20‐Sep 106 ‐

4 3 (3.3) 12 25‐Jun 24‐Sep 92 ‐

5 3 (3.2) 13 14‐Jun 31‐Aug 79 ‐

6 4 (3.5) 12 14‐Jun 25‐Sep 103 9‐Jul–29‐Jul

7 5 9 28‐Aug 13‐Oct 48 28‐Jul–25‐ Sep

8 4 (3.6) 12 9‐Jun 13‐Oct 126 ‐

9 5 (4.6) 10 2‐Aug 13‐Sep 44 2‐Aug–2‐Sep

10 4 (3.6) 11 19‐Jul 23‐Sep 66 ‐

11 3 (3.2) 14 24‐Jun 23‐Sep 92 22‐Jul

12 3 13 24‐Jun 30‐Sep 99 23‐Sep–30‐Sep

13 3 (2.6) 17 14‐Jun 28‐Sep 107 14‐Jun

14 3 15 14‐Jun 28‐Sep 107 ‐

SD 1.6 2.1   23.4  

Note: Sampling methodology, data collection, and mapping details for each individual. Mean location points taken per day of mapping (mean points/
day). Total number of days the bird was found, followed, and mapped (days of mapping). Date of the first day of mapping (first register) and date of 
the last day of mapping (last register). Time elapsed between the first and the last day of mapping (mapping duration). Dates during the sampling 
period in which juveniles were registered.

TA B L E  2   Home‐range size estimates of 14 individuals of Arremon assimilis

Individual Locations MCP (ha) Kernel (ha) Core area (ha) h = ref %Overlap Total area (ha)

1 43 0.827 0.757 0.214 7.545 65.806 1.018

2 43 0.889 0.672 0.200 7.310 62.230 1.007

3 42 0.549 0.397 0.109 9.719 49.416 0.611

4 40 0.617 0.459 0.141 6.898 67.788 0.690

5 42 1.187 0.986 0.294 7.536 48.441 1.500

6 43 1.083 1.886 0.417 11.053 58.150 1.927

7 40 0.221 0.217 0.032 13.740 80.767 0.251

8 40 0.503 0.397 0.104 17.068 63.158 0.538

9 40 0.191 0.161 0.041 15.889 67.994 0.213

10 40 0.246 0.291 0.029 12.144 44.022 0.329

11 44 0.382 0.342 0.092 24.708 76.955 0.424

12 40 0.158 0.131 0.031 19.450 57.541 0.188

13 40 0.227 0.181 0.036 11.822 65.488 0.245

14 41 0.229 0.181 0.042 8.376 63.060 0.236

Total 578       

Average 41 0.522 0.504 0.127 12.375 62.201 0.655

SD  0.350 0.471 0.117 5.306 10.281 0.532

Note: Estimated home‐range sizes in hectares for 14 territorial males of the species A. assimilis using 100% minimum convex polygon and 95% kernel 
density estimators. Sizes of core areas obtained from KDE. The letter h denotes the smoothing parameter used for each home range, and in this case, 
the reference bandwidth is calculated by the adehabitatHR package based on the locations provided. The overlap represents the percentage of the 
KDE area that is also enclosed within the boundaries of the MCP and the total area is the area encompassed by both methods.
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later. We mapped home ranges until we obtained at least 40 points 
for each pair (a recommended minimum is 30; Seaman & Powell, 
1996), a sufficient sample size for reliable kernel estimates because 
home‐range sizes tended to stabilize in point accumulation curves 
built using the 95% of the data for each pair (Figure S2). Overall, we 
collected 578 GPS points for 14 pairs (mean = 41, range = 40–44 
points per pair; Table 2).

2.4 | Home‐range size estimation

We estimated home‐range sizes of individuals/pairs with the R pack‐
age adehabitatHR (Calenge, 2006) using minimum convex polygons 
(MCP) and kernel density estimators (KDE). MCP are built connecting 
the outermost observation points in a location dataset with straight 
lines (Mohr, 1947), whereas KDE identify heavily used core areas 
and less frequently used areas based on the utilization distribution 
of individuals (Seaman & Powell, 1996). Utilization distributions are 
composed of a sum of probability contours (isopleths) representing 
the probability of encountering the individual in the area enclosed by 
the contour (Barg et al., 2016). We used the KernelUD function of the 
adehabitatHR package to determine the shape of the isopleths and 
a smoothing parameter (see below) to determine the width of each 
isopleth (Silverman, ; Barg et al., 2016; Figure 1).

We calculated the area encompassed by minimum convex 
polygons using all the location data for each male using the mpc.
area function in adehabitatHR. For 95% kernel density estimation, 

we established href as the smoothing parameter (Calenge, 2006) in‐
stead of the parameter calculated with least‐squares cross‐valida‐
tion (Diemer & Nocera, 2014) because the latter may overestimate 
home ranges when having <50 locations (Seaman & Powell, 1996; 
Seaman et al., 1999). To obtain conservative KDE estimations, we 
performed a bootstrap analysis in which we randomly selected 
points with replacement from the location data set. We ran 100 iter‐
ations, in which each bootstrapped dataset would result in a differ‐
ent KDE shape. We summed all such shapes and excluded areas not 
appearing in at least 95% of the bootstrap samples to obtain a final 
shape, which we used to estimate home‐range areas based on KDE 
(Figure 1). We defined core areas (i.e., relatively small, intensively 
used areas; Seaman & Powell, 1996) at the 50% density isopleth 
(Howell & Chapman, 1997), which indicates that one would detect 
the individual in that area 5 out of 10 times one visits the territory 
(Barg et al., 2016; Figure 1).

We compared home‐range sizes calculated with MCP and KDE 
using a paired t test. We also calculated the overlap between areas 
estimated with KDE and MCP (Barg et al., 2016) and used the func‐
tion gUnion in R package PBSmapping to calculate the total area en‐
compassed by both estimations. We kept a record of each male's 
apparent breeding status (i.e., whether females and juveniles were 
registered in their home range; Table 1) and checked whether breed‐
ing influenced space use by comparing home‐range estimates before 
and after pairs were seen with a juvenile using a Wilcoxon test.

2.5 | Body condition and its relation to home‐
range size

We calculated the real mass index (RMI), an assessment of body con‐
dition (Peig & Green, 2010; Reis et al., 2017), employing separate 
linear regressions between body mass and (a) the length of the right 
wing and (b) the length of the right tarsus of each individual (Table 
S1); residuals of these regressions were our point estimates of RMI 
at the time when individuals were banded (Reis et al., 2017; Schulte‐
Hostedde et al., 2001). We evaluated whether physical condition 
and morphology were related with home‐range size using linear 
regressions in R using as predictors each RMI value as well as raw 
body mass as an indicator of fitness. The RMI of two individuals was 
not calculated because we lacked measurements, so sample size for 
this analysis was 12 individuals. Because we measured individuals 
only once, we were unable to examine changes in physical condi‐
tion through time and any possible association of such changes with 
home‐range size.

3  | RESULTS

We captured and banded 25 individuals, seven of which were either 
floaters not seen again or were not further studied because rough 
terrain or dense habitat did not allow us to move in their home range. 
We mapped the home range of 14 territorial pairs (Figure 2). In four of 
these pairs, both male and female were banded (1,9,12,13), whereas 

F I G U R E  1   Example of our estimations of the home range of 
an individual Arremon assimilis. The kernel utilization distribution 
based on point locations obtained for male 1 (black dots) displayed 
using density isopleths generated from a fixed kernel density 
estimator. The dashed line outlines the home range based on 
kernel density estimation (95th density isopleth) considering all the 
data, and the turquoise line represents the home range estimated 
using bootstrapped location data. Darker area represents the core 
area, delimited by the 50th density isopleth. The dark blue line 
represents the home range as described by the minimum convex 
polygon constructed using all locations
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in the others, only one individual was banded. When we simulated 
territorial intrusions using song playback, females backed the male 
with a complementary song, suggesting that both sexes actively de‐
fend the territory. Our observations suggest that pairs exhibit high 
site fidelity throughout the year and regularly visit different sectors 
of their home ranges. In most cases, we did not observe changes in 
home ranges through time, although some expanded when neigh‐
bors left vacant space.

The mean home‐range size estimated using 100% MCP was 
0.52 ± 0.31 (SD) ha (range = 0.15–1.18 ha), whereas the 95% KDE 
estimation was 0.50 ± 0.47 ha (range = 0.13–1.88 ha) and the 
mean estimated size for core areas was 0.13 ± 0.12 ha. There was 
no difference in the area estimated using the two approaches 
(t = 0.114, p > 0.05) although spatial overlap between methods was 
62.2 ± 10%. The mean total area encompassed by both methods was 
0.66 ± 0.53 ha (Table 2). We detected juveniles at different times 
of the mapping period with half of the pairs (Table 1), but observed 
no differences in home‐range sizes between times with and without 
juveniles (W = 33.5, p = 0.276). Estimates of home‐range size did 
not vary depending on whether one or both of the individuals were 
banded.

The physical condition and home‐range size of 12 males with 
morphological data were unrelated (Table 3; Figure 3). This result 
held even when excluding an area not effectively used (i.e., a pond) 
from the home range of individual 5, which was in intermediate con‐
dition and had a large home range.

4  | DISCUSSION

Several aspects of the natural history of Neotropical birds, espe‐
cially of those from high elevations, are poorly known despite their 

importance to understand ecological factors underlying species dis‐
tributions, as well as to inform management and conservation. We 
documented some of the first estimates of home‐range size for an 
Andean forest bird. We also assessed whether home‐range size de‐
pends on individual physical condition, a hypothesis posed to explain 
patterns of space use that, to our knowledge, had not been previ‐
ously tested in any tropical montane bird.

Relative to closely related species, our estimates of home‐
range size for A. assimilis (MCP: 0.16–1.19 ha; KDE: 0.13–1.89 ha) 
are comparable to estimates for other Neotropical emberizids, for 
instance, Pale‐headed Brushfinch (Atlapetes pallidiceps) in Ecuador 
(0.5–2.0 ha; Oppel, Schaefer & Schmidt, 2003) and Large‐footed 

F I G U R E  2   Estimated home‐range boundaries for Arremon assimilis males using 100% minimum convex polygon in blue and bootstrapped 
95% kernel density estimators in yellow. Core areas are shown in red, and gray points represent the locations of each individual. Stars mark 
other identified territories, where males were captured and banded, but rough habitat conditions made them unsuitable for the study. 
Individual 8 was the only male we mapped that was away from the other territories, about 530 m east from individual 7

TA B L E  3   Summary of linear regressions evaluating whether 
aspects of body condition are related to estimated home‐range 
sizes

Method Summary RMI—Wing RMI—Tarsus Mass

KDE p‐value 0.6883 0.08535 0.08515

R‐squared −0.08155 0.1938 0.1941

F‐statistic 0.1705 3.644 3.65

df 1 and 10 1 and 10 1 and 10

MCP p‐value 0.8394 0.1392 0.1378

R‐squared −0.09526 0.1257 0.1271

F‐statistic 0.04329 2.581 2.602

df 1 and 10 1 and 10 1 and 10

Note: Linear regressions made between the home‐range sizes obtained 
with both MCP and KDE methods and the physical condition of indi‐
viduals assessed through the real mass index of each male for wing and 
tarsus (RMI‐Wing, RMI‐Tarsus). Additionally, single morphological as‐
pects of physical condition (raw body mass) were evaluated to test for a 
relationship of any indicator of physical condition and home‐range size.
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Finch (Pezopetes capitalis) in Costa Rica (territories of ca. 1 ha; 
Trejos‐Araya & Barrantes, 2014). However, territory size was much 
smaller in Rufous‐collared Sparrows (Zonotrichia capensis) in the 
Cordillera Occidental of Colombia (ca. 0.06 ha; Miller & Miller, 1968) 
and considerably smaller in Cinnamon‐breasted Rock Bunt (Emberiza 
tahapisi) in tropical Africa (0.19 ± 0.1 ha; Atuo & Manu, 2013). In con‐
trast, the home ranges of A. assimilis are small compared to those of 
other Neotropical oscine passerine species with different ecology. 
For instance, thraupids from open habitats in Brazil occupy larger 
areas including Serra Finch (Embernagra longicauda) in rocky fields 
(MCP 3.35 ± 0.90 ha; Freitas & Rodrigues, 2012) and Wedge‐tailed 
Grass‐Finch (Emberizoides herbicola) in cerrado grasslands (MCP 
3.9 ± 0.8 ha; Marini, Vasconcellos & Lobo, 2014). In terms of habitat 
and behavior of the study species, work most comparable to ours 
focused on antpittas (Grallaria), secretive understory birds from 
montane humid forests in which home‐range sizes in the Central 
Cordillera of Colombia varied among species from 0.5 ha to 9.3 ha 
(Kattan & Beltrán, 2002). Home ranges of A. assimilis (43–50 g) are 
similar to those of antpittas of similar size like G. rufocinerea (45 g; 

1.4–1.5 ha) and G. milleri (52 g; 0.5–5.4 ha), and smaller than those 
of larger species (Kattan & Beltrán, 2002). Bearing in mind that ter‐
ritories are often smaller than home ranges and that some studies 
purportedly determining territory sizes more likely measured home 
ranges (Anich et al., 2009), our estimates of the area used by A. as-
similis are similar to those of other insectivorous understory birds 
like	 antbirds	 in	 Atlantic	 Forest	 fragments	 in	 Brazil	 (≤	 2	 ha;	 Duca	
et al., 2006) and fragmented landscapes in Costa Rica (1.85–1.20 ha; 
Losada‐Prado, Finega, Declerck, Casanoves & Dunning, 2014). In 
contrast, territory sizes of Amazonian terrestrial birds are substan‐
tially larger (>3–25 ha; Stouffer, 2007; Terborgh, Robinson, Parker, 
Munn & Pierpont, 1990; Atuo & Manu, 2013). In sum, although com‐
parisons across studies suffer from lack of standardized methodol‐
ogies (Terborgh et al., 1990), the above patterns suggest that home 
ranges may be similar among closely related species sharing ecolog‐
ical traits, but may differ from those of more distant relatives with 
contrasting life histories and occupying different habitats. However, 
more studies are necessary to elucidate any general patterns related 
to clades, life histories, or habitats among Neotropical birds.

F I G U R E  3   The physical condition of individuals assessed through the real mass index calculated based on the relationship between 
body mass and wing and tarsus length of each male was unrelated to estimates of home‐range sizes based on the minimum convex polygon 
and 95% bootstrapped kernel density estimators in Arremon assimilis. Each point represents a territorial male, with negative values of RMI 
indicating poor body condition. Individuals 6 and 7 are not included because of missing morphological data
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Previous studies reported relationships between the size of in‐
dividuals and territory size (Duca et al., 2006), a pattern potentially 
reflecting that larger birds need more energy, hence require exten‐
sive home ranges to find it (Kanegae, 2013). Moreover, physical con‐
dition may reflect energy reserves or other factors (e.g., resistance 
to parasites) influencing the capacity to maintain a home range of 
a given size, with smaller individuals being limited to smaller areas 
(Reis et al., 2017; Schulte‐Hostedde et al., 2001). We found no sup‐
port for this hypothesis because physical condition and home‐range 
size were unrelated in A. assimilis (Table 3). A caveat, however, is 
that a large home‐range may not indicate better habitat quality, but 
rather that individuals must move over greater distances to meet 
their requirements. Anecdotal evidence of this is that some of the 
larger home ranges in A. assimilis comprised patches of pastures, 
other herbaceous vegetation, roads, and ponds which individuals 
did not use. This means that some holders of larger home ranges had 
to traverse long distances and likely spend more energy searching 
for resources (e.g., individual 5, with one of the largest home ranges 
and intermediate physical condition). However, the pattern of larger 
areas potentially having less resources is not common across indi‐
viduals because the larger home ranges we reported (1 and 2) did 
correspond to males in better physical condition (excluding the 
atypical case of individual 5) apparently inhabiting less disturbed 
areas.

Intraspecific variation in home ranges is expected to reflect re‐
source abundance (Duca et al., 2006; Stenger & Falls, 1959), with 
smaller home ranges reflecting greater food availability (Atuo & 
Manu, 2013; Burke & Nol, 1998). We cannot evaluate this hypothesis 
because we did not quantify arthropod biomass, but work on other 
Neotropical birds has provided evidence to the contrary: Territory 
size of the Flavescent Warbler (Basileuterus flaveolus) and arthropod 
biomass were unrelated (Duca & Marini, 2005), and the spatial dis‐
tribution of insectivorous understory birds in a montane rain for‐
est was better explained by habitat type than by arthropod density 
(Manhães & Dias, 2011). Accordingly, variation in home‐range and 
territory size of birds may depend more directly on features of the 
habitat or individual behavior and traits than on food availability.

An additional factor which may influence the spatial distribu‐
tion of the birds we studied is the interaction with neighbors, with 
the role of social interactions potentially differing among individu‐
als according to their dominance status (Formica, Gonser, Ramsay 
& Tuttle, 2004). Individuals are expected to use areas where the 
abundance of conspecifics is high enough to find mates, but very 
high densities can lead to greater risk of infections, higher pre‐
dation rates, and increased intruder pressure (Muller, Stamps, 
Krishnan & Willits, 1997). Social factors may thus determine how 
individuals settle, and may explain why we observed the small‐
est home ranges where neighbor density was high and the larg‐
est home ranges where neighbor density was low. For instance, 
around the largest mapped home range (individual 6), we suddenly 
ceased to observe a banded individual that used to sing and forage 
nearby, and a week later, we started observing its neighbor forag‐
ing and singing in this area (Figure 2). This suggests that neighbors 

likely limit establishment in certain areas and that neighboring ter‐
ritory holders may quickly fill vacant territories to obtain higher 
quality territories (Stutchbury & Morton, 2008). Further studies 
should examine the role of neighbor density in determining the 
limits of home ranges.

Finally, we note that many understory insectivorous birds are 
sensitive to fragmentation and are disappearing from tropical for‐
est fragments, with high‐elevation forest birds being further threat‐
ened by climate change and habitat loss (Peter, Berens, Grieve & 
Farwig,	2015;	Sekercioğlu	et	al.,	2002).	Although	A. assimilis seems 
to perform well in secondary growth and disturbed forest patches, 
we found noticeable variation in how individuals use space. This 
variation may reflect the spatial configuration of suitable habitats 
brought about by fragmentation and disturbance including cattle 
ranching, crops and roads to which A. assimilis appears susceptible. 
Therefore, determining the attributes of habitat and the individual 
traits that regulate spatial distributions and population densities can 
provide clues about the requirements and adequate management 
that should be given to this kind of birds.

ACKNOWLEDG MENTS

We thank Asofloresta and Martha Millán for allowing us to work 
at Floresta de la Sabana and Jaime Bonilla for his help and hospi‐
tality. Paulo Pulgarín helped with sampling and data analysis, and 
provided useful advice on the manuscript. Paola Montoya assisted 
with analyses. Members of the Laboratorio de Biología Evolutiva de 
Vertebrados gave useful advice and comments on this manuscript. 
This project was sponsored by the E. Alexander Bergstrom Memorial 
Research Award of the Association of Field Ornithologists. Thanks 
to anonymous reviewers for valuable suggestions that improved the 
manuscript.

DATA AVAIL ABILIT Y

Data available from the Dryad Digital Repository: https ://doi.
org/10.5061/dryad.j15b535 (Castaño‐G, Cadena & Avendaño, 
2019).

ORCID

María Isabel Castaño  https://orcid.org/0000‐0002‐0756‐5982 

R E FE R E N C E S

Adams, E. S. (2001). Approaches to the study of territory size and shape. 
Annual Review of Ecology and Systematics, 32, 277–303. https ://doi.
org/10.1146/annur ev.ecols ys.32.081501.114034

Andersson, M. (1994). Sexual Selection, 1st ed. Princeton, NJ: Princeton 
University Press.

Anich, N. M., Benson, T. J., & Bednarz, J. C. (2009). Estimating territory 
and home‐range sizes: Do singing locations alone provide an ac‐
curate estimate of space use? The Auk, 126, 626–634. https ://doi.
org/10.1525/auk.2009.08219 

https://doi.org/10.5061/dryad.j15b535
https://doi.org/10.5061/dryad.j15b535
https://orcid.org/0000-0002-0756-5982
https://orcid.org/0000-0002-0756-5982
https://doi.org/10.1146/annurev.ecolsys.32.081501.114034
https://doi.org/10.1146/annurev.ecolsys.32.081501.114034
https://doi.org/10.1525/auk.2009.08219
https://doi.org/10.1525/auk.2009.08219


8  |     CASTAÑO‐G eT Al.

Atuo, F. A., & Manu, S. A. (2013). Territory size and habitat selection 
of Cinnamon‐breasted Rock Bunting Emberiza tahapisi in Nigeria. 
Ostrich, 84, 71–78. https ://doi.org/10.2989/00306 525.2013.777947

Balph, M. H. (1979). Some color‐banding techniques for flocking birds. 
North American Bird Bander, 4, 158–160.

Barg, J. J., Jones, J., Robertson, R. J., Journal, S., Jan, N., Barg, J. J., … 
Robertson, R. J. (2016). Describing breeding territories of migratory 
passerines: Suggestions for sampling, choice of estimator, and delin‐
eation of core areas. British Ecological Society, 74, 139–149.

Bart, J., & Earnst, S. L.( 1999). Relative importance of male and terri‐
tory quality in pairing success of male Rock Ptarmigan (Lagopus 
mutus). Behavioral Ecology and Sociobiology, 45, 355–359. https ://doi.
org/10.1007/s0026 50050571 

Bibby, C. J., Burgess, N. D., & Hill, D. A. (1992). Bird census techniques (p. 
257). London, UK: Academic Press.

Börger, L., Franconi, N., Ferretti, F., Meschi, F., De Michele, G., Gantz, A., 
& Coulson, T. (2013). An integrated approach to identify spatiotem‐
poral and individual‐level determinants of animal home range size. 
The American Naturalist, 168, 471–485.

Brown, J. L. (1969). Territorial behavior and population regulation in 
birds: A review and re‐evaluation. The Wilson Bulletin, 81, 293–329.

Burke, D. M., & Nol, E. (1998). Influence of food abundance, nest‐site 
habitat, and forest fragmentation on breeding ovenbirds. The Auk, 
115, 96–104. https ://doi.org/10.2307/4089115

Burt, W. H. (1943). Territoriality and home range concepts as applied 
to mammals. Journal of Mammalogy, 24, 346–352. https ://doi.
org/10.2307/1374834

Cadena, C. D., & Cuervo, A. M. (2010). Molecules, ecology, morphol‐
ogy, and songs in concert: How many species is Arremon torquatus 
(Aves: Emberizidae)? Biological Journal of the Linnean Society, 99, 
152–176.

Calenge, C. (2006). The package “adehabitat” for the R software: A tool for 
the analysis of space and habitat use by animals. Ecological Modelling, 
197, 516–519. https ://doi.org/10.1016/j.ecolm odel.2006.03.017

Candolin, U., & Reynolds, J. D. (2001). Sexual signaling in the European 
bitterling: Females learn the truth by direct inspection of the re‐
source. Behavioral Ecology, 12, 407–411. https ://doi.org/10.1093/
behec o/12.4.407

Candolin, U., & Voigt, H.‐R. (2001). Correlation between male 
size and territory quality: Consequence of male competition 
or predation susceptibility? Oikos, 95, 225–230. https ://doi.
org/10.1034/j.1600‐0706.2001.950204.x

Castaño‐G, M. I., Cadena, C. D., & Avendaño, J. E. (2019). Data from: 
Home‐range size of an Andean bird: Assessing the role of physical 
condition. Dryad Digital Repository. https ://doi.org/10.5061/dryad.
j15b535

Del Hoyo, J., Elliott, A., Sargatal, J., & Christie, D. (2018). Handbook of the 
birds of the world alive, 15, 739. Barcelona, Spain: Lynx Edicions

Diemer, K. M., & Nocera, J. J. (2014). Associations of Bobolink terri‐
tory size with habitat quality. Annales Zoologici Fennici, 51, 515–525.  
https ://doi.org/10.5735/086.051.0607

Duca, C., Guerra, T. J., & Marini, M. Â. (2006). Territory size of three 
Antbirds (Aves, Passeriformes) in an Atlantic Forest fragment in 
southeastern Brazil. Revista Brasileira de Zoologia, 23, 692–698.  
https ://doi.org/10.1590/S0101‐81752 00600 0300011

Duca, C., & Marini, M. Á.( 2005). Territory size of the Flavescent Warbler, 
Basileuterus flaveolus (Passeriformes, Emberizidae), in a forest frag‐
ment in Southeastern Brazil. Lundiana, 6, 29–33.

Formica, V. A., Gonser, R., Ramsay, S., & Tuttle, E. (2004). Spatial dynam‐
ics of alternative reproductive strategies. Ecology, 85, 1125–1136. 
https ://doi.org/10.1890/03‐0029

Freitas, G. H. S., & Rodrigues, M.( 2012). Territory distribution and hab‐
itat selection of the Serra Finch (Embernagra longicauda) in Serra Do 
Cipó, Brazil. The Wilson Journal of Ornithology, 124, 57–65. https ://
doi.org/10.1676/10‐143.1 

Hermes, C., & Schaefer, H. M. (2017). Habitat requirements and popu‐
lation estimate of the endangered Ecuadorian Tapaculo Scytalopus 
robbinsi. Bird Conservation International, 28, 1–17.

Hinde, A. (1956). The biological significance of the territories of birds. 
Ibis, 98, 340–369.

Howell, D. L., & Chapman, B. R. (1997). Home range and habitat use of 
Red‐shouldered Hawks in Georgia. Wilson Bulletin, 109, 131–144.

Kanegae, M. F. (2013). Home range size of the Collared Crescentchest, 
Melanopareia torquata (Melanopareiidae) during the reproductive 
period in southeastern Brazil. Revista Brasileira de Ornitologia, 21, 
109–113.

Kattan, G., & Beltrán, W.( 2002). Rarity in Antpittas: Territory size and 
population density of five Grallaria spp. in a regenerating habitat 
mosaic in the Andes of Colombia. Bird Conservation International, 12,  
231–240. https ://doi.org/10.1017/S0959 27090 2002149 

Losada‐Prado, S., Finega, B., Declerck, F., Casanoves, F., & Dunning, J.( 
2014). Home‐range size of Chestnut‐backed Antbird Myrmeciza exsul 
(Aves:Tamnophilidae) in fragmented landscapes in southwestern 
Costa Rica. Ornitologia Neotropical, 25, 1–11.

Manhães, M., & Dias, M. (2011). Spatial dynamics of understorey insec‐
tivorous birds and arthropods in a Southeastern Brazilian Atlantic 
woodlot. Brazilian Journal of Biology, 71, 1–7. https ://doi.org/10.1590/
S1519‐69842 01100 0100003

Marini, M. Â., Vasconcellos, M. M., & Lobo, Y. (2014). Biologia reprodu‐
tiva e territorialidade do canârio‐do‐campo (Emberizoides herbicola) 
(Aves: Passeriformes). Bioscience Journal, 30, 853–862.

Miller, A. H., & Miller, V. D. (1968). The behavioral ecology and breed‐
ing biology of the Andean sparrow, Zonotrichia capensis. Caldasia, 10, 
83–154.

Mohr, C. O. (1947). Table of equivalent populations of North American 
small mammals. American Midland Naturalist, 37, 223–249. https ://
doi.org/10.2307/2421652

Morse, D. (1976). Variables affecting the density and territory size of 
breeding Spruce‐woods Warblers. Ecology, 57, 290–301. https ://doi.
org/10.2307/1934817

Muller, K. L., Stamps, J. A., Krishnan, V. V., & Willits, N. H. (1997). The 
effects of conspecific attraction and habitat quality on habitat selec‐
tion in territorial birds (Troglodytes aedon). The American Naturalist, 
150, 650–661. https ://doi.org/10.1086/286087

Neudorf, D. L., Stutchbury, B. J. M., & Piper, W. H. (1997). Covert extra‐
territorial behavior of female Hooded Warblers. Behavioral Ecology, 
8, 595–600. https ://doi.org/10.1093/behec o/8.6.595

Noble, G. K. (1939). The role of dominance in the social life of birds. The 
Auk, 56, 263–273. https ://doi.org/10.2307/4079047

Norris, D. R., & Stutchbury, B. J. M. (2001). Extraterritorial movements of 
forest songbirds in a fragmented landscape. Conservation biology, 15, 
729–736. https ://doi.org/10.1046/j.1523‐1739.2001.01500 3729.x

Odum, E. P., & Kuenzler, E. J. (1955). Measurement of territory and 
home range size in birds. The Auk, 72, 128–137. https ://doi.
org/10.2307/4081419

Oppel, S., Schaefer, H. M., & Schmidt, V. (2003). Description of the nest, 
eggs, and breeding behavior of the endangered Pale‐headed Brush‐
finch (Atlapetes pallidiceps) in Ecuador. Wilson Bulletin, 115, 360–366. 
https ://doi.org/10.1676/03‐020

Peig, J., & Green, A. J. (2010). The paradigm of body condi‐
tion: a critical reappraisal of current methods based on mass 
and length. Functional Ecology, 24, 1323–1332. https ://doi.
org/10.1111/j.1365‐2435.2010.01751.x

Peter, F., Berens, D. G., Grieve, G. R., & Farwig, N. (2015). Forest frag‐
mentation drives the loss of insectivorous birds and an associ‐
ated increase in herbivory. Biotropica, 47, 626–635. https ://doi.
org/10.1111/btp.12239 

Price, T. D. (1984). Sexual selection on body size, territory and plumage 
variables in a population of Darwin's Finches. Evolution, 38, 327–341. 
https ://doi.org/10.1111/j.1558‐5646.1984.tb002 91.x

https://doi.org/10.2989/00306525.2013.777947
https://doi.org/10.1007/s002650050571
https://doi.org/10.1007/s002650050571
https://doi.org/10.2307/4089115
https://doi.org/10.2307/1374834
https://doi.org/10.2307/1374834
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1093/beheco/12.4.407
https://doi.org/10.1093/beheco/12.4.407
https://doi.org/10.1034/j.1600-0706.2001.950204.x
https://doi.org/10.1034/j.1600-0706.2001.950204.x
https://doi.org/10.5061/dryad.j15b535
https://doi.org/10.5061/dryad.j15b535
https://doi.org/10.5735/086.051.0607
https://doi.org/10.1590/S0101-81752006000300011
https://doi.org/10.1890/03-0029
https://doi.org/10.1676/10-143.1
https://doi.org/10.1676/10-143.1
https://doi.org/10.1017/S0959270902002149
https://doi.org/10.1590/S1519-69842011000100003
https://doi.org/10.1590/S1519-69842011000100003
https://doi.org/10.2307/2421652
https://doi.org/10.2307/2421652
https://doi.org/10.2307/1934817
https://doi.org/10.2307/1934817
https://doi.org/10.1086/286087
https://doi.org/10.1093/beheco/8.6.595
https://doi.org/10.2307/4079047
https://doi.org/10.1046/j.1523-1739.2001.015003729.x
https://doi.org/10.2307/4081419
https://doi.org/10.2307/4081419
https://doi.org/10.1676/03-020
https://doi.org/10.1111/j.1365-2435.2010.01751.x
https://doi.org/10.1111/j.1365-2435.2010.01751.x
https://doi.org/10.1111/btp.12239
https://doi.org/10.1111/btp.12239
https://doi.org/10.1111/j.1558-5646.1984.tb00291.x


     |  9CASTAÑO‐G eT Al.

Reis, D., Dantas, T., & de Melo, C. (2017). Body condition of five passer‐
ines in a forest fragment and associated factors. Revista Brasileira de 
Ornitologia, 25, 102–109.

Ringler, M., Ringler, E., Mendoza, D., & Hödl, W. (2011). Intrusion ex‐
periments to measure territory size: Development of the method, 
tests through simulations, and application in the frog Allobates 
femoralis. PLoS ONE, 6, e25844. https ://doi.org/10.1371/journ 
al.pone.0025844

Schulte‐Hostedde, A. I., Millar, J. S., & Hickling, G. J. (2001). Evaluating 
body condition in small mammals. Canadian Journal of Zoology, 79, 
1021–1029. https ://doi.org/10.1139/z01‐073

Seaman, D. E., Millspaugh, J. J., Kernohan, B. J., Brundige, G. C., Raedeke, 
K. J., & Gitzen, R. A. (1999). Effects of sample size on kernel home‐
range estimates. The Journal of Wildlife Management, 63, 739–747. 
https ://doi.org/10.2307/3802664

Seaman, E. D., & Powell, R. A. (1996). An evaluation of the accuracy 
of kernel density estimators for home range analysis. Ecology, 77,  
2075–2085. https ://doi.org/10.2307/2265701

Searcy, W. A., & Beecher, M. D. (2009). Song as an aggressive signal in 
songbirds. Animal Behaviour, 1281–1292. https ://doi.org/10.1016/j.
anbeh av.2009.08.011

Sekercioğlu,	C.	H.,	Ehrlich,	P.	R.,	Daily,	G.	C.,	Aygen,	D.,	Goehring,	D.	M.,	&	
Sandi, R. F. (2002). Disappearance of insectivorous birds from tropi‐
cal forest fragments. Proceedings of the National Academy of Sciences 
of the United States of America, 99, 263–267. https ://doi.org/10.1073/
pnas.01261 6199

Silverman, B. W. (1986). Density estimation for statistics and data analysis, 
1st ed. New York, NY: Chapman & Hall.

Smith, T. M., & Sugart, H. (1967). Territory size variation in the Ovenbird:  
The role of habitat structure. Ecological Society of America Stable, 68, 
695–704.

Stenger, J., & Falls, J. B. (1959). The utilized territory of the Ovenbird. The 
Wilson Bulletin, 71, 125–140.

Stouffer, P. C. (2007). Density, territory size, and long‐term spatial dy‐
namics of a guild of terrestrial insectivorous birds near Manaus, 
Brazil. The Auk, 124, 291–306. https ://doi.org/10.1642/0004‐
8038(2007)124[291:DTSAL S]2.0.CO;2

Stutchbury, B. J. M., & Morton, E. S. (2001). Behavioral ecol‐
ogy of tropical birds. Ethology, 108, 565–566. https ://doi.
org/10.1046/j.1439‐0310.2002.00787.x

Stutchbury, B. J. M., & Morton, E. S. (2008). Recent advances in the be‐
havioral ecology of tropical Birds. The Wilson Journal of Ornithology, 
120, 26–37. https ://doi.org/10.1676/07‐018.1

Terborgh, J., Robinson, S. K., Parker, T. A., Munn, C. A., & Pierpont, N. (1990). 
Structure and organization of an Amazonian forest bird community. 
Ecological Monographs, 60, 213–238. https ://doi.org/10.2307/1943045

Tobias, J. A., Gamarra‐Toledo, V., García‐Olaechea, D., Pulgarín, P. C., & 
Seddon, N. (2011). Year‐round resource defence and the evolution 
of male and female song in suboscine birds: Social armaments are 
mutual ornaments. Journal of Evolutionary Biology, 24, 2118–2138.  
https ://doi.org/10.1111/j.1420‐9101.2011.02345.x

Tobias, J. A., Sheard, C., Seddon, N., Meade, A., Cotton, A. J., & Nakagawa, 
S. (2016). Territoriality, social bonds, and the evolution of communal 
signaling in birds. Frontiers in Ecology and Evolution, 4, 74.

Trejos‐Araya, C., & Barrantes, G. (2014). Natural history and acoustic 
repertoire of the Large‐Footed Finch (Pezopetes capitalis), an en‐
demic, highland bird of Costa Rica and western Panama. Ornitologia 
Neotropical, 25, 261–271.

Vargas, A., Santos, A., Cárdenas, E., & Obregón, N. (2011). Análisis de 
la distribución e interpolación espacial de las lluvias en Bogotá, 
Colombia. Dyna, 150–158.

Verner, J. (1985). Assessment of counting techniques. Current Ornithology, 
2, 247–302.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting	Information	section	at	the	end	of	the	article. 

How to cite this article: Castaño‐G MI, Cadena CD, 
Avendaño JE. Home‐range size of an Andean bird: Assessing 
the role of physical condition. Biotropica. 2019;00:1–9.  
https ://doi.org/10.1111/btp.12673 

https://doi.org/10.1371/journal.pone.0025844
https://doi.org/10.1371/journal.pone.0025844
https://doi.org/10.1139/z01-073
https://doi.org/10.2307/3802664
https://doi.org/10.2307/2265701
https://doi.org/10.1016/j.anbehav.2009.08.011
https://doi.org/10.1016/j.anbehav.2009.08.011
https://doi.org/10.1073/pnas.012616199
https://doi.org/10.1073/pnas.012616199
https://doi.org/10.1642/0004-8038(2007)124[291:DTSALS]2.0.CO;2
https://doi.org/10.1642/0004-8038(2007)124[291:DTSALS]2.0.CO;2
https://doi.org/10.1046/j.1439-0310.2002.00787.x
https://doi.org/10.1046/j.1439-0310.2002.00787.x
https://doi.org/10.1676/07-018.1
https://doi.org/10.2307/1943045
https://doi.org/10.1111/j.1420-9101.2011.02345.x
https://doi.org/10.1111/btp.12673


184 
 

 
 

Appendix 2. Vocal behavior and microgeographic variation in song types in a 

Neotropical songbird. (In review) 

 

Juliana Rodríguez-Fuentes,1,2 Carlos Daniel Cadena,1 and Jorge Enrique Avendaño1 

1Laboratorio de Biología Evolutiva de Vertebrados, Departamento de Ciencias Biológicas, 

Universidad de los Andes, Bogotá, Colombia 

2Corresponding author. E-mail: juliana.rf312@gmail.com 

ORCIDs: Rodriguez-Fuentes, https://orcid.org/0000-0002-9825-9912; Cadena, 

https://orcid.org/0000-0003-4530-2478; Avendaño, https://orcid.org/0000-0002-8707-3987 

 

Abstract  

Characterizing the vocal repertoires of bird species is a first step to understanding the 

diversity of their vocalizations and their use in social and sexual contexts, as well as to 

uncover temporal and geographical patterns in vocal variation. Despite the high species 

richness of the Neotropical avifauna, vocal repertoire sizes and the function of 

vocalizations of species remain poorly documented compared to species from the temperate 

zone. We present the first qualitative and quantitative description of the vocal repertoire, 

diel variation in vocal activity and song-type sharing of the Gray-browed Brushfinch 

(Arremon assimilis), an Andean understory songbird, based on recordings of vocalizations 

obtained for 33 territorial pairs from the Colombian Andes. We found that A. assimilis 

produces four types of calls, solo songs emitted separately by individuals of each sex, and 

duets. By classifiying 7830 songs, we estimated that males have on average 9.6 ± 1.9 song 

types involving high-pitched, modulated elements combined in various ways. Similarity in 

repertoire-use declined with distance between neighbors to the point that no song types 



185 
 

 
 

were shared among individuals located in sectors separated by only 2 km. Vocal activity 

peaked in the early morning for calls and male songs, whereas calls showed an additional 

peak near dusk. Our results provide the first evidence of female solo song and duets in A. 

assimilis, which are seemingly rare behaviors among Neotropical sparrows. The pattern of 

microgeographical variation in song-type sharing we observed has not been documented in 

similar studies of other tropical avian species.  
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Introduction 

Sound is an important channel of communication for birds, with advantages for 

transmission over long distances relative to other channels such as those involving visual 

and chemical signals (Catchpole and Slater 2008). Vocalizations produced by birds may 

convey a variety of information, which can be used to mediate interactions with 

conspecifics in mate selection (Wallin 1986) or conflict (Searcy et al. 2006; Searcy and 



186 
 

 
 

Beecher 2009), as well to recognize heterospecifics (Nelson 1989; Searcy 1990; Uy et al. 

2009). Within bird species, song can vary across time (Trainer 1989; Otter et al. 2020) and 

space (Cunningham et al. 1987; Podos and Warren 2007) as a result of vocal learning 

(Nottebohm 1972), as well as due to environmental (Derryberry 2009) or social selective 

forces influencing signal evolution (Kirschel et al. 2009).   

Vocal repertoire is the collection of vocalizations (i.e. songs and calls) of an 

individual or species, whereas song repertoire refers to the set of song types (i.e. different 

versions of a song) that individuals or species possess (Catchpole and Slater 2008). The 

size of repertoires varies among species, with some having only one song type (Nottebohm 

1969; Baptista and Wells 1975) and others having more than 100 (Kipper et al. 2004). 

Several hypotheses have been proposed to explain the inclusion of different song types in 

an individual repertoire, such as the anti-exhaustion hypothesis posing that changing among 

songs allows a bird to sing at high rates (Lambrechts and Dhondt 1988). Furthermore, 

repertoires may have an important role in intraspecific communication in species where 

individual recognition depends on the song-types used (Lambrechts and Dhondt 1988), as 

opposed to cases in which individuals differ in song structure where a single song type may 

allow individual recognition (Geberzahn and Derégnaucourt 2020). Variation in repertoire 

size among species can arise in response to anatomical or physiological constraints (e.g. 

size of vocal centers in the brain; Devoogd et al. 1993) and divergent evolutionary forces 

(Leighton and Birmingham 2021). For example, large repertoires in males may be favored 

both by sexual selection by females because repertoire size may reflect mate quality 

(Catchpole 1986; Kipper et al. 2006; Dabelsteen et al. 2012), or by social selection 

mediated by competition among males because larger repertoires may enhance territorial 

defense (Krebs et al. 1978; Potvin et al. 2015). Alternatively, small repertoires may also be 
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favored in species in which male-male interactions predominate (Collins 2004) because 

social selection may favor learning a limited set of songs from neighbors to enhance 

individual recognition (Beecher et al. 2000). Sexual and social selection also operate on 

female vocalizations (Tobias et al. 2012), but more research is needed to understand the 

role of these forces in female song elaboration and variation in repertoire size  (Riebel et al. 

2019).  

Several studies of vocal behavior have focused on New World sparrows 

(Passerellidae, Kroodsma 2005; Podos and Warren 2007), with work on vocal repertoire in 

temperate-zone members of this group having shed light into patterns of geographical 

variation (Marler and Tamura 1959; Nottebohm and Selander 1972; Shizuka et al. 2016), 

cultural transmission (Marler and Tamura 1964; Otter et al. 2020), and song use in 

aggressive interactions (Vehrencamp 2001; Searcy et al. 2006; DuBois et al. 2009; Phillips 

and Derryberry 2018). For instance, studies on Song Sparrows Melospiza melodia have 

been key to understand the role of repertoire sharing in social interactions (Beecher et al. 

2000; Burt et al. 2002) and provide a plausible explanation for small repertoires in the 

behavioral context of countersigning (Collins 2004). However, information about vocal 

repertoires, the behavioral context in which each type of vocalization is used, and spatial 

variation in repertoires for most Neotropical species in this family is still incomplete 

despite a few studies (Nottebohm and Selander 1972; Sandoval, Méndez and Mennill 2016; 

Sandoval and Mennill 2014; Trejos-Araya and Barrantes 2014, 2017). For many species, 

work is necessary to provide information about vocal variability within and among 

populations, and to understand the role of different vocalizations in behavioral contexts like 

mating or conflict. In particular, detailed descriptions of vocal repertoires are required to 

understand the function of songs in territory establishment, pair formation and breeding 
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(Stutchbury and Morton 2008), and represent a first step towards characterizing patterns of 

spatial variation in vocalizations. 

Within bird populations, close neighbors usually share more songs than individuals 

with spatially separate territories (Price and Yuan 2011; Sandoval et al. 2014; but see 

Hughes et al. 1998). Song sharing among neighbors could be due to limited dispersal from 

natal areas where individuals learn to sing or to learning of vocal variants upon 

establishment in new locations following dispersal (Beecher and Burt 2004). Sharing songs 

with neighbors may be favored by social selection (Beecher and Brenowitz 2005) because 

sharing may facilitate individual recognition, thus reducing energy devoted to conflicts and 

favoring territory tenure and survival (Beecher et al. 2000; Wilson et al. 2000). Adaptive 

song sharing among neighbors is presumably more prevalent when individuals defend 

territories year-round as in tropical species, in which neighbors may share more songs than 

in temperate-breeding migratory species (Wilson et al. 2000; Graham et al. 2018). 

Alternatively, temperate-zone species might exhibit greater song sharing because of 

stronger social competition associated with shorter breeding seasons (Stutchbury and 

Morton 2008). Documenting geographical patterns in song sharing and testing hypotheses 

explaining such patterns has been hampered by lack of information on vocal repertoires of 

tropical species. 

We present the first description of the vocal behavior of the Gray-browed 

Brushfinch (Arremon assimilis), a Neotropical passerellid songbird occurring in understory 

habitats in the Andes (1,500-3,000 m elevation) from Venezuela to southern Peru (Cadena 

and Cuervo 2010; Del Hoyo et al. 2018). Knowledge of vocal variation and behavior of this 

species and other members of the A. torquatus complex with which it was formerly 

considered conspecific is superficial (Cadena and Cuervo 2010). We studied the vocal 
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behavior of A. assimilis in a population from the Eastern Andes of Colombia to (1) 

qualitatively and quantitatively describe its vocal repertoire; (2) characterize the pattern of 

diel variation in vocal activity; and (3) evaluate the similarity in repertoire use among 

territorial males, testing the hypothesis that song repertoires are more similar between 

neighbor males than between spatially distant males. 

 

Methods  

Study area 

We worked in the private reserve of Condominio Floresta de la Sabana (N 04°48′, W 

74°00′) located in the mountains east of the city of Bogotá, Colombia. Vegetation consists 

mostly of native montane forest and secondary growth dominated by shrubs and Chusquea 

bamboo. Annual precipitation is bimodal, with peaks in March–May and September–

November (Vargas et al. 2011). At the end of these precipitation peaks we have observed 

pairs rearing chicks, suggesting that reproduction in A. assimilis occurs in two seasons: 

May-June and November-January (M. I. Castaño et al., unpublished data). The area 

comprises some of the largest high-elevation humid forests near Bogotá interspersed with 

disturbed areas including pastures and houses. We worked in two areas of continuous forest 

located at different elevations distant 2 km from each other. Sector A corresponded to a 

matrix of secondary Andean forest, pastures and shrubs between 2900 m 3100 m. Sector B 

was a patch of secondary Andean forest at 2800 m, where territories are continuously 

distributed along a trail of roughly 2 km length. Territories tended to be less spatially 

clumped in some areas of sector A than in sector B.   

 

Sound recording sampling 
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We recorded vocalizations of 33 territorial pairs (15 in sector A, 18 in sector B) which were 

color-banded for studies on territorial behavior conducted since 2017 (Castaño et al. 2019). 

Most individuals have maintained their territories since we began research in this 

population, but we have observed a few males acquiring new territories (e.g. in September 

2018 and in January 2019). Juveniles, identified based on their pre-formative plumage, 

have been observed in their natal territories with some of the sampled pairs. Sexes in A. 

assimilis look alike, but males can be distingushed from females by the presence of a 

cloacal protuberance during the breeding season and greater wing length (unpubl. data). 

Further, color-marked individuals identified as males are more involved in territorial 

defense and consistently behave more aggresively when facing territorial intrusions 

(Avendaño and Cadena 2021). Therefore, we assumed that the individual in each pair 

showing greater territorial defense (i.e. higher vocal activity and aggression) was the male. 

For each territorial pair we collected voice recordings using two different techniques. First, 

we made non-systematic recordings between 06:00 h to 15:00 h from November 2017 to 

June 2019 (23.6 ± 13.0 min per pair; range = 2-52 min) using a Sennheiser ME 67 shotgun 

microphone and a TASCAM DR 40 digital recorder (WAV format; 44.1 kHz; 16 bits). 

These recordings included vocalizations emitted naturally, as well as responses to short 

playbacks of calls or songs made to locate individuals in territories. To minimize the 

chance of obtaining biased responses to a particular type of vocalization (Harris and 

Haskell 2013), recordings played to elicit vocalizations were randomly chosen whenever 

they were used. Second, to complement vocal repertoires and to estimate diel variation in 

vocal output, we obtained digital autonomous recordings for 30 territorial pairs using a LG 

L70 cellular phone protected with a water-proof case. We gathered autonomous recordings 

only for pairs which we were able to individually identify and which occupied a territory 
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consistent with that of prior field seasons. Each autonomous recorder was placed on a twig 

at 2 m height in the center of the territory (from May to August 2019); because previous 

observations indicate that birds in adjacent territories do not cross boundaries, it is unlikely 

one would capture vocalizations from another pair in such location. The center of the 

territory was determined based on spatial data from Castaño et al. (2019) and Avendaño 

and Cadena (2021). We set recording (WAV format; 44.1 kHz; 16 bits) and sampling 

parameters using the ARBIMON application for the Android platform (Sieve Analytics). 

Each territorial pair was recorded for 5 minutes every 30 minutes from 05:00 to 19:00 h 

(i.e. 1 hour before sunrise and 1 hour after sunset), for 5 to 8 consecutive days (mean = 

1317 ± 585 min; range = 700-2917 min). Some individuals were recorded for more than 8 

days, but in those cases only the first 6 consecutive days were analyzed.  

 

Definitions 

Preliminary work indicated that, as with other Neotropical sparrows (Sandoval and Mennill 

2014; Sandoval et al. 2016), A. assimilis produces three main vocalizations: calls, solo 

songs, and duets. We defined calls as short vocalizations (duration ≤ 1 s) consisting only of 

one element and classified call types based on spectral and temporal differences. We 

defined songs as vocalizations consisting of a sequence of multiple syllables repeated in a 

stereotypical mode, without inter-element gaps exceeding 1 sec (Sosa-Lopez and Mennill 

2014; Trejos-Araya and Barrantes 2014). Our exploration of non-systematic recordings 

coupled with field observations of color-marked individuals revealed a particular syllable 

(defined here as syllable F; Fig. 1) consistently present in recordings when females were 

signing but absent in recordings in which only a male was singing. We therefore classified 

a song as a male solo based on the identification of the singing individual given by its color 
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band, or by the lack of syllable F when we could not observe the individual. Given that 

males produce more vocalizations than females during simulated territorial intrusions 

(Avendaño & Cadena, 2021) and that our observations of females producing solos are very 

rare, we assumed that natural vocalizations lacking syllable F and recorded by autonomous 

recordings were more likely produced by males. We assigned female solo song only to non-

systematic recordings because only for these do we have observations to support that 

females were in fact singing (i.e. this is not possible in autonomous recordings). We 

defined a duet as a vocalization produced when both members of a pair vocalize together 

with some degree of coordination (Farabaugh 1982; Hall 2004). We defined syllables as 

units within a song, which in turn consist of one or more elements (i.e. notes) visually 

separable from other sets of elements on sound spectrograms by > 0.1 s that are always 

produced together. The smallest units in a song are elements, which we defined as a 

continuous tracing on a sound spectrogram (Catchpole and Slater 2008). 

 

Vocal repertoire 

We classified vocalizations based on their visual appearance on sound spectrograms in 

Raven Pro 1.5 (Center for Conservation Bioacoustics 2014) following approaches used in 

similar studies (Sandoval and Mennill, 2014; Sandoval, Méndez, and Mennill 2014, 2016). 

To visualize spectrograms and extract temporal and spectral measurements we applied a 

Hann window with 50% overlap and 512 spectrogram window size.  Using only recordings 

with high signal-to-noise ratio, we measured duration (sec), minimum frequency (Hz), 

maximum frequency (Hz), peak frequency (frequency of maximum amplitude, Hz), 

bandwidth (frequency range, Hz), and number of elements. Because duets seemed to be 

more frequent in non-systematic recordings, we assesed whether the occurrence of duets in 
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a recording was affected by recording technique (i.e. non-systematic vs autonomous) using 

a binomial generalized linear mixed effect model (GLMM) with pair identity as random 

factor. We extracted temporal parameters using the oscillogram window, whereas spectral 

parameters were adjusted in the power spectra window with a threshold of -20 dB (Ríos-

Chelén et al. 2017). We collected measurements for at least 10 vocalizations per type of 

vocalization per pair if available; otherwise, we measured as many vocalizations as 

possible. Sample sizes differed among vocalization types (Table 1) because some pairs did 

not have recordings with a particular vocalization or the quality was not good enough to 

extract measurements. Call measurements are reported for pairs and not for individuals 

because it was not possible to assign sex on spectrograms. 

 

Classifying male song-types and estimating repertoire sizes 

We classified each male song (N = 7830) into a distinct type by visually comparing it to a 

library of all previously recorded song types. Recordings were analyzed in chronological 

order, for each individual at a time. All songs in each recording were compared to the song 

library existing at the moment; whenever a new song type was detected it was named with a 

letter in alphabetical order and added as an example to the library. Song types in A. 

assimilis can be classified relatively easily because types usually consist of entirely 

different sets of syllables. Songs differing subtly were classified as the same song type if 

they shared at least 75% of elements as in Sandoval et al. (2014, 2016).  

We estimated the repertoire size of each male from the total number of song types 

recorded through the study. To go beyond simple enumeration and incorporate uncertainty 

in estimates owing to incomplete sampling, we also estimated repertoire sizes using a 

capture-recapture approach in R package Rcapture (Rivest and Baillargeon 2019), which 



194 
 

 
 

accurately estimates repertoire size for species with medium-sized repertories like A. 

assimilis (Harris et al. 2016). We calculated repertoire size including only individuals with 

more than 200 classified songs and defined the capture occasion as 10 songs because this is 

the mean number of songs produced before switching from one song type to another in a 

given singing bout. The capture-recapture approach followed Darroch’s 𝑀ℎ model, which 

assumes a closed population and allows heterogeneity among song types in the probability 

with which they are captured (Darroch et al. 1993). In addition, to visually evaluate 

whether we had sampled the complete repertoire of individuals, we plotted the number of 

song types detected relative to the number of songs analyzed to construct song-type 

accumulation curves. 

We did not examine variation in repertoire size among years because sampling 

methods were not uniform in time (i.e. in 2017 and 2018 all of the recordings were non-

systematic, whereas in 2019 we combined both methods). Therefore, differences between 

years could be due to the recording techniques used or to changes in the repertoire, 

although our anecdotal observations indicate that males tend to maintain song types over 

time. 

 

Diel variation 

We visually inspected all autonomous recordings to select only files containing 

vocalizations of A. assimilis and used such files to describe the diel pattern in vocal output 

for the population by counting the number of male songs and chip calls produced per hour 

by each territorial pair from 0500 to 1900 hours. Because based on spectrograms one 

cannot determine the sex of the individual producing calls, we did not discriminate chip 

calls by sex. Diel variation in songs only corresponds to male solo songs because we did 
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not record female solo songs, and there were only 11 observations of duets in the entire 

sample. We used linear mixed models (LMM) to assess whether there were differences in 

vocal output among hours for male songs and calls. The total number of vocalizations per 

category per hour was the response variable and hour of day was the fixed factor, whereas 

pair identity was treated as a random factor resulting in one model for songs and another for 

calls. For all measurements, we first computed the average and variance values within 

pairs, and then produced the average and SD among pairs. LMM and GLMM were 

calculated with the functions lmer and glmer, respectively, in R package lme4 (Bates et al. 

2015). 

 

Song-type sharing  

We tested for a relationship between repertoire-use similarity and geographical distance 

between territorial males. To estimate repertoire-use similarity we considered the total 

number of song types. We used the Morisita index of similarity (Morisita 1961) as a 

measure of acoustic distance reflecting the degree of similarity in repertoire-use between 

males. The index ranges between 0 when individuals share no song types to 1 representing 

complete similarity (i.e. use of the same song types with the same frequency); the index 

indicates some dissimilarity when individuals have the same song types but use them with 

different frequency (Sandoval et al. 2014). Acoustic distances between males were 

calculated based on the absolute number of songs, and we also calculated a 

presence/absence distance using the Jaccard index to evalute song-type sharing irrespective 

of use frequency. We calculated the linear distance between territorial males using the 

orthodromic distance approximation (McCaw 1932) between the centroids of each home 

range (Castaño et al. 2019; Avendaño and Cadena 2021). We examined the correlation 
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between acoustic and geographic distance using Mantel tests applying 10000 permutations 

with package ade4 (Dray and Dufour 2007) separately for each sector in our study site. 

Because sampling varied among individuals we conducted two additional analyses to 

evaluate whether removing individuals with reduced sample sizes affected results. In these 

analyses we included only those males with at least 200 analyzed songs. In one analysis we 

truncated the sample size to only include the first 200 songs recorded per male, whereas in 

the second analysis we included the entire sample of songs for males reaching the 200 song 

threshold (range 202-522 songs). Using both indices calculated with the entire sample, we 

constructed a dendrogram to group individuals based on acoustic distance applying the 

hierarchical Ward’s clustering method and tested for significant differences between sectors 

using a non-parametric analysis of similarities (ANOSIM). Because we obtained similar 

results in all variants of our analyses, we only present the dendrogram and ANOSIM results 

based on Morisita’s index and including all individuals. Cluster analyses and ANOSIM 

were run using the vegan package (Oksanen et al. 2019), and orthodromic distances were 

calculated in the geosphere package (Hijmans 2019). All statistical analyses were done in R 

3.6.0 (R Core Team, 2019), and values are presented as average ± standard deviation unless 

otherwise stated. 

 

Results 

Vocal repertoire 

The vocal repertoire of A. assimilis consists of three kinds of vocalizations: calls, solo 

songs, and duets (Table 1). We categorized calls in four types: chip, peep, long peep, and 

tseet calls. The chip call was a single broad-band element of high frequency and short 

duration (Fig. 1a). This call was produced by both pair members when foraging far from 
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each other (>5 m) and with a higher rate in response to human presence or disturbance such 

as playback. The peep call was also a short-duration, high-frequency element, but with a 

smaller frequency range (Fig. 1b). This vocalization was produced as a contact call between 

pair members when foraging close to each other (<1 m). The chip call was more commonly 

emitted than the peep call (N = 7604 total number of calls; 6309 chip calls; 1295 peep calls; 

hours automatic recordings = 21.9 ± 9.76 for 30 pairs). Long peep calls were similar in 

temporal and spectral parameters to the peep call but exhibited a larger frequency range 

(Fig. 1c). Long peep calls were apparently produced by both males and females as part of a 

duet or before the start of a male solo song. We only observed adult individuals giving chip, 

peep, and long peeps. Finally, the tseet call was a high-frequency, short-duration and 

narrow-band vocalization produced only by juveniles (N = 18 pairs; recording time = 2.93 

± 1.34 min; Fig. 1d), which consisted of one element repeated constantly with interspace 

elements lasting on average 0.51 ± 0.20 seconds. The tseet call was produced constantly 

throughout the day when juveniles were foraging with their parents, but we did not observe 

them producing other solo vocalizations nor joining the adults in duets. 

Solo songs were produced by males (Fig. 1e) or females (Fig. 1f-g), and were 

characterized by high-pitched and modulated elements. Song elements appeared to differ by 

sex, but further investigation is required to quantify differences in element use between 

sexes. Male solo songs were most common, being found by themselves in 88.9% of 

recording time (2297.4 min from a combination of non-systematic and autonomous 

recordings), in contrast to female solo songs occurring in only 0.65% of recording time 

(16.5 min from non-systematic recordings only). Male solo songs consisted of four 

syllables on average (range = 2 – 7 syllables), each consisting of one to three elements. 

Overall, male songs have high note richness because each element within a song tended to 
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be different (e.g. if a song included 8 elements, it would usually include 8 different element 

types), and syllables appeared not to be shared among songs of the same individual. Songs 

in A. assimilis did not exhibit a consistent structure (i.e. clearly defined groups of elements 

with similar structure within a song) among different song-types. The same song type was 

not always stereotypically emitted by a given male because some males removed or 

incorporated elements as singing progressed in the same (Fig. S1a) and in different 

recording sessions (Fig. S1b). Variation within a song type among males was commonly 

associated with subtle changes in the modulation of notes (Fig. S1c). In other instances, 

males removed or incorporated elements producing a unique version of the song type (Fig. 

S1d). Some males also modified the position of syllables, but this was uncommon (Fig. 

S1e). Males sang with eventual variety, meaning that they produced bouts of one song type 

before changing to another type (i.e. AAAABBBB).  

We found 70 different song types among 7830 songs classified, with an average of 

9.63 ± 1.91 song types for the 33 males analyzed (range = 5 – 13 song types; CV = 19.9 

%). Asymptotes in song repertoire size were reached for most males after 200 songs 

analyzed, but some males continued to produce new song types even after 366 classified 

songs (Fig. 2 and Fig. S2). Using the capture-recapture approach, we found that the 19 

males analyzed have an average estimate of repertoire size of 9.02 ± 2.55 song types 

(predicted range = 5.25 – 14.2 song types; CV = 28.3 %). Male solo songs were emitted 

during territorial interactions with neighbors, but they were also produced spontaneously in 

the early morning. Although we observed solo songs in response to territorial intrusions 

(i.e. song playback), their use when no intruders were present indicates that they may also 

be used for mate attraction. Female solo songs share the presence of syllable F (Fig. 1), but 

the order of additional elements in the song is not as stereotypic as in male solo songs (Fig. 
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S3). Therefore, we were unable to define song units and thus descriptive measurements are 

restricted to syllable F, which was shared by all sampled females. Syllable F resembles 

elements found in male solo songs in its highly modulated notes (Fig. 1) and spectral 

features (Table 1). Because we occasionally observed females producing complex songs 

such as those sung by males, we cannot rule out the possibility that solo song in females 

occurs more frequently than we assumed. 

The third type of vocalization were duets (Fig. 1h), a vocalization in which the male 

and female of the pair sang at the same time. Duets were polyphonal because elements 

given by individuals of each sex frequently overlapped in frequency and time; we 

sporadically observed elements that did not overlap in time. Duets were always initiated by 

the male and then the female joined in, starting with chip calls and then producing the 

female elements. Song types found in duets (Fig. 1h) were also used in male solo songs 

(Fig. 1d). The female contribution to duets was mostly restricted to syllable F, but in some 

cases females also joined with other notes (Fig. 1). Duets were found in the 10.4% of all 

recording time (267.4 minutes out of 2564.8 minutes) and increased to 32.2% when only 

non-systematic recordings were considered (non-systematic recordings were more likely to 

include duets; GLMM: Estimate = 3.08,  p < 0.0001; Estimated Marginal Means: non-

systematic = -0.874, autonomous = -3.958). We observed pairs emitting duets in response 

to natural and simulated territorial intrusions (i.e. playback) and females were more likely 

to be part of a vocalization if the playback corresponded to a duet or included syllable F. 

 

Diel variation 

Vocal output varied along the day and between vocalization types (Fig. 3). Between 0500 

and 0700 hours pairs showed the highest vocal output for both calls (LMM: F13,249 = 3.98, p 
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< 0.0001) and male songs (LMM: F13,199 = 9.61, p < 0.0001). Calling and singing activity 

declined drastically near noon, with only 1.6% of all calls given between 1300 and 1400 

hours. Of all songs, only 14.7% were given between noon and 1800 hours. Calls, but not 

male songs, showed an additional peak at sunset, between 1800 and 1900 hours. 

 

Repertoire-use sharing  

Out of 70 song types in the population, 54 were shared by two or more males (Fig. 4). None 

of the song types were shared between sectors, resulting in an acoustic distance of 1 when 

comparing any male from sector A to any male from sector B. We identified 32 song types 

in 14 males in sector A (mean number of shared song-types between neighbors = 5.81 ± 

1.87; Range = 2 - 9), and 38 song types in 18 males in sector B (mean = 6.40 ± 1.72; Range 

= 0 - 11 song-types shared between neighbors). Within each sector, we recorded only one 

song type shared by nearly all males: Song type BG was used by 15 out of 18 males in 

sector B, whereas song type A was used by 11 out of 14 males in sector A. In sector A 

males were distanced from each other by 253 ± 63.5 m on average (Range = 18.5 – 746 

m); in sector B they tended to be further apart from each other (average 334 ± 85. 1 m, 

Range = 16.6 – 995 m). Mean pairwise geographic distances between males located in 

different sectors was 2431 ± 363 m (Range = 1565 – 3298 m). Individuals from each sector 

were classified in distinct clusters based on their repertoire use (Fig. 5a; ANOSIM, R = 

0.95, P = 0.001, N = 32). Furthermore, within sectors males from closer territories were 

more similar in repertoire use than those from more distant territories according to both 

indices of similarity (Fig. 5b; Mantel Test – Morisita index, sector A = 14 males,  R = 0.54, 

p = 0.0004; sector B = 18 males, R = 0.54, p = 0.00009; see Supplementary material for 

Jaccard index). Clustering patterns of individuals were similar using the two indices, with 
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few exceptions (Fig 5a, Fig S4). The pattern of increased similarity in males from closer 

territories also held for both sectors when only analyzing individuals with 200 songs or 

more (Mantel Test, sector A = 7 males, R = 0.50, p = 0.0333; sector B  = 12 males, R = 

0.56, p = 0.0007). In the analysis where the repertoire was restricted to the first 200 songs, 

the correlation between acoustic distance and geographic distance was only significant in 

sector B although trends were similar in both sectors (Mantel Test, sector A = 7 males, R = 

0.35, p = 0.0889; sector B  = 12 males, R = 0.53, p = 0.0004). However, there were 

exceptions to the pattern of greater similarity in repertoires between close neighbors. For 

example, one of the males from sector B did not share any song type with a neighbor 

located 120 m away and shared only one song type with another neighbor located at 98 m. 

In contrast, a pair of males from the same sector which were more distant from each other 

(i.e. 144 m) shared 8 song types. 

 

Discussion 

Increasing knowledge about the vocal behavior of tropical species of birds is key to 

improve understanding about the ecology and evolution of avian song. We described the 

vocal repertoire, diel variation and patterns of song-type sharing in relation to distance 

among territories in a population of A. assimilis, a Neotropical understory songbird at a 

high-elevation site in the Colombian Andes. The vocal repertoire of A. assimilis included 

four types of calls, female and male solo songs, and duets. Although most vocalization 

types found in A. assimilis are also known from other tropical (Nottebohm 1969; Donegan 

et al. 2014; Sandoval and Mennill 2014; Trejos-Araya and Barrantes 2014; Sandoval et al. 

2016) and temperate New World sparrows (Marshall 1964; Borror 1971; Martin 1977; 

Benedict 2016), we identified some differences in the structure of solo songs and duets 
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compared to other species in the family because the song of A. assimilis cannot be easily 

divided into sections of similar elements. For example, in two Neotropical Melozone 

species the male song starts with high-frequency notes, followed by highly modulated 

elements and then a trill (Sandoval and Mennill 2014; Sandoval et al. 2016), but this pattern 

was not observed in songs of A. assimilis. Vocal output for calls and male songs peaked 

during the early morning, with calls showing a second activity peak at dusk. Furthermore, 

we observed greater similarity in repertoire use among neighbor males within sectors of our 

study area and no sharing among sectors separated by roughly 2 km, evidencing a 

pronounced pattern of microgeographical variation in song use. 

In A. assimilis, chip calls were comparable in acoustic parameters and behavioral 

function to those present in other tropical sparrows (e.g. White-eared Ground-sparrow 

Melozone leucotis, Sandoval et al. 2016; Rusty-crowned Ground-sparrow Melozone kieneri, 

Sandoval and Mennill 2014), revealing a likely conserved pattern in the family. We 

observed different behaviors associated with each call types, which might indicate different 

function as documented in Brown towhees (Pipilo spp.) in which call usage depends on the 

distance between individuals of the pair (Marshall 1964). The distinct functions of chip and 

peep call in A. assimilis may relate to the transmission properties of each vocalization, a 

pattern observed in M. leucotis (Piza and Sandoval 2016). Vocalizations with a broad 

frequency range like chip calls are more suited for long-distance transmission, whereas 

vocalizations with more restricted bandwith like peep calls (and also tseet calls given by 

juveniles) may only be transmitted properly over short distances (Marten et al. 1977).  

The high richness of song elements observed in A. assimilis might be associated 

with individual identity given that higher variability among individuals favors recognition 

(Stoddard et al. 1990). Individual recognition can be beneficial by reducing energetic costs 
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owing to conflict avoidance (Stoddard et al. 1990), which may be especially important in 

species with continuous territorial defense and several neighbors as A. assimilis (Avendaño 

and Cadena 2021). Moreover, note richness may also reflect sexual selection by females 

favoring males with more diverse repertoires (Byers and Kroodsma 2009). In some species, 

repertoire size is an honest signal of male or territory quality which can be used by females 

to select social mates (Catchpole 1986) and individuals with which they engage in extra-

pair matings (Hasselquist et al. 1996). For instance, complex song in the socially 

monogamous Common Reed Bunting Emberiza schoeniclus may have been driven by high 

rates of extra-pair paternity (Bessert-Nettelbeck et al. 2014). In most tropical species, 

patterns of extra-pair mating and fertilization are unknown (Macedo et al. 2008), so we do 

not know whether this mechanism may have influenced vocal evolution in A. assimilis. The 

high element variation we observed might be the outcome of long-term bonds and year-

round territoriality, particularly if different song types and syllables have different functions 

(Leighton and Birmingham 2021). Future studies are needed to understand the function of 

vocalizations and how sexual and social selection may shape the vocal repertoire of A. 

assimilis and other tropical species.  

Territorial pairs of A. assimilis engaged in singing duets, a behavior observed in 

many other tropical birds (Slater and Mann 2004), but seemingly uncommon in taxa from 

the temperate zone. Duets in A. assimilis involved the same vocalizations used by males 

and females in solo songs, an observation documented for other tropical birds (Mennill and 

Vehrencamp 2005; Trejos-Araya and Barrantes 2014) but not in two other Neotropical 

sparrows (Sandoval and Mennill 2014; Sandoval et al. 2016). Determining why do 

individuals engaging in duetting have different repertoires in some species will require 

descriptions of vocal behavior for other sparrows (Odom and Benedict 2018; Riebel et al. 
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2019). One of our most salient results was the finding that females of A. assimilis produce 

solo songs, a seemingly rare behavior in the genus Arremon thus far documented only in 

the Costa Rican Brushfinch A. costaricensis (Skutch 1954). Also, it is intriguing that all 

females share a syllable not produced by males. Differences in element use between sexes 

may facilitate identification of the sexual identity of signallers or reflect distinct song 

functions between sexes (Riebel et al. 2019). For instance, information on sexual identity 

may account for increased agression by females towards songs of other females relative to 

those of males (Koloff and Mennill 2013; Krieg and Getty 2016). Apparent differences in 

element use between sexes in A. assimilis may serve as a way to identify the signalling sex, 

a hypothesis to be tested experimentally in future studies (Seddon and Tobias 2006; 

Templeton et al. 2011). 

Female song is common in the tropics and likely ancestral among songbirds (Odom 

et al. 2014), but females do not seem to sing solo songs as frequently as males in A. 

assimilis and other Neotropical sparrows (Sandoval and Mennill 2014; Trejos-Araya and 

Barrantes 2014; Sandoval et al. 2016). This may potentially reflect a bias towards 

documenting male vocalizations (Odom and Benedict 2018), that female vocalizations are 

less common, or that female song may have been lost in some species in this lineage 

(Bryson et al. 2016). We conservatively assumed that solo songs in autonomous recordings 

were produced by males, but some of them could have been female solo songs. Therefore, 

females might have larger repertoires than those we described and share song types with 

males, which calls for more studies on female vocal behavior in A. assimilis. Thorough 

descriptions of sex-specific vocalizations are also needed in other species to understand 

why some species exhibit female song and others do not (Odom and Benedict 2018; Riebel 

et al. 2019). Neotropical sparrows appear like a promising system in which to study female 
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solo song and its correlates in a comparative context because some species show this 

behavior (e.g. A. assimilis) whereas others do not even though both sexes participate in 

territorial defense (e.g. M. leucotis, Sandoval et al. 2016; P. capitalis, Trejos-Araya and 

Barrantes 2017).   

The pattern of diel variation in song activity in A. assimilis resembles that of other 

New World sparrows (Sandoval and Mennill 2014; Sandoval et al. 2016; Moran et al. 

2019). High vocal output around sunrise is common among birds likely due to better sound 

transmission and inability to forage owing to low light conditions in these hours 

(Hutchinson 2002; Berg et al. 2006). The peak in vocal output in the early morning likely 

functions in territorial defense and to announce territory occupancy because males without 

territories may try to settle during this time (Amrhein et al. 2004). In other duetting species 

a similar pattern in diel variation is observed for male songs, presumably involved in 

territorial function, but more work on the diel pattern in singing activity and behavior is 

needed to further understand if this also applies for female vocalizations (Bradley and 

Mennill 2009; Koloff and Mennill 2013). In addition to the main peak in songs and calls 

around sunrise, we observed a second peak for calls in the late afternoon. A second peak in 

vocalizations is present in other bird species that sing or produce chip calls at dusk 

(McNamara et al. 1987, Neudorf and Tarof 1998), yet the function of vocalizing at this time 

in diurnal birds is unclear. However, anecdotal evidence suggests that increased calling at 

dusk in A. assimilis involves both pair members, suggesting it likely functions to maintain 

contact between males and females during a time of poor visibility prior to settling to 

overnight. Differences in diel variation between songs and calls may be attributed to their 

different functions as in other Neotropical sparrows (Sandoval and Mennill 2014; Sandoval 

et al. 2016);  songs are primarily involved in reproduction and territoriality, but the variety 
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of functions associated with calls (Marler 2004) could explain their higher use through the 

day. Another dimension of temporal variation in vocal behavior that merits study in A. 

assimilis is seasonal change in vocalization use, which has been documented in some 

tropical birds (Demko and Mennill 2019; Moran et al. 2019). Because our sampling was 

restricted to a period after the putative reproductive season, year-round singing patterns 

remain to be described.  

Song sharing in A. assimilis follows a similar pattern to that observed in other 

territorial species in which song repertoire similarity between males decreases with 

geographic distance (Rivera-Gutierrez et al. 2010; Sandoval et al. 2014). Moreover, we 

found that between sectors separated by c. 2 km, males did not share any song or syllable, 

resulting in discrete repertoires at a microgeographical scale. Given that  some males did 

not reach the asymptote in the song accumulation curve, increasing the number of songs per 

individual may influence measures of similarity among individuals but we believe it is 

unlikely to change the correlation between geographical and acoustical distance we 

observed. Associations between geographic and acoustic distance have often been reported, 

but typically over larger spatial scales (Naguib et al. 2001; Koetz et al. 2007). Our 

observations of distinct vocal repertoires over small scales is a novel pattern among birds, 

perhaps with the exception of a fragmented population of Great Tits (Parus major) in 

Europe (Rivera-Gutierrez et al. 2010). Greater similarity in repertoire-use between 

neighbors may arise if neighbors are more genetically similar (Pavlova et al. 2012), but it 

may also reflect post-dispersal learning from neighbors (Salinas-Melgoza and Wright 

2012). We do not have information about kinship in our study population, but two satellite 

males (Males A10 and B3) which settled into newly vacated territories shared all or more 

than 80% of their repertoire with their closest neighbors (Males A5 and B2, respectively; 
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Fig. 5). This is consistent with the hypothesis that males adjust their vocal repertoire based 

on the acoustic environment at the territory where they settled. Such repertoire adjustment 

is likely beneficial in species with year-round territoriality because individuals would not 

need to devote energy to defend territories against neighbors they recognize vocally 

(Beecher et al. 2000). We thus propose that song sharing in A. assimilis is likely shaped by 

male-male interactions as appears to be the case in other species. However, further tests of 

the role of genetic similarity and mechanisms involved in repertoire adjustment (i.e. song 

ontogeny) are necessary to better understand the mechanisms involved in shaping spatial 

patterns in repertoire similarity in A. assimilis.  
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Table 1. Temporal and spectral parameters for a sample of the four types of calls and the 

male song of A. assimilis from non-systematic and autonomous recordings. Call parameters 

combined data for both sexes. 

Vocalization N 

Number of measured 

vocalizations 

Duration 

(sec) 

Minimum 

frequency 

(Hz) 

Maximum 

frequency 

(Hz) 

Peak 

frequency 

(Hz) 

Bandwidth 

(Hz) 

Chip call 30 

462 (15.4 ± 1.63 per 

pair) 

0.06 ± 

0.01 

7101 ± 

311 

10599 ± 

256 

9005 ± 

513 

3498 ± 

400 

Peep call 17 

128 (7.35 ± 4.16 per 

pair) 

0.04 ± 

0.01 

9097 ± 

437 

10032 ± 

212 

9650 ± 

210 

936 ± 503 

Long peep 

call 

29 

402 (13.9 ± 4.09 per 

pair) 

0.10 ± 

0.02 

6698 ± 

538 

9836 ± 

238 

8877 ± 

230 

2259 ± 

607 

Tseet call 18 

211 (11.6 ± 5.28 per 

pair) 

0.13 ± 

0.04 

8242 ± 

304 

9810 ± 

387 

8865 ± 

388 

15793 ± 

370 

Duet 23 

889 (38.7 ± 28.1 per 

pair) 

4.48 ± 

1.66 

2356 ± 

538 

10130 ± 

298 

6674 ± 

1238 

7773 ± 

679 

Male solo 

song 

33 

3211 (103 ± 60.0 per 

male) 

4.72 ± 

1.71 

3190 ± 

714 

9674 ± 

408 

6843 ± 

1160 

6484 ± 

852 

Female 

syllable 

18 

107 (5.94 ± 3.78 per 

female) 

0.38 ± 

0.03 

2577 ± 

321 

9351 ± 

282 

6125 ± 

1291 

6775 ± 

442 
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Figure 1. Calls, solo songs and duets of A. assimilis. Sound spectrograms showing 

examples of four call categories (a. Chip call; b. Peep call; c. Long peep call; d. Tseet call). 

Examples of solo songs (e. Male solo song; f. and g. Female solo song) and a duet (h. 

Showing the contribution from each member of the pair as the lines below each element, 

grey lines depict the male signing, black lines represent the female, and blue lines when the 
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signalling sex is unknown). “Syllable F” found in female solo songs (f. and g.) and duets 

(h.) is framed in a black box. 

 

 

 

Figure 2. Examples of cumulative curves of repertoire size of songs for 13 males of A. 

assimilis based on recordings obtained from 2017 to 2019. The remaining males had 

similar song-accumulation curves that largely overlap with the ones presented here (see 

Fig. S2). We classified 70 different song types for 33 males. On average, each male has a 

repertoire size of 9.63 ± 1.91 song types.  
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Figure 3. Diel variation in vocal activity in A. assimilis in male solo songs and chip calls. 

Vocal output was highest for both type of vocalizations between 0600 and 0700 hours, with 

an additional peak for calls at the end of the day. Bars represent the average and the 

whiskers the standard deviation for 30 territorial pairs based on automatic recordings gather 

from May to August 2019. 
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Figure 4. Sound spectrograms showing examples of solo songs shared (first and second 

row) and unshared (bottom row) by two contiguous neighbor males of A. assimilis (see Fig 

6a-b). Neighbor males shared on average 6.07 ± 2.85 song types in their repertoires (range 

= 0 – 11 song types). 
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Figure 5. a. Dendrogram depicting distances in repertoire-use of 70 song types across 32 

territorial males of A. assimilis. Acoustic distance between territorial males was estimated 

using the Morisita similarity index based on the number of song-types shared between 

individuals. Individuals marked with an asterisk correspond to males that recently acquired 

their territory, whereas the individuals marked with a dot disappeared during the study. b. 

Map showing the geographic distribution of territorial males analyzed in this study. Name 

codes used in the dendrogram correspond to the names in the map, where the letter denotes 

the sector in which the male is located (A: sector A (2900-3100 m) ; B: sector B (2800 m)).  
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Supplementary material 

Table S1. Xeno-canto catalog number of recordings used for spectrograms shown in 

figures. 

Figure Xeno-canto catalog number 

1a XC643896 

1b XC644085 

1c XC644091 

1d XC644096 

1e XC644098 

1f XC644100 

1g and S2 XC644101 

1h XC644104 

4a XC644110 

4b XC644114 

4c XC644128 

4d XC644129 

4e XC644130 

4f XC644132 

S1a XC644136 

S1b XC644152, XC644153 

S1c XC644137, XC644138, XC644139 

S1d XC644141, XC644142, XC644143 

S1e XC644144, XC644147 
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Figure S1. Intra song-type variation in A. assimilis. Sound spectrograms showing examples 

of different degrees of variation within a song type. a. Example of variation in song type 

BG produced by the same individual and recording session, b. Example of variation in song 

type L produced by the same individual, but different recording sessions, c. Variation 

among three males in song type A given by changes in modulation of song elements, d. 

Variation among three males in song type O produced by removal or incorporation of 

syllables, and e. Variation in the order of elements in song type BG between two males.  
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Figure S2. Cumulative curves of repertoire size of songs for all 33 males of A. assimilis 

based on recordings obtained from 2017 to 2019.  
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Figure S3. Sound spectrogram showing an example of female solo song. “Syllable F” is 

framed in a black box. 
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Similarity in song repertoire using Jaccard Index 

In this analysis we found a similar pattern to that found using the Morisita index to 

determine the acoustic distance among individuals. Males from each sector were classified 

in distinct clusters based on their repertoire use (Fig. S3; ANOSIM, R = 0.95, P = 0.001, N 

= 32). Furthermore, males from closer territories were more similar in repertoire use than 

those from distant males within sectors (Fig. S3; Mantel Test, sector A = 14 males,  R = 

0.60, p = 0.00009; sector B = 18 males, R = 0.50, p = 0.00009).  
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Figure S4. Dendrogram depicting distances in repertoire-use of 70 song types across 32 

territorial males of A. assimilis. Acoustic distance between territorial males was estimated 

using the Jaccard index based on the song types shared between individuals. Individuals 

marked with an asterisk correspond to males that recently acquired their territory, whereas 

individuals marked with a dot were males that disappeared during the study.  
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Appendix 3. Biogeography and evolution of habitat association of a Neotropical 

songbird lineage reveal similar diversification dynamics between montane and 

lowland clades. (In review) 
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Abstract. Radiations provide opportunities to understand the origins of high species richness 

in hotspots of biodiversity such as the Neotropical region, and are usually driven by a 

combination of factors that are either intrinsic to organisms, (e.g. ecological traits) or related 

to landscape evolution (e.g. tectonics and climate). Continental radiations including species 

that occur in both mountains and lowlands provide opportunities to contrast diversification 

dynamics at these distinct regions, which may have responded differently to historical 

landscape change. We employed genomic and habitat association data on the widespread, 

forest-associated sparrows of the genus Arremon to investigate biogeographic patterns and 
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compare diversification dynamics between clades occurring in lowland and montane 

Neotropical habitats. For this we 1) built the most complete and best supported phylogenetic 

hypothesis for the genus to date; and 2) reconstructed the evolution of ancestral ranges, 

habitat association and diversification rates in the genus. We found evidence for a montane 

and humid ancestral range in Central America at ~8.4 mya and later expansion (between 8.4–

4.5 mya) into the lowlands of Central America, and into lowlands and mountains of South 

America. Occupation of the lowlands occurred only once, whereas the occupation of dry 

habitats occurred multiple times. The colonization of lowlands and dry forests, and expansion 

across South America likely after the final closure of the Isthmus of the Panama, may have 

provided new geographical and ecological opportunities for speciation resulting in high 

species diversification. Allopatric speciation seems to be the predominant diversification 

mechanism but competition and/or local adaptation might prevent species to co-exist. We 

found a gradual decrease in diversification rates in both lowland and montane clades, fitting 

a density-dependent model of speciation. Diversification dynamics were similar between 

montane and lowland clades despite their temporal and habitat idiosyncrasies contrasting 

with previous studies focused on birds. 

Keywords: Andes, biodiversity, genomics, speciation, systematics  

1. Introduction 

 Evolutionary radiations are defined as the “dramatic proliferation of taxa in a clade” 

[1], and their study may help elucidating how a substantial part of Earth’s biodiversity was 

generated. Most radiations are driven by a combination of biotic factors, such as key 

innovations intrinsic to the organisms, and abiotic factors, related to changes in the landscape 

where these organisms occur [1, 2]. 
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 The Neotropics is likely one of the most prolific regions in terms of radiations [3-7]. 

This may be partly due to its complex geological history, including major landscape changes 

such as the closure of the Isthmus of Panama and the Andean uplift, which promoted biotic 

interchanges, isolated populations causing speciation, and provided the environmental 

conditions for adaptation and range evolution of ecologically diverse organisms [8-11]. This 

history resulted in one of the most complex and heterogeneous regions in the planet, 

providing extensive opportunities to study speciation and diversification dynamics (e.g. how 

diversification rates vary in time) in distinct landscapes [11]. For example, organisms living 

in mountains are thought to be especially prone to speciation due to topographic 

heterogeneity and steep ecological and elevational gradients, whereas lowland species are 

often seen as older and more widespread, implying reduced opportunity for speciation [12, 

13]. However, overall information regarding differences in diversification dynamics in 

lowlands and mountains is relatively scarce and controversial, most likely because few clades 

occupy both kinds of habitats and provide enough sampling and taxonomic resolution (i.e. 

more refined species limits) to allow robust comparisons.  

 A previous study of diversification in montane and lowland Neotropical bird clades 

found higher speciation rates for Andean groups during the Pleistocene relative to lowland 

taxa, and attributed this result to the fact that habitat configuration, hence population 

connectivity and gene flow, were likely more affected by glacial cycles in the mountains 

[14]. However, the perception of lower diversification rates in the Neotropical lowlands may 

be skewed both by undersampling across this vast, often inaccessible, and understudied 

region, especially in Amazonia [15, 16], as well as by a trend of phenotypic 

conservatism/crypticism in habitats apparently more homogeneous, such as the understory 
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of humid forest [17-19]. In contrast, in a plant radiation within a single genus, similar 

speciation dynamics were found for montane and lowland clades [20]. Thus, studies of 

radiations involving closely related montane and lowland clades with comparable taxonomic 

resolution and more complete sampling are essential to understand how diversification 

dynamics vary in Neotropical lowlands and highlands. 

 The genus Arremon occurs in Neotropical mountains and lowlands and in various 

forest types, including humid and dry environments, from Mexico to Argentina, comprising 

19 species and ~50 subspecies level taxa [21, 22]. There are three montane clades (hereafter 

“brunneinucha” with 11 taxa, “torquatus” with 14 taxa and “crassirostris” with three taxa) 

and one large predominantly lowland group with 22 taxa, which is assumed to be 

monophyletic, hereafter the “lowland Arremon” [23]. Species are mostly allopatric, but some 

occur in parapatry (figure 1) [24]. Even though species of Arremon occupy distinct habitats, 

they are all territorialists, inhabit the forest undergrowth, feed on insects and seeds, have 

similar body sizes and share eco-morphological traits such as bill shape [24]. 

 Due to its distribution encompassing many different biomes, and several lowland and 

montane habitats throughout Central and South America, Arremon is an ideal model to 

evaluate the role of abiotic (e.g. geological events) and biotic (adaptation to dry and humid, 

montane and lowland forests) factors in driving the diversification in the Neotropical region. 

Because its major clades have a rare distribution pattern, being almost exclusively distributed 

either in lowlands or highlands, the genus provides a unique opportunity to compare 

diversification dynamics among these two habitat types, while using more refined and 

comparable evolutionary units. Much has been accomplished regarding species delimitation 

and distribution in the montane groups [23, 25-28], but several of the lowland taxa remain 
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poorly studied (but see [29-32]). In addition, phylogenetic relationships among major clades 

and among many taxa have not been confidently estimated [23, 33, 34] precluding the study 

of spatial and temporal patterns of diversification in a comparative framework. 

 Here, sampling almost all species and subspecies recognized within the genus, with a 

broad geographic sampling of widespread taxa, we employ genomic, distribution and habitat 

association data to estimate phylogenetic relationships, range evolution, diversification rates 

and evolution of habitat association. Based on our well supported phylogeny and 

biogeographical reconstruction, we ask (1) how the evolution of habitat association affected 

diversification in the group; (2) if there is temporal and spatial congruence between 

diversification events and geologic and climatic events, focusing on Andean uplift and 

connectivity between Central and South America; and (3) if diversification dynamics were 

different in lowlands and mountains.  

 

2. Material and methods 

a. Phylogenomic relationships 

 Our sampling consisted of 92 individuals, including 15 historical samples from skin 

specimens of Arremon (figure 1, supplementary material: figures S1–3, table S1), 

representing 18 of 19 species, and 47 of 50 recognized subspecies (94%) [21, 22]. The 

missing taxa were: A. phaeopleurus, A. schlegeli fratruelis and A. assimilis nigrifrons. The 

genus Atlapetes, included in a large clade sister to Arremon was used as outgroup [34]. We 

obtained genomic data using a probe set targeting 2,321 loci of Ultra Conserved Elements 
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(UCE) [35, 36]. A detailed description of the methods can be found in the electronic 

supplementary material. 

 Based on a concatenated matrix, we employed IQ-TREE [37] to produce a maximum-

likelihood (ML) tree and ExaBayes [38] to produce a Bayesian inference (BI) tree. For the 

species-tree analysis (ST), we employed a multi-species coalescent approach in SVDquartets 

implemented in PAUP* 4.0a (build 165) [39] with partitioned UCE loci.  

b. Divergence time estimations 

 We used TreePL [40] to produce a time-calibrated phylogeny under a penalized 

likelihood framework. The fully resolved BI tree was pruned to include one randomly 

selected terminal per lineage, and used as input for TreePL. Lineages were defined as 

monophyletic groups corresponding to previously named taxa, which typically have 

phenotypic differentiation. We opted for this provisional arrangement because current 

taxonomic treatment for the group likely underestimates its real diversity [29, 32, 41] and 

might impact subsequent analyses [42]. For more details on lineage delimitation, see 

supplementary material.  

 We fixed the crown age of Arremon at 8.4 million year ago (mya) based on an analysis 

performed in BEAST 2 [43] using sequences of the mitochondrial cytb gene and the widely 

used 2.1% per million year substitution rate (figure S4) [44]. A similar date (~7.5 mya) was 

found for the same node by an independent study employing a biogeographic calibration 

[45]. We used the option “prime” to select the best optimization for the analyses and used 

the cross-validation option to select the best rate-smoothing value. We used this time 

calibrated tree for further analyses. 
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c. Reconstruction of ancestral habitat association 

 To trace the evolution of habitat association (montane vs. lowland, humid vs. dry) 

along the phylogeny, we performed stochastic mapping of ancestral character reconstruction. 

Habitat association data were obtained from literature (table S2). We classified each lineage 

as: 1) montane (foothills and higher elevation), lowland or both; and 2) humid, dry habitat, 

or both. We used the function make.simmap in phytools [46], with the best-fit transitional 

rate model, to generate 10,000 simulations of character reconstruction and summarized the 

results from the posterior probabilities.  

d. Reconstruction of ancestral ranges 

 To estimate geographic range evolution, we used the BioGeoBEARS package in R 

[47]. As we aimed to evaluate the influence of the Andean uplift and the connectivity between 

Central and South America on the diversification of the genus, we considered four areas in 

our matrix: Central America, South America west of the Andes, South America east of the 

Andes, and Andes. We evaluated the fit of data under three different models DEC, 

DIVALIKE and BAYAREALIKE using AICc values.  

e. Diversification rates analyses 

 To compare lowland and montane diversification, we estimated the diversification 

rate dynamics for: 1) the whole genus; 2) lowland and montane clades separately; and 3) all 

four main clades independently. To evaluate if there were shifts in diversification rates along 

the phylogeny and if such shifts were temporally congruent with a particular biogeographic 

event or transition in habitat association, we used Bayesian analysis of macroevolutionary 

mixtures (BAMM) [48, 49]. The number of shifts was evaluated with 95% maximum clade 

credibility, posterior probability and Bayes factor criteria. We produced plots of speciation 
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(lambda), extinction (mu) and net diversification (lambda–mu) rates through time to examine 

patterns of temporal variation in rates. We computed marginal clade-specific rates of 

speciation and extinction, and generated density plots to test if different clades had different 

rate distributions.  

 We also evaluated rate variation using more traditional approaches, which unlike 

BAMM, provide formal statistical tests for rate variations, but do not accommodate rate 

heterogeneity along branches. First, we used the gamma statistics in the Laser package in R 

[50] to check if the data significantly deviated from a null model of constant rate. Positive 

values reflect increase, while negative values reflect decrease in speciation rates towards the 

present. We then evaluate the fit of each clade to different constant rate (pureBirth and 

birthdeath), multi-rate (yule2rate), or density dependant variable rate models (DDX and 

DDL). We tested the model-fit of the data regarding three models of variable speciation and 

extinction rates: 1) SPVAR (exponentially declining speciation and constant extinction); 2) 

BOTHVAR (both speciation and extinction are variable) and; 3) EXVAR (constant 

speciation and exponentially declining extinction). Finally, we produced plots of lineages 

(accumulation) through time (LTT) using ape [51] in R.  

3. Results 

a. Phylogenetic relationships 

 The final dataset contained 2,201 loci (UCE sequences), and each locus was present 

in at least 90% of specimens. All phylogenetic reconstructions produced essentially the same 

topology with minor differences at the tips (figures 2, S1–8). The BI tree had maximum 

support values for all nodes (figure 2), whereas the ML and ST trees had lower values (but 

still mostly well supported) for a few nodes. We recovered four main clades congruent with 
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the “brunneinucha”, “torquatus”, “crassirostris” and “lowland Arremon” groups. The first 

divergence event separates the lowland clade from the three montane clades (figure 2).  

 Within the lowland clade, the first divergence separates all A. aurantiirostris 

subspecies forming a clade, except for A. a. spectabilis, from the eastern Andean foothills, 

which despite its phenotype, was embedded in the flavirostris/polionotus/dorbignii clade 

from the foothills and lowlands east of the Andes, and was not related to A. aurantiirostris 

from west of Andes (figures 1A, 2). Among the remaining “lowland Arremon”, the first split 

originates A. abeillei from the dry lowlands on both slopes of the Andes in Peru and Ecuador, 

and the next separates A. schlegeli from the dry forests of northern South-American, from a 

clade occurring east of the Andes (figures 1A, 2).  

 In the montane clade, the first divergence originates the “brunneinucha” clade, 

including the remarkably phenotypically distinct A. virenticeps. This clade is divided in two 

main clades, north (upper clade in figure 2) and south of the Isthmus of Tehuantepec in 

Southern Mexico (figures 1B, 2). Within the “torquatus” clade, A. costaricensis, from Central 

America is sister to all the remaining taxa (figures 1C1, 1C2, 2). The next split involves A. 

atricapillus from Panama and the Colombian Andes, which is sister to two clades, one 

including the Central Andean taxa (A. assimilis/ A. polyophrys) and the other including the 

Northern (upper clade in figure 2) and Southern Andean clades. Arremon assimilis larensis 

from northern Colombia and western Venezuela is closer to other northern Andean species 

than to remaining A. assimilis subspecies. Arremon crassirostris eurous from Eastern 

Panama is more closely related to A. castaneiceps from the Andes than to the nominal A. c. 

crassirostris from Central America (figures 1D, 2). 
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b. Divergence time estimations 

 Early in the diversification of the genus, three diversification events occurred in a 

short interval of ~1 myr, originating the four main clades (figure 2). After that, long branches 

lead to the crown of the four resulting clades, which diversified during the Pliocene and 

Pleistocene (last 4.5 myr). The “crassirostris” clade comprises a very long branch with 

internal divergence events restricted to the Pleistocene (~1.3 mya). 

c. Ancestral habitat association 

 The best transition model was the one with equal forward and reverse rates for 

montane-lowland, and equal rates for all transitions for humid-dry habitat reconstructions 

(table S3). The most recent common ancestor of all Arremon species was most likely 

associated with montane and humid habitats (figures 3A, B). Colonization of the lowlands 

occurred between ~8.4 and 4.5 mya, and lowland diversification during the last 4.5 my, 

included a few independent recolonizations of montane habitats (mostly foothills). The 

occupation of dry habitats occurred five times independently during the Pleistocene 

exclusively in the lowland clade (figure 3B). 

d. Ancestral range estimation 

 The best-fit model was DEC (dispersal-extinction cladogenesis) (table S4). The 

ancestral distribution for the genus is optimized west of the Andes, in South and Central 

America (figure 2). Ancestral ranges restricted to South America first appear around 4 mya 

and again within the lowland A. aurantiirostris complex at ~3.5 mya. The colonization of the 

lowlands east of the Andes occurred between 4 and 3 mya, followed by a split between A. 
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schlegeli and all other eastern lineages. A few lineages re-colonized the Andes (mostly the 

foothills) independently. 

 Ancestral distribution of the montane clade is reconstructed in Central America. The 

“torquatus” clade likely colonized the Andes during the Pliocene (~3 mya), whereas the 

“brunneinucha” clade colonized this region much more recently, during the late Pleistocene 

(last 1.6 mya). According to the optimization, the “crassirostris” clade occurred in both 

Central America and the Andes, with Central American and Andean species splitting quite 

recently (last 1.3 mya).  

e. Diversification rates 

 The LTT plots for the whole genus (all lineages, black curve in figures 2, S9) and for 

the whole montane clade (dark grey curve) both showed a steep curve (high rates) near the 

crown of the radiation (~8–7 mya), followed by a period of stasis. At ~4.3 mya, a new pulse 

of diversification events occurred, but now involving the onset of lowland diversification. 

Diversification in the montane clade initiated earlier in the radiation and ceased later (in the 

late Pleistocene) compared to the lowland clade (light grey curve), which resulted in a higher 

number of montane lineages (21 vs. 16 in the lowlands). Despite initiating later (~4.5 mya), 

diversification rate in the lowland clade was high, especially during the Pliocene, eventually 

surpassing the number of montane lineages during a period of time. LTT plots for each major 

clade can be found in figure S9. 

 No shifts in diversification rates were detected by BAMM within the whole Arremon 

genus (table S5) precluding possible associations with biogeographic and/or habitat 

association transitions. The best shift-configuration tree shows high rates near the crown of 
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the radiation, with subsequent decrease (figure S10A). The density plot shows high overlap 

and similar speciation and extinction rates (figure S10B) between the main clades, and 

between the lowland and montane clades. We also found very similar mean values of 

diversification rates among clades (table S5). The plots of rate through time show decreasing 

speciation and constant low extinction rates, resulting in decreasing diversification rates for 

all clades (figure S10C).  

 Decrease in diversification rate is corroborated by the gamma test, which is negative 

and significant for the whole genus, but not significant (p=0.13) for the “crassirostris” clade, 

and borderline (p=0.08) for the clade including all the montane Arremon which also contains 

the “crassirostris” clade (table S6). Values were lower (greater decline) for the lowland clade 

compared to the others. The models that best fit our data were the ones with variable (rather 

than constant) and declining rates. The density-dependent speciation model (DDL) 

(speciation decreases with cladogenesis) was selected for all clades, except the ones including 

“crassirostris” (i.e. all Arremon and montane clades), for which the yule2rate was selected 

with a rate decrease at ~1 mya (table S6). The model with exponentially declining speciation 

and constant extinction rate (SPVAR) was selected for all clades (table S8). Extinction was 

low (0.001) in all models (table S6). 

4. Discussion 

Based on the first fully supported phylogenetic hypothesis for the genus Arremon 

(figure 2), we show that: (1) Despite currently having a significant part of its diversity in the 

lowlands and dry habitats, the genus originated in humid montane habitats (figure 3); (2) 

ancestral distribution was restricted to mountains in Central America, with occupation of 

South American lowlands and the Andes occurring mostly during the Pliocene (figure 2) (see 
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discussion at section 4c); (3) the mean value, distribution and overall dynamics of 

diversification rates were similar in lowlands and mountains, but diversification started 

earlier and ceased later in mountains, resulting in higher montane diversity (figures 2, S10). 

Near complete sampling allows us to show that, in Arremon there is no support to the 

hypothesis of overall higher diversification rates in Neotropical mountains in relation to 

lowlands. 

a. Phylogenetic relationships 

 The main clades and lineages recovered are mostly congruent with previous studies 

[23, 26, 27, 52], but the relationships among some of them are novel (figure 2). Despite the 

extensive efforts of several authors [23, 33] in increasing the number of loci to resolve the 

relationships among the four main clades, this is the first time that these relationships are 

confidently estimated, and the topology found here (figure 2) is different from the previously 

proposed hypotheses. Our results confirm the non-monophyly of the formerly proposed 

Buarremon genus [23], which grouped the “torquatus” and “brunneinucha” clades separately 

from “crassirostris” (formerly in genus Lysurus), thus corroborating a more inclusive and 

unified definition of Arremon [23] (figure 2). The close relationship between the 

“crassirostris” and “torquatus” clades is novel and surprising given that the “crassirostris” 

species have nesting behaviour more similar to the “lowland Arremon” species [53], and 

plumage coloration pattern more similar to the “brunneinucha” species, and thus seem to 

share more with those groups than with the “torquatus” clade (figure 2). These phenotypic 

incongruences, coupled with the paraphyly of some species-complexes found or confirmed 

here (e.g. A. aurantiirostris, A. crassirostris and A. brunneinucha) (figure 2) corroborate that 

phenotypic evolution in Arremon was complex, and that phenotypes may sometimes be 

misleading for taxonomic purposes [23]. 
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 In some cases phylogenetic relationships reflected geographic distributions rather 

than phenotypes. For example, in the “lowland Arremon”, A. aurantiirostris spectabilis is 

more closely related to other taxa east of the Andes in the A. flavirostris/ A. polionotus/ A. 

dorbignii complex, than to the remaining A. aurantiirostris subspecies which occur west of 

the Andes (figures 1, 2). Similarly, in the “torquatus” clade A. assimilis larensis, from the 

northernmost eastern Cordillera in the Colombian Andes is more closely related to other taxa 

in northern Andes than to other A. assimilis from Central Andes (figures 1, 2).  

 In contrast, however, the northern Andean clade (A. basilicus/ A. perijanus/A. a. 

larensis/ A. phygas) is more closely related to the geographic distant southern Andean clade 

(A. t. torquatus/ A. t. fimbriatus) than to the adjacent Central Andean clade (A. a. assimilis/ 

A. a. poliophrys) (figures 1C, 2), corroborating a disjunct pattern of Andean distribution 

suggestive of local extinctions, shared among other bird clades [54-56].  

 We found a high intra-specific lineage diversity (figures 2, S1–8), suggesting that 

current taxonomic arrangement underestimates the species diversity within the genus. Even 

though we propose a provisional “lineage-based”, this is only a starting point for a 

comprehensive taxonomic revision of the genus, which is desirable particularly for the 

“lowland Arremon” and “brunneinucha” clades. This is especially relevant considering that 

several Arremon taxa have relatively restricted geographic distributions and thus, refining 

the species limits in the genus may have important implications for conservation.  

 

b. Ancestral habitat association 
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 The origin and evolution of Arremon was largely tied to montane and humid habitats 

as these habitat types were optimized for the ancestral nodes and retained in most extant 

species (figures 3A, B). The occupation of lowlands occurred only once along the evolution 

of the genus, reinforcing the idea that niche conservatism may play a fundamental role in the 

interplay between lowland and montane clades, and that some groups track their optimal 

habitat along historical changes in habitat altitudinal distribution due to climatic changes [55, 

57, 58]. The predominance of diversification within lowlands or mountains is a conspicuous 

pattern contrasting with previous studies in other Neotropical birds, that recover multiple 

transitions between lowland and montane areas associated with speciation [59-62]. It is 

possible that the colonization of the lowlands was enabled by a unique key innovation 

(adaptation), perhaps related to physiological tolerance for higher temperatures, or that 

lowland-adapted lineages constrained further colonization from montane areas through 

competitive exclusion (see discussion in section 3d.) 

The occupation of dry habitats occurred multiple independent times during the 

Pleistocene within the lowland clade, as observed in other Neotropical taxa [60, 63], and 

might be attributed to the historically dynamic spatial distribution of these two habitat types, 

which confers previous exposure and gradual adaption to new environmental conditions [60]. 

Although no shifts in diversification rates were detected along the phylogeny, multiple 

lineages of Arremon evolved into these lowlands and into more arid environments, 

suggesting that geographic expansion and adaptations to these environments were relevant 

for the colonization of an extensive area of the Neotropics, including regions east and west 

of the Andes in South America (figures 1A, 2).  

c. Biogeographic reconstruction 
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 Ancestral range estimation suggests that the ancestral distribution of the genus 

included Central America and the South American lowlands west of the Andes (figure 2). 

However, historical connections between South and North America have been dynamic and 

controversial. These two continents remained largely isolated for long periods of time and 

their connection occurred gradually over the last ~50 mya [64, 65]. More recently, the 

collision between the Panamanian Volcanic Arc with South America at ~12–10 mya resulted 

in the closure of the Central American Seaway [64, 65]. Although the date for a permanent 

connection is controversial [66], sustained migration of terrestrial biota is only detected in 

the fossil record after ~4.2–3.5 mya, suggesting that the connection was fully and 

permanently established at this time, allowing easier passage for terrestrial organisms [64, 

65]. 

 Thus, considering that at about 8 mya the connection through the Isthmus of Panama 

might not have been fully established [64, 65], and that Arremon species are forest-associated 

small birds with presumably low dispersal capability, it is unlikely that a long-term ancestral 

distribution encompassed both Central and South America. In addition, the South American 

area included in the ancestral node (green in figure 2) is a lowland area, but the habitat 

association reconstruction recovered a montane ancestral distribution for the genus (figure 

3A), indicating the Central American mountains as the most likely ancestral range.  

 The first three diversification events within the genus occurred in a short period of 

time (8.4–7.4 mya), probably within Central America (figure 2). Diversification of both the 

“torquatus” and “lowland Arremon” clades starts at about 4.5 mya and may have been related 

to range expansion into South America after the final closure of the Isthmus of Panama, 

resulting in high speciation both in the Andes and in the lowlands. Expansion into South 
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America was likely one of the most important biogeographic events in the diversification of 

the genus, (as noted for many other groups [10, 67]), as up to 23 out of 37 of its extant 

lineages are restricted to South America (figure 2). More interestingly, the simultaneous 

occupation of South America by the “torquatus” and “lowland Arremon” clades occurred 

during a period (last 4.5 my) of intense geological and climatological dynamism, with 

expressive changes in the landscape of the continent [9, 68]. Thus, it is possible that some of 

the main Arremon ancestral lineages were caught in the perfect “storm” of events in a perfect 

timing for speciation, resulting in a remarkable recent radiation.  

 The final uplift of Central and Northern Andes during the Pliocene probably 

interrupted an ancient lowland corridor near the Magdalena and Cauca Valleys in Southern 

Colombia [69, 70], influencing the diversification of both montane and lowland biota in 

northern South American [9, 62]. In Arremon, this is congruent with vicariant events early 

in the diversification of 1) the montane clade “torquatus”, whose taxa occur in “well-known” 

biogeographic regions in Central and Northern Andes (figure 1C, 2), a typical distribution 

pattern shared with many other bird groups [56, 71] and; 2) the “lowland Arremon” clade, as 

suggested by the trans-Andean divergence at ~3.3 mya, congruent with other lowland birds 

(figure 1A, 2) [17, 62].  

 The diversification in the “brunneinucha” clade started later (~3.3 mya) and was 

centred in Central America (figure 1B, 2). Its main geographic break separates taxa north and 

south of the Isthmus of Tehuantepec in Southern Mexico. During the mid-Pliocene, tectonic 

dynamics in this region [72] resulted in notable reduction of elevations, followed by marine 

transgressions, which have been linked to diversification in other montane vertebrates with 

similar distribution and divergence times [73, 74]. 
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 Many diversification events within Arremon date to the Pleistocene (figure 2), when 

cycles of climatic changes caused substantial shifts in habitat configuration, resulting in 

cycles of population isolation and contact [68, 75]. These events have been linked to 

diversification in lowland Arremon species [30-32] and are expected to have affected the 

distribution and diversification of the montane taxa as well [13, 14, 71]. For example, recent 

colonization of the Andes by some Central America montane lineages (or vice versa) such 

as A. brunneinucha frontalis, the “crassirostris” clade (figure 1, 2), and possibly A. 

atricapillus (whose Central and South American populations diverged 1 mya, figure S4), 

suggests increased connectivity between currently isolated montane habitats during the 

Pleistocene, probably due to vertical shifts of montane vegetation distribution promoted by 

colder climates [71]. Similarly, speciation mediated by dispersal events across the Andes 

through lowpasses during more suitable past climatic conditions have been proposed for 

other lowland bird species [62, 76]. This could be related to diversification events in the A. 

abeillei complex (figures 1, 2), which occurs on both sides of the Porculla Valley, one of the 

Andean regions more susceptible to historical crossings [76].  

 

d. Diversification rates in lowlands and highlands 

 Mean diversification rates estimated by BAMM are comparable with those of other 

rapid radiations in birds such as Tanagers, Tapaculos and Hummingbirds (table S5) [3, 4, 

77]. The LTT shows higher diversification rates in the montane versus lowland clade, both 

early in the radiation of the genus and more recently, during the early Pleistocene, resulting 

in slightly higher current montane diversity (figures 2). This is congruent with previous 

studies that suggest that montane populations, especially in the Andes, were highly 
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susceptible to isolation during glacial cycles due to linear distributions and steep altitudinal 

gradient [13, 14, 71]. Nonetheless, Pleistocene climatic oscillations have also been linked to 

diversification or to population structure in two “lowland Arremon” groups [30-32], and 

detailed studies of other lowland clades may reveal cryptic diversity, which seems to be more 

common in humid lowlands [17, 19]. During the period in which the genus occurred both in 

lowlands and mountains (last 4.5 mya) diversification rates were comparable, with lowland 

rates even surpassing highland rates between 2 and 3 mya (figure 2 ,figure S9). Interestingly, 

the colonization of Amazonia, a species rich area which usually accounts for a large portion 

of lowland diversity, is very recent and unusually represented by a single species with 

shallow population structure, A. taciturnus (grey in figure 1A), and thus did not significantly 

contribute to lowland species diversity [30]. 

 Diversification rates were high early in the radiation of Arremon and decreased with 

time in all clades as shown by BAMM, gamma statistics, and a model with density dependent 

speciation (speciation decreases with cladogenesis), which fitted most clades within Arremon 

(figure S10, table S5–6). The DDL model is commonly found in radiations and many 

explanations have been proposed [42]. Considering that our sampling was broad and 

taxonomically comprehensive, our results are possibly due to: 1) very high rates near the 

crown of the radiation, with the first three diversification events happening in a short time 

interval; 2) gradual decrease of geographic opportunity for allopatric speciation (successively 

smaller ranges resulted from vicariance events are less susceptible to further fragmentation 

if geographic ranges are not further expanded); and 3) strong territorial behaviour associated 

with little ecological/morphological innovation to avoid competitive exclusion, and/or strong 

adaptation to specific environments, both of which hinders further geographic expansion and 
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co-existence, reducing speciation opportunities. Most current Arremon taxa have small 

distributions, and are largely allopatric or parapatric. Our ancestral range reconstruction 

corroborates previous findings that even some of the few sympatric taxa such as A. 

brunneinucha frontalis and some of the taxa in the “torquatus” clade evolved largely in 

allopatry, and the current co-occurrence is recent (figures 1, 2) [23, 78]. Thus, predominance 

of allopatric speciation corroborates a role of decreasing geographic opportunity for 

speciation. To what extent the subsequent lack of sympatry in the genus is also constrained 

by competition or by local adaptation remains to be tested. Evidence for both of these 

hypotheses have been found for montane Arremon species, but remains untested for the 

lowland groups [28, 78, 79].  

 Despite some temporal asynchrony between diversification in lowland and montane 

clades (figures 2), the similarities found between them are notable, they both: 1) have similar 

mean values and overlapping distributions of diversification rates (table S5, figure S10B); 2) 

have their rate variation fitting to the same model (table S6, figure S10C)(i.e. similar 

diversification dynamics) and 3) produced comparable numbers of extant lineages (figures 

2); thus suggesting overall similar diversification dynamics among these two environments. 

It is possible that different features of the landscape that lead to in situ diversification in 

mountains and lowlands counterbalance each other. For example, Neotropical mountains 

might be more susceptible to fragmentation per area, due to their latitudinal linearity and 

steep environmental gradients [13], but the lowlands are more extensive in total area, which 

allows for significant habitat heterogeneity [80] and spatial opportunity for fragmentation, 

that may be comparable in magnitude to mountains.  

 Conclusion 
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 We present the first fully supported phylogenetic hypothesis for the genus Arremon 

and infer that the genus originated in montane and humid habitats in Central America, and 

subsequently colonized the lowlands of Central and South America, as well as the dry 

habitats and the Andes. Speciation in Arremon seems to be largely allopatric and tied to 

biogeographic events that are shared with many other Neotropical organisms, suggesting a 

strong geographic contribution. The colonization of South America during a time of 

landscape dynamism likely after the final closure of the Isthmus of Panama, may have 

provided new opportunities for geographic speciation and adaptation to new environments, 

which were important for range expansion, resulting in high diversification both in lowland 

and montane clades. We show that despite their spatial and temporal idiosyncrasies, montane 

and lowland clades have diversification rates with similar mean value, distribution and 

temporal variation. Thus, the Arremon genus’ evolutionary history is an interesting example 

of comparable diversification rates in lowlands and mountains, and does not support the idea 

that Neotropical mountains would have consistently higher diversification rates when 

compared to the lowlands. 
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Figure legends 

figure 1. Maps of geographic distributions of the Arremon taxa shown separately by major 

groupings: A) “lowland Arremon”; B) “brunneinucha”; C1 and C2) “torquatus”; and D) 

“crassirostris”. Polygons show current range coloured by species according to the 

classification of BirdLife International (http://datazone.birdlife.org), symbols represent the 

tissue samples used in this study coded by their current taxonomic classification. 

 

figure 2.  

Phylogenetic relationships and divergence times among taxa within the Arremon genus. 

The topology shown was recovered by Bayesian Inference (BI) with 2,201 concatenated 

loci (UCE sequences) and a 90% complete matrix. All nodes had maximum support values. 

Divergence times were estimated using TreePL. Colours at the tree tips represent 

distribution areas of current lineages, while colours on the tree nodes represent the ancestral 

ranges estimated under the DEC model in BioGeoBEARS. Nodes or tips with more than 

one colour represent ancestors or current lineages that occur in more than one area. 

Geographic location of these areas can be seen on the map (bottom right). Lineages through 

time (LTT) plots (bottom left) in log values of cumulative number of lineages. Curves are 

coloured to represent the whole Arremon radiation (black), montane (dark grey) and 

lowland (light grey) clades. The LTT plots were calculated using the fully supported, time 

calibrated UCE tree. More detailed topologies, the full BI, Maximum likelihood (ML) and 

Species trees (ST) can be found in figures S1–8. Bird illustrations by Hevana Lima. Some 
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of taxa shown in figure 1 are omitted from the phylogenetic tree because they were not 

sustained as distinct lineages (e.g. they were not monophyletic). 

 

figure 3. Stochastic ancestral character state reconstruction performed for ecological traits 

in Arremon: A) Montane vs. lowland habitat; and B) humid and dry forests. Pie charts in 

nodes represent posterior probabilities of ancestral character state sampled from 10,000 

simulations. The analyses were based on the fully supported time calibrated UCE tree. Taxa 

names on the tips are abbreviations using the first three letters of the specific and 

subspecific epithets. The full names of the taxa at the tips are shown in figure 2 in the same 

order. 
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