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A small group of tui (Prosthemadera novaeseelandiae) at a feeding station (photo: 

Anna Arrol, with permission). 

 

“The Parish I live in is a very abrupt, uneven country, full of 

hills and woods, and therefore full of birds”.  
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Abstract 

 

In songbirds, song is important for mate attraction and territory defence. Females of 

some species preferentially select males that have more complex songs, an honest 

signal for male fitness. Examining variation in song complexity provides important 

insights into the evolution of sexually-selected vocal characteristics. In this thesis, 

hypotheses examining song complexity variation and a series of biological and 

environmental factors were tested. A socially monogamous songbird with highly 

complex songs and high extra-pair paternity (tui, Prosthemadera novaeseelandiae) 

was selected as the main study model. Firstly, the hypothesis that song complexity in 

songbird broadcast songs would be higher than in interactive songs was tested. In 

addition, it was predicted that there would be a positive association between song 

complexity and extra-pair paternity frequency. This was conducted across 78 

songbird species, the most comprehensive analysis in this study area to date. 

Concordant with the predictions, tui broadcast songs were found to have higher 

complexity than interactive songs. Furthermore, after controlling for phylogenetic 

relatedness, a significant positive association between extra-pair paternity frequency 

and within-song complexity was found across multiple species. Secondly, I tested 

the hypothesis that tui song complexity would be higher at dawn than at solar noon 

and dusk. It has previously been established that dawn is a critical period for 

intensified songbird vocal displays, such as increased song rate. However, little 

research has been conducted on diurnal variations in song complexity, which was 

predicted to be higher at dawn. As predicted, both tui song complexity and intrusion 

rates were significantly greater at dawn than at dusk. In addition, two song 
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complexity variables were inversely correlated with intrusion rate. Thirdly, the 

hypothesis that male tui would respond more aggressively to more complex songs 

was tested, to assess whether song complexity plays a role in male-male interactions. 

Male responses to rival male songs of different degrees of complexity were 

subsequently examined using playback experiments. Male tui songs with higher 

complexity evoked stronger and more aggressive intrasexual responses than simple 

song as predicted. Fourthly, I tested the hypothesis that habitat complexity would 

correlate positively with tui song complexity. The association between habitat 

structure and tui song complexity was investigated by comparing male song 

complexity in two types of habitat: forest remnants with high complexity, and open 

habitats with lower complexity. As predicted, habitat complexity correlated 

positively with tui song complexity. Overall, the findings in this thesis provide 

evidence that several biological and environmental factors are associated with the 

evolution of song complexity; a socially-selected vocal trait. This study suggests that 

complex songs in vocally complex songbirds may have evolved under extra-pair 

paternity, territorial and environmental pressures. It therefore has implications for 

furthering our understanding of song complexity evolution in songbirds. 
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1 General introduction 

 

Tui in flight after feeding on flax nectar (Phormium tenax) (photo: Andrew 

Underwood, with permission). 
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1.1 Songbird vocal behaviour 

 

Vocal communication is a behavioural trait important for the fitness of animals, 

especially songbirds (Suborder Passeri). It is therefore an important study area 

within the fields of behavioural ecology and evolutionary biology (Catchpole & 

Slater 2008; Mason et al. 2017). Evidence indicates that many aspects of song are 

subject to both inter- and intra-sexual selection and play central roles in songbird 

mate attraction and territory defence (Catchpole & Slater 2008). Both males and 

female songbirds may sing however this thesis focuses on male song only.   

 

Females may preferentially select specific vocal features in males, as they may be 

reliable indicators of male physical or behavioural qualities (Drăgănoiu et al. 2002). 

For example, females of some species have been shown to be attracted to males 

exhibiting higher song rates (Alatalo et al. 1990; Nowicki & Searcy 2004), which 

would therefore potentially give such males more mating opportunities with a larger 

number of partners (Lattin & Ritchison 2009). There will also likely be directional 

selection for louder males due to female preferences for this trait (Ritschard et al. 

2010) as well as songs with broad bandwidths (Drăgănoiu et al. 2002). Song 

consistency, the ability to accurately repeat each song type, can also be an important 

male trait in terms of intersexual selection, as it is positively correlated with 

reproductive success and dominance ranking in tropical mockingbirds (Mimus 

gilvus, Botero et al. 2009). Multiple song traits are associated with male quality 

because they can also reflect early-life conditions of individuals during song 
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learning, such as brood size and the level of developmental stress experienced 

(Buchanan et al. 2004; Botero & De Kort 2013). 

 

In addition to intersexual selection, song can be considered to be under intrasexual 

selection because it plays a key role in male territory defence (Catchpole & Slater 

2008). For example, territorial males increase song amplitude during simulated rival 

male challenges in the nightingale Luscinia megarhynchos (Brumm & Todt 2004). 

Furthermore, male song output is increased during the female fertile period, 

functioning to prevent rival males undertaking extra-pair (EP) mating with his 

partner (Møller 1991). Another song characteristic that plays a role in territory 

defence is the production of rapid trill sound units (syllables) without a significant 

narrowing of bandwidth (vocal deviation). There is evidence that the production of 

fast trills and broad bandwidths are perceived by competitors as honest signals of 

male quality because the ability to maximise both trills and bandwidth is governed 

largely by motor constraints on song production (Phillips & Derryberry 2017). 

Exhibiting singing behaviours that serve to assert territory has several evolutionary 

advantages for territorial males such as reducing physical conflict thereby 

minimising the chances of injury. Males thus conserve energy and resources which 

can then be used to enhance future mate attraction and subsequently reproductive 

success (Catchpole & Slater 2008).  

 

Song complexity is another vocal behaviour characteristic considered to be under both 

inter- and intrasexual selection in songbirds (Ballentine et al. 2003; Catchpole & Slater 

2008). Song complexity has become a key model within studies on sexual selection in 
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recent years (Garamszegi et al. 2012). Evidence suggests that the females of multiple 

species will preferentially select males that produce songs that are more complex 

(Catchpole et al. 1986; Eens et al. 1991). There is also evidence that males will also 

assess rival male songs based on their level of complexity. For instance, songs that 

have higher complexity may stimulate a greater number of aggressive approaches by 

rival males in some species (Mountjoy & Lemon 1991). Song complexity traits are 

important in an evolutionary biology context since the ability to learn complex songs 

is genetically heritable from father to son (Woodgate et al. 2013; Croston et al. 2015). 

From an evolutionary perspective, heritability is critical in order for sexual selection 

to operate (Trösch et al. 2017). Song complexity is also a permanent trait in some 

species (Kubli & MacDougall-Shackleton 2014) that incurs costs associated with song 

nuclei development. These song nuclei are areas within the songbird brain specialised 

for song learning and production (Nowicki et al. 1998, 2002). Song complexity 

therefore is an important trait in the study of the evolution of vocal behaviour.  

 

1.1.1 Song complexity  

 

Song complexity can be measured in terms of between-song complexity (e.g. the size 

of male song or syllable repertoire), and ‘within-song complexity’ (e.g. song length, 

the number of different syllables within a song, and the number of transitions 

between syllables) (Eens et al. 1991; Mountjoy & Lemon 1991; Ballentine et al. 

2004; Illes et al. 2006; Zhang et al. 2017). In some songbird species, song 

complexity is more strongly selected by females over performance-based traits such 

as high song output (Cramer 2013), as the production of complex songs may be 
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associated with male cognitive performance, fitness and reproductive success 

(Catchpole 1986; Reid et al. 2005; Boogert et al. 2011; Soma & Garamszegi 2011). 

High song complexity therefore can be considered an honest signal of male quality 

(Buchanan & Catchpole 2000). Females may assess both between-song complexity 

and within-song complexity. For example, there is evidence that females 

preferentially select males with large song and syllable repertoires (Searcy 1992; 

Searcy & Yasukawa 1996; Buchanan & Catchpole 1997; Reid et al. 2005). In 

addition, males with large song repertoires are less likely to suffer mate cuckoldry 

than those with smaller repertoires (Hasselquist et al. 1996; Hasselquist 1998). 

Moreover, research indicates that song repertoire size is inversely related to the level 

of male inbreeding (Reid et al. 2005), thus song complexity may be attributable to 

parental genetic compatibility. Males that sing longer song bouts have also been 

shown to keep mates for longer periods of time and produce larger clutches than 

males that sing shorter song bouts (Eens et al. 1991; Mennill et al. 2005). 

Furthermore, females may selectively copulate with males who sing a larger number 

of different syllables within a song (Catchpole et al. 1986). The females of many 

songbird species may preferentially select males that produce syntactically complex 

songs (Woodgate et al. 2011), as they are energetically-expensive signals reflecting 

genotypic and phenotypic quality (Nowicki et al. 2000; Ballentine 2009). However, 

previous evidence suggests that complex songs may have evolved under intersexual 

selection pressures in monogamous species only. In polygynous species (males with 

more than one social partner), songs may have evolved under intrasexual pressures 

to become shorter, simpler and more stereotyped, which function more for male-

male interactions in a territorial context (Catchpole 1980). Collectively, this evidence 
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demonstrates that songbird song complexity can be an honest signal reflecting 

multiple measures of male quality.  

 

Previous studies have found that male between-song complexity, in terms of song 

repertoire size, can be positively correlated with successful territory acquisition, 

defence and tenure (Catchpole & Slater 2008; Potvin et al. 2015). Furthermore, 

evidence suggests males of some species (e.g. starling Sturnus vulgaris) that produce 

simpler songs with fewer phrase types (complexes of notes or syllables within a song, 

Nelson & Marler 1994) are more likely to suffer territorial invasions than those that 

produce complex songs (Falls 1988; Mountjoy & Lemon 1991). Though the reasons 

for this are unclear, it has been suggested males assess and perceive high song 

complexity as a signal that reflects territorial defence capabilities (Hesler et al. 2011). 

This relates back to mating success because territory holders that have lower song 

complexity and lower territory defence abilities have a greater chance of suffering 

partner cuckoldry by rival males which would subsequently also gain extra-pair 

copulations. However, the effect of within-song complexity characteristics such as 

syllable diversity on territory defence is still yet to be fully understood. 

 

1.1.2 Song complexity variation  

 

Song complexity varies markedly among species, with some producing monotonous 

patterns composed merely of a few syllables (Catchpole 1980). For example, the 

zebra finch (Taeniopygia guttata) sings highly stereotyped songs where only one 
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song type with slight variations is produced (Glaze & Troyer 2006). Similarly, the 

swamp sparrow (Melospiza georgiana) produces songs composed of a single 

syllable repeated at a constant rate (Gould 2004). In contrast, other species have 

highly complex songs with a large repertoire of syllables organised in non-random 

fashion with discernible patterns (Sasahara et al. 2012). The European starling 

(Sturnus vulgaris) for example produces many different song types (Moorman & 

Bolhuis 2013), and the winter wren (Troglodytes hiemalis) produces up to 40 

different syllables per song (Kroodsma 1980). Kroodsma (1980) claimed the winter 

wren to be ‘the pinnacle of song complexity’ due to its high syllable diversity. 

However, other species (e.g. the superb lyrebird Menura novaehollandiae, Dalziell et 

al. 2013, California thrasher Toxostoma redivivum, Sasahara et al. 2012, red-eyed 

vireo Vireo olivaceus, Borror 1981, and common nightingale, Bartsch et al. 2015) 

have also been documented as having highly complex songs with large syllable 

and/or song repertoires.  

 

Pronounced interspecific variation in song complexity also has been shown to exist 

within the same taxonomic family (e.g. honeyeaters, Meliphagidae). The repertoires 

of noisy miners (Manorina melanocephala) and New Holland honeyeaters 

(Phylidonyris novaehollandiae) consist of simple single note whistles (Jurisevic & 

Sanderson 1994). Red wattlebirds (Anthochaera carunculata) and little wattlebirds 

(A. chrysoptera) also sing relatively simple songs, generally consisting of harsh 

syllables covering several frequencies (Jurisevic & Sanderson 1994). Contrarily, 

bellbirds (Anthornis melanura) and tui (Prosthemadera novaeseelandiae) sing 

complex vocalisations consisting of many different syllables and songs (Brunton & 

Li 2006; Hill 2011; Hill et al. 2013). This suggests phylogeny alone, cannot explain 
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the variation in the degree of song complexity in different species (i.e. phylogenetic 

signal). The evolutionary drivers and biological significance of song complexity 

variation is still uncertain. 

 

Because song complexity can be directly related to male reproductive success in 

certain species (Hasselquist et al. 1996; Hasselquist 1998; Forstmeier et al. 2002), 

intraspecific song complexity variation can occur. Both song complexity and 

reproductive behaviour (e.g. the frequency of extra-pair paternity, EPP) vary hugely 

across taxa (Catchpole 1980; Taylor et al. 2008; Sasahara et al. 2012). Since song 

complexity has previously been found to correlate with breeding success it is 

possible there is an evolutionary association between these two behavioural factors. 

Sperm competition between males occurs in socially monogamous species that 

engage in EPP (Birkhead 1998), with the prediction that sperm competition would be 

greater in those species with high EPP frequency. Furthermore, as song complexity 

is often strongly selected by females in these species, male song complexity in the 

males should also be higher, as it reflects an individual’s quality (Catchpole 1986; 

Reid et al. 2005), physical condition (Spencer et al. 2003; Pfaff et al. 2007; 

MacDougall-Shackleton et al. 2009), and social status (Bartsch et al. 2015). Some 

studies have indeed documented significant within-species associations between EPP 

frequency and certain song complexity characteristics such as song repertoire size 

and song duration (Hasselquist et al. 1996; Gil et al. 2007). Nevertheless, two major 

meta-analysis studies concluded that either weak, negligible, or overall 

nonsignificant relationships exist between EPP frequency and several aspects of song 

complexity and performance in a wide range of species (Garamszegi & Møller 2004; 

Soma & Garamszegi 2011). This inconsistency in conclusions suggests examinations 
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of the relationship between EPP frequency and song complexity requires further 

research.  

  

In addition to reproductive fitness, evidence demonstrates that in multiple songbird 

species there is an association between song complexity and several other fitness 

traits. For example, male song complexity is positively correlated with metrics such 

as the number of grandoffspring produced in addition to male parental care ability 

i.e. their ability to successfully rear offspring from hatchling to parental care 

independence (Reid et al. 2005; Bartsch et al. 2015). Furthermore, highly complex 

songs produced by male swamp sparrows are directly correlated with age and body 

mass (Ballentine 2009). Females therefore gain immediate, direct, indirect and 

intergenerational fitness benefits by selecting males that have higher song 

complexity (Hasselquist et al. 1996; Nowicki et al. 2000; Buchanan et al. 2004; Reid 

et al. 2005; Bartsch et al. 2015). Song complexity can also reflect the health of a 

population (Laiolo et al. 2008). For example, in healthy populations of Dupont’s 

larks (Chersophilus duponti), individuals had faster growth rates during 

development, there were more males and higher ratios of young birds to adults that 

sang a more diverse array of complex songs. Birds from slower growing and less 

dynamic populations on the other hand were more likely to sing simpler songs 

(Laiolo et al. 2008). These multiple factors can give rise to variation in intraspecific 

song complexity.  

 

Intraspecific song complexity variation has also been demonstrated at the 

macrogeographic level. For example, island populations of some songbird species 
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have been found to have reduced song complexity than their mainland congeners 

(Baker 1996; Hamao & Ueda 2000; Tu & Severinghaus 2004; Hamao et al. 2013). 

The founder effect and a lesser scope for immigration and emigration, which can 

consequently lead to competition reduction within island populations (Baker 1996; 

Valderrama et al. 2013), are factors that can contribute to a reduction in vocal signal 

complexity. These findings demonstrate that both demographic and geographical 

factors are associated with song complexity reduction. Differing degrees of song 

complexity on a microgeographic spatial scale in areas of differing habitat 

complexity however is currently unresolved.  

 

Environmental factors may also influence song complexity in songbirds. For 

example, song duration may be longer in territories within dense forest areas (Van 

Dongen & Mulder 2006). Furthermore, in American tree sparrows (Spizella arborea) 

song repertoire size was inversely correlated with species-richness within forested 

habitats (Naugler 1992; Naugler & Ratcliffe 1994). On the other hand, in species-

poor areas, American tree sparrows would sing a greater number of different song 

types (Naugler & Ratcliffe 1994). These factors are consistent with the acoustic 

competition hypothesis which states that song complexity will increase with 

decreasing number of species (Naugler & Ratcliffe 1994; Hart et al. 2018). 

Alternatively, habitat complexity in terms of vegetation biodiversity, was shown to 

be positively correlated with the acoustic complexity of multiple songbird species in 

a tropical dry forested habitat, as measured by the acoustic complexity index (Hilje 

et al. 2017). Acoustic complexity may also influence other songbird vocal 

behaviours for example, song frequency will generally be lower in closed habitats 

with greater levels of complexity because higher frequency sounds are more easily 
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scattered by the greater number of dispersing surfaces within forested areas (Morton 

1975). In other words, lower frequency sounds have better sound attenuation in 

forested areas than higher frequency sounds. These aspects highlight that varying 

environmental conditions may influence songbird vocal behaviour in a variety of 

different means.  

 

Varying song complexity may also be exhibited within an individual’s repertoire 

(intra-individual variation; Leitão et al. 2006). Chaffinches (Fringilla coelebs), for 

example, may produce songs of differing complexity levels in terms of varying 

quantities of trill syllables produced per song (Leitão et al. 2006). Furthermore, 

evidence suggests field sparrows (Spizella pusilla), which have just two song types 

within their repertoire (one complex and one simple song), produce their complex 

song type more often within specific contexts. For example, their complex song type 

is produced more during both territorial confrontations, and during dawn, when 

territorial intrusions are most likely (Nelson & Croner 1991). More vocally complex 

species, such as tui, have a higher number of syllables within their repertoire and 

therefore are likely to produce a far wider variety of songs with differing complexity 

levels than vocally simpler species (Hill et al. 2015). However, whether tui also 

produce their higher complexity songs during the dawn period is unknown. Since 

previous studies demonstrate that vocal aspects of some species are intensified at 

dawn (Erne & Amrhein 2008; Sandoval & Mennill 2014; Quispe et al. 2016), song 

complexity, a trait known to be important for territory defence in many species, 

should show the same trend.  
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In species with large syllable and song repertoires, the function of songs with 

differing complexity levels is not yet fully established. Evidence implies however 

that tui song complexity exhibits inter-seasonal variations. Specifically, in the 

breeding season, songs are more complex in terms of a greater amount of trill 

syllables than those in the non-breeding season (Hill et al. 2015). This suggests that 

songs that are more complex function to maximise mate attraction and territory 

assertion during the breeding season, although this prediction has yet to be 

empirically tested. Examining the role of song complexity variations within an 

individual’s repertoire helps establish the relationship between structure and function 

of multiple intra-individual signals (Chaine et al. 2015). It also provides important 

insights into the evolution of divergent songs within an individual’s repertoire, or in 

other words, the adaptive significance of producing songs with differing complexity 

levels. 

 

In this thesis, the correlates of songbird song complexity and a series of important 

biological (EPP and territoriality) and environmental (habitat variations) factors were 

investigated. Song complexity is a vocal trait key to advancing the understanding of 

the relationship between vocal behaviour and sexual selection. Examining variation 

in songbird song complexity also enhances our understanding of sexually-selected 

complex signals and the factors that at least partly drive their evolution (Boogert et 

al. 2008). It also advances our understanding of how song is linked to factors such as 

acoustic adaptation, cultural evolution, and quality signalling (Lynch 1996; 

Boncoraglio & Saino 2007; Ballentine 2009). Ideal study models to investigate 

factors associated with song complexity variations are species with high song 

complexity, since such species have the potential for large variation at the syllable or 
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syntactic level (Kiefer et al. 2006; Briefer et al. 2008; Briefer et al. 2010). Examining 

song traits that have evolved into extreme forms such as high song complexity helps 

to gain a greater understanding of the association between function and signal 

evolution (Funghi et al. 2015).  

 

1.1.3 General methods and summary of song complexity 

measures  

 

Vocalisations in songbirds include both calls and songs. These can be 

straightforwardly differentiated, as calls are generally structurally simple and 

contextual, are often produced in reference to a particular function such as distress 

signals in addition to being innate (Laiolo et al. 2004). Songs on the other hand are 

principally more complex and often require the process of learning from conspecifics 

in a complex interaction between inborn programming and plastic imitation (Gardner 

et al. 2005; Catchpole & Slater 2008). This thesis focused on songs only, both 

broadcast songs, which are intended for distant audiences, and interactive songs, used 

in male-male confrontations and male-female interactions (Titus 1998; Reichard et al. 

2011).  

 

Song complexity can be measured using several quantitative variables, for example 

song and syllable repertoire size, and song versatility (measures of between-song 

complexity, Doutrelant et al. 2000; Garamszegi & Møller 2004; Zeng et al. 2007). 
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Syllables are generally considered the basic building blocks of songs (Markowitz et 

al. 2013). A syllable can be defined as either a continuous tracing on a sound 

spectrogram; or a tight group of identical sound units (Garamszegi et al. 2003; 

Boogert et al. 2008; Yu et al. 2017) separated from other syllables by a visible 

temporal interval ≥ 90 ms (Figure 1.1). The extraction of syllables requires manual 

inspection of songs and is labour-intensive, however the advent of advanced 

automated syllable-recognition algorithms is likely to facilitate rapid and 

conceivably more accurate measures of syllable counts in future efforts (Burkett et 

al. 2015). 

 

Figure 1.1: A spectrogram of a male tui song highlighting total number of syllables, 

song duration and syllable diversity. This example has eight syllables in total and 

seven different syllables (syllable five is repeated). The syllable rate of this song is 8 

÷ 2 sec = 4 syllables per second. 
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However, a mere count of syllables within a repertoire may not be the most 

appropriate way to measure song complexity (Gil & Slater 2000). By focusing only 

on absolute repertoire size, meaningful variation in other variables related to 

complexity could easily be missed (Leitão et al. 2006), thus using multiple variables 

that measure within-song complexity could be more important to measure overall 

complexity (Nowicki & Podos 1993).  

 

Within-song complexity measures include: 1. Song length or duration, 2. Syllable 

diversity, 3. Syllable rate, 4. Syllable transitions, 5. Total number of syllables per 

song, 6. Trill duration and proportion. Song length or duration (Boogert et al. 2008) 

is defined as the length of time from the start of the first syllable to the end of the 

terminal syllable of each respective song (Boogert et al. 2008). It can also be 

considered a temporal song variable (Turčoková et al. 2010) and has been shown to 

be positively correlated with the volume of a telencephalic song system nucleus, the 

HVC (Eens et al. 1991), which controls the learning and production of vocal signals 

in songbirds (Gil & Gahr 2002; Buchanan et al. 2004). Syllable diversity is defined 

by the number of different syllables in an individual’s song (Garamszegi et al. 2003; 

Boogert et al. 2008; Yu et al. 2017). Different syllables were identified and 

distinguished by their duration, spectral structure, and bandwidth (the difference 

between minimum and maximum frequencies), Females favour a large diversity of 

syllables when selecting mates (Woodgate et al. 2011). Syllable rate is a calculation 

of the number of syllables produced per second (Feßl & Hoi 2000). In addition to a 

song complexity measure, it can also be used as a measure of song performance 

(DuBois et al. 2009; reviewed in Linhart et al. 2013) and can reflect male quality 

(Ballentine et al. 2004). Evidence intimates that females may also select males with a 
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high number of syllable transitions, specifically a high degree of switching from one 

syllable type to another (Woodgate et al. 2011). The total number of syllables per 

song differs discreetly from syllable diversity in that it is simply an overall tally of 

all syllables within a particular song (Boogert et al. 2008). Finally, in those species 

that produce trills, females perceive them as predictors of male quality; such are the 

high energy demands of producing trill components (Ballentine et al. 2004; Hennin 

et al. 2009; Kagawa & Soma 2013). Trills have been shown to be aggressive signals 

in territorial male nightingales (Schmidt et al. 2008) and swamp sparrows (DuBois et 

al. 2009). These within-song complexity variables can be analysed, extracted and 

compared using song spectrograms across different individuals and species. 
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1.2 Main study species  

 

Tui are medium-sized honeyeaters endemic to New Zealand. Though nectarivorous, 

they also eat fruits, seeds and arthropods (Craig et al. 1981; Bergquist 1985). Tui 

inhabit mature mixed podocarp forests, but also coastal forests of pohutukawa 

(Metrosideros excelsa), kowhai (Sophora microphylla) and rewarewa (Knightia 

excelsa) as well as regeneration forests of puriri (Vitex lucens). Tui are also found in 

suburban gardens with introduced flowering plants (Bergquist 1989), and are 

important pollinators of native New Zealand plants such as those mentioned above in 

addition to species such as flax (Phormium tenax), kohekohe (Dysoxylum spectabile) 

and fivefinger (Pseudopanax arboreus). The effective dispersal of small fruits of 

most plant species within the New Zealand forest relies heavily on tui (Burns & Lake 

2009; Kelly et al. 2010). 

 

Little was known about much of the behavioural ecology of tui until comparatively 

recently. Recent research however suggests tui have extreme sexual dimorphism in 

addition to a high EPP frequency (Wells et al. 2015). Within one study population, 

57% of all tui offspring were fathered by EP males (Wells et al. 2015). Similarly, tui 

song has not been researched extensively until recently. Evidence suggests that tui 

can produce up to 56 different syllables within a song (Hill et al. 2013), and 

hundreds of syllables within a repertoire. Tui also produce many different song 

types, both broadcast and interactive (Hill 2011). Complex songs are used in 

dominance hierarchy resolutions (Bergquist & Craig 1988; Bergquist 1989), and in 
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aggressive territoriality (Hill et al. 2013). Furthermore, recent studies suggested 

mainland tui produce more complex songs than those on remote islands (Hill et al. 

2013). Another recent study indicated tui song frequency and complexity varies 

within urban habitats. Specifically, individuals inhabiting areas close to motorway 

zones produce songs with higher minimum frequency and increased syllable 

diversity (Ludbrook 2015). Recent evidence therefore indicates the presence of 

intraspecific tui song variation, nevertheless much remains unknown about tui vocal 

behaviour and factors that are associated with its variation. Investigating variation in 

tui song complexity between individuals and populations contributes important 

insights into the behavioural ecology of an endemic honeyeater species critical to 

New Zealand’s ecology.  

 

The high song complexity levels observed in tui are comparable to those of other, 

more commonly studied songbird species with highly complex vocalisations, such as 

the common nightingale, skylark (Alauda arvensis) and winter wren (Figure 1.1; 

Table 1.1). Tui therefore represent a suitable model for examining the ecological, 

evolutionary and behavioural theory of song complexity variation in songbirds. One 

major advantage of examining the vocal behaviour within vocally complex species is 

that it can provide important insights into the importance of multiple acoustic cues 

for female mating choice (Bartsch et al. 2015). 
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Figure 1.2: Ten-second song spectrographic examples of tui and three other vocally 

complex songbird species. The frame length was set at 256 points, 50 % frame 

overlap with a hop size of 2.9 milliseconds was used. Frequency grid spacing of 172 

Hz was also employed and the bandwidth was set at 3 dB. 
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1.3 Thesis structure and objectives 

 

The main aim of this thesis was to explore a series of key biological and 

environmental factors and their correlative association with song complexity to 

enhance our knowledge and understanding of songbird song complexity evolution. 

As discussed, the species used within this thesis was tui, a good model for the 

exploration of song complexity variation, as it has highly complex vocalisations, and 

thus has the potential for large song and syllable variation. Using tui as the main 

model, I examined the effects of a series of biological and environmental factors on 

songbird song complexity with observational and experimental approaches in order 

to answer the following research questions:  

 

1. Is song complexity important in the evolution of extra-pair paternity (EPP) in a 

socially monogamous songbird? Selection pressures generally favour the evolution 

of sexually-selected characteristics reflecting male quality (Purves et al. 2016) such 

as song complexity (e.g. Garamszegi & Møller 2004). This is particularly evident in 

species with high EPP frequencies, as these males usually do not provide parental 

care (Møller 2000). In addition, it was predicted that there would be a positive 

association between song complexity and extra-pair paternity frequency, 2. In 

species with high EPP frequencies, is song complexity a more important trait for 

broadcast songs, than in interactive songs? Broadcast songs are generally intended 

for distant audiences, therefore, likely play an important role in attracting both social 

and EP mates. On the other hand, interactive songs are generally directed at close 
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range towards mates or intruders. Interactive songs are thus often used in male-male 

confrontations (Titus 1998), and courtship and pair-bond maintenance (Titus 1998; 

Reichard et al. 2011). Broadcast songs should therefore contain high complexity in 

species with high EPP frequencies if song complexity is selected in EP mating. 

Therefore, song complexity was predicted to be higher in broadcast than in 

interactive songs, 3. Does song complexity vary at different times of day, and what 

factors may influence this variation? Multiple vocal traits have been shown to be 

intensified or increased at dawn including song output (Otter et al. 1997; Poesel et al. 

2001; Otter & Ratcliffe 2005; Catchpole & Slater 2008; Erne & Amrhein 2008; 

Sandoval & Mennill 2014; Quispe et al. 2016). Therefore, it was predicted that tui 

song complexity would exhibit the same pattern and be increased at dawn. These 

increases in vocal intensity may reduce intrusion rate in songbirds (Yasukawa 1981; 

De Kort et al. 2009), therefore increases in dawn tui song complexity exhibiting 

associations with reduced intrusion rates was also predicted, 4. Does song 

complexity indicate the competitiveness of a male and do territorial males respond 

more strongly to unfamiliar songs with higher complexity? Since songbird song 

complexity plays a role in territory tenure, and female extra-pair mate selection 

(Potvin et al. 2015), intruding males with more complex songs are likely to be 

perceived as stronger competitors by territorial males. Hypothetically, this would be 

especially true in species with high extra-pair paternity who risk suffering mate 

cuckoldry and territory loss. Therefore, it was predicted that complex songs of 

intruding male tui would indicate a greater challenge to territorial males, and thus 

would elicit stronger, more aggressive responses than simpler songs, 5. Does habitat 

complexity have an association with songbird song complexity? Variation in song 

complexity traits may be generated by acoustic adaptation to divergent habitat types 
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(Handford & Nottebohm 1978; Tubaro et al. 1993). Previous evidence suggests that 

trills and songs are longer in closed and more complex habitats (Wiley 1991; Van 

Dongen & Mulder 2006). However, there is currently no strong evidence that other 

song complexity characteristics such as syllable diversity and entropy vary in 

divergent habitats. It was predicted that these traits would also be higher in more 

complex habitats. Each research question was addressed per chapter. This thesis 

comprises four data chapters (Chapters 2 to 5), with an introductory (Chapter 1), and 

an overall summary chapter which includes future directions (Chapter 6). The data 

chapters have been written as papers for peer-reviewed publication. 

 

Chapter 1 provides a background to songbird vocalisation studies, song complexity 

and identifies knowledge gaps and how I intended to address these gaps with my 

PhD research. I also describe the main study species, the tui, and why it was chosen 

as a study subject to explore song complexity variation. Also included in this chapter 

are the general methods employed in this thesis to measure song complexity. 

 

Chapter 2 explores variation in song complexity using 78 songbird species and its 

association with EPP frequency. To establish clarity and further understanding of the 

biological significance of associations between EPP and song complexity, advancing 

from previous meta-analyses, the following aspects were considered and 

implemented: 1. conducting spectrographic song analyses from recordings thereby 

promoting analytical consistency in multiple species, 2. increasing the number of 

songbird species that were sampled by Garamszegi & Møller (2004) and 3. 

comparing song complexity between broadcast songs (likely produced in part for 
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mate attraction) and interactive songs in a high EPP frequency species, the tui. 

Furthermore, Chapter 2 examines the variation in song complexity of two different 

song classes (broadcast and interactive) within a species with high EPP frequency. 

The findings suggest that song complexity may have evolved under EPP mate 

selection pressures. By investigating variation in song complexity across a multitude 

of species and exploring its relationship with EPP, this chapter enhances our 

understanding of song complexity evolution across taxa. This chapter was submitted 

and accepted for publication: Hill SD, Amiot C, Anderson MG, Ji W. 2017. It’s 

complicated: association between songbird extra-pair paternity and within-song 

complexity. Animal Behaviour 130: 187–197. 

 

Chapter 3 examines the diurnal variation in tui song complexity and territorial 

intrusions. It also investigates associations between song complexity and intruder 

pressure/intrusion rates. This chapter provides novel findings in a songbird species 

and contributes knowledge into song complexity evolution within a territoriality 

framework. This chapter was submitted and accepted for publication: Hill SD, 

Pawley MDM, Anderson MG, Ji W. 2017. Higher song complexity and intrusion 

rate at dawn in a vocally complex songbird. Emu 118(1): 1–11.  

 

Chapter 4 focuses on the function of complex song in species with repertoires of 

differing complexity levels. This was done by assessing the responses of territorial 

male tui to differing levels of tui song complexity via playback experiments. Male 

responses were measured in terms of their levels of aggression using nine variables 

including the song complexity response of territorial males. This chapter was 
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submitted and accepted for publication: Hill SD, Anderson MG, Brunton DH, Ji W. 

2017. Fighting talk: complex song elicits more aggressive responses in a vocally 

complex songbird. Ibis (doi: 10.1111/ibi.12542). 

 

Chapter 5 investigates the variation in tui song complexity across divergent habitat 

types (closed forest habitats and open habitats). This was conducted by comparing 

the song complexity levels of tui within two separate regional parks. It provides 

important insights into the potential drivers of complex song evolution in this 

species. Additionally, it presents novel findings within a songbird species. This 

chapter was submitted and accepted for publication: Hill SD, Pawley MDM, Ji W. 

2017. Local habitat complexity correlates with song complexity in a vocally 

elaborate honeyeater. Austral Ecology 42(5): 590–596. 

 

Chapter 6 is a general conclusions chapter providing an overall summary within this 

research, and how these findings fit into the general framework of song complexity 

variation in songbirds. I also outline the novel contribution this thesis has provided 

in this field of research. In addition, I describe the future directions that have been 

identified from the research within this thesis. 
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Table 1.2: A summary of the research gaps, and the research questions designed to help          

address these research gaps within the four data chapters of this thesis. 

Research gap Main research question(s) Chapter title 
1. A) It is unclear why some 

songbird species have evolved 

high song complexity and 

others lower. B) It is not known 

whether broadcast songs in high 

extra-pair paternity species are 

more complex than interactive 

songs 

Is there a relationship between 

extra-pair paternity frequency 

and song complexity in 

songbirds? Are the broadcast 

songs of a high extra-pair 

paternity species more 

complex than interactive 

songs? 

It’s complicated: the association 

between songbird extra-pair 

paternity and within-song 

complexity  

2. It is uncertain whether both 

songbird song complexity and 

the number of attempted 

territorial invasions vary during 

the diurnal period.  It is unclear 

also whether song complexity 

has an association with the 

number of agonistic encounters 

or territorial invasions (i.e. 

intruder pressure) 

Do song complexity and 

intrusion rates vary throughout 

the diurnal period? Is there a 

relationship between song 

complexity and the number of 

territorial invasions (i.e. 

intruder pressure) in a vocally 

complex and highly territorial 

songbird? 

Higher song complexity and 

intruder pressure at dawn in a 

vocally complex songbird  

3. Few studies have examined 

highly vocally complex species 

that produce songs with 

differing levels of complexity 

within their repertoire. 

Furthermore, few studies have 

attempted to ascertain the 

function of songs with different 

levels of complexity 

What are the responses of 

territorial males to male songs 

with differing levels of 

complexity? 

 

 

 

Fighting talk: complex song 

elicits more aggressive 

responses in a vocally complex 

songbird  

4. Differing degrees of song 

complexity at the 

microgeographic level in areas 

of differing habitat complexity 

has not been investigated 

Does habitat complexity 

correlate with song 

complexity in tui? 

Local habitat complexity 

correlates with song complexity 

in a vocally elaborate 

honeyeater 
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2 It’s complicated: the association between 
songbird extra-pair paternity and within-song 
complexity 
 
 
 

 
Adult tui with fledgling (photo: Anna Arrol, with permission). 

 

 

This chapter was published in Animal Behaviour (Appendix 1). 
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Abstract 

 

Many songbird species are socially monogamous whilst exhibiting varying extra-pair 

paternity frequencies. Song complexity, often subject to sexual selection, similarly 

varies across songbird taxa. Some species form highly complex songs whereas 

others produce simple songs. The basis of this variability however is unresolved. 

Because selection pressures generally favour the evolution of sexually-selected 

characteristics reflecting male quality, such as song complexity, it should be subject 

to extra-pair mate selection. I therefore predicted a positive association between 

extra-pair paternity frequency and songbird song complexity. In addition, I predicted 

that broadcast (long-range) rather than interactive songs (short-range) would be more 

likely to contain sexually-selected characteristics, such as higher complexity, 

especially in species with high extra-pair paternity frequencies. This was tested using 

tui (Prosthemadera novaeseelandiae), a species with high extra-pair paternity 

frequency. Firstly, analyses on 78 songbird species indicated a significant positive 

association between extra-pair paternity frequency and within-song complexity (the 

level of complexity within a species-specific song) but not between-song complexity 

(size of species-specific song or syllable repertoire), whilst no phylogenetic trait 

conservation was found. Additionally, the results suggested tui broadcast songs had 

higher song complexity than interactive songs. The findings in this study indicate 

extra-pair mate selection may play a role in the evolution of within-song complexity 

in songbirds.  

Keywords: broadcast song, extra-pair paternity frequency, interactive song, 

Prosthemadera novaeseelandiae, song complexity, songbirds, tui 
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2.1 Introduction 

 

Bird song is a learned behaviour and, in some songbirds, complex song is a sexually-

selected trait (Catchpole & Slater 2008). Song functions predominantly for mate 

attraction and territory defence (Andersson 1994; Searcy & Yasukawa 1996; 

Leniowski & Wegrzyn 2013), and male songs may be assessed by both females and 

rival males (Illes et al. 2006). Evidence suggests unpaired males will sing long, 

complex songs; in contrast, paired males produce shorter, simpler songs (Catchpole 

1983). Females produce more copulatory displays to males with complex songs 

(Catchpole et al. 1986). Furthermore, males with more complex songs will be paired 

earlier within the breeding season, attract larger numbers of females and produce 

more young (Catchpole 1986; Catchpole 1992). Male song also functions to deter 

rivals from entering territories and copulating with their social partners during the 

female fertile period (Catchpole & Slater 2008).   

 

Song complexity can be measured by calculating the total song or syllable repertoire 

size and song versatility of individuals (Hasselquist et al. 1996; Garamszegi & 

Møller 2004; Moore et al. 2011), termed ‘between-song complexity’ (Ballentine et 

al. 2003). Alternatively, song complexity can be measured using variables such as 

the mean number of different syllables per song and the number of transitions 

between different syllable types (Leitão et al. 2006; Sasahara et al. 2012). Song 

complexity is likely to be a proxy for male quality in terms of reproductive success, 

body condition, longevity, low developmental stress, parental care and cognitive 
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ability (Buchanan & Catchpole 2000; Badyaev et al. 2002; Spencer et al. 2005; 

Sexton et al. 2007; Boogert et al. 2008; Catchpole & Slater 2008; Woodgate et al. 

2011, 2012; Soma & Garamszegi 2011). Degrees of song complexity vary widely 

across-taxa, from simple, monotonous patterns composed of a few syllables (e.g. 

zebra finches Taeniopygia guttata, Woolley & Doupe 2008 and European warblers 

Genus: Acrocephalus, Catchpole 1980) to highly complex songs with a large syllable 

diversity, organised in non-random fashion with discernible patterns (e.g. European 

starlings Sturnus vulgaris, Moorman & Bolhuis 2013 and California thrasher 

Toxostoma redivivum Sasahara et al. 2012). Notwithstanding, song complexity 

variation occurs within taxonomic families. In the honeyeaters (Meliphagidae) for 

example, the repertoires of noisy miners (Manorina melanocephala) and New 

Holland honeyeaters (Phylidonyris novaehollandiae) consist of simple single high-

frequency notes (Jurisevic & Sanderson 1994). Tui (Prosthemadera 

novaeseelandiae) on the other hand sing highly complex songs consisting of many 

different syllables (Hill 2011; Hill et al. 2015). The evolutionary basis of phenotypic 

songbird variation in song complexity levels is somewhat of a conundrum to 

evolutionary ecologists (Kaluthota 2016). 

 

Extra-pair paternity (EPP) can be defined as ‘deviations from genetic monogamy’ 

(Turjeman et al. 2016), where males sire offspring outside their social bond (e.g. 

Forstmeier et al. 2014). In songbirds, it is often directed by a female who will initiate 

EP mating (Bowers et al. 2015). Extra-pair paternity is widespread across songbird 

taxa (e.g. Taylor et al. 2008) despite many species being socially monogamous 

(Hasselquist & Sherman 2001; Liu et al. 2015). Extra-pair copulations are more 

likely to occur in species where bi-parental care is of low importance to chick 
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survival (Petrie & Kempenaers 1998). Females may attain direct benefits from EP 

copulations. For example, they may be able to feed on an EP partner’s territory, in 

addition to attaining lower depredation and starvation rates in EP offspring (Gray 

1997). Moreover, EP mating enhances the inclusive fitness of females beyond the 

genetic capability of their social partner (Bowers et al. 2015). This is reflected in the 

increased additive genetic value of offspring, often referred to as the ‘good genes 

hypothesis’ (see Reid et al. 2011). Offspring of EP males may also have greater 

heterozygosity (Foerster et al. 2003).  

 

Extra-pair paternity frequency varies within- (Spottiswood & Møller 2004) and 

across-taxa (Canal et al. 2012). For example, EPP frequency in the Savi's warbler 

(Locustella luscinioides) is 4.1% of all offspring observed (Neto et al. 2010) whereas 

in superb fairy-wrens 65% of offspring are as a result of EPP (Malurus splendens, 

Tarvin et al. 2005). Furthermore, EPP frequency in the great reed warbler 

(Acrocephalus arundinaceus) is 4% (Hasselquist et al. 1995) and in a tui population, 

57% of offspring observed resulted from EPP (Wells et al 2015).  

 

Selection pressures generally favour the evolution of sexually-selected 

characteristics reflecting male genetic quality (e.g. Kempenaers et al. 1992; 

Garamszegi & Møller 2004). This is particularly evident in species with high EPP 

frequencies, as these males usually do not provide parental care (Møller 2000). We 

would therefore predict that song complexity would be more pronounced in species 

with high EPP frequencies, as males of these species would be under more intense 

sexual selection pressures. In other words, there would be a significant positive 
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association between EPP frequency and song complexity across taxa. Some evidence 

supports this prediction and indeed females have been found to select EP males with 

larger song repertoires and higher levels of song consistency (Read & Weary 1992; 

Hasselquist et al. 1995; Byers 2007). However, other studies including a meta-

analysis using 65 songbird species (Garamszegi & Møller 2004, Soma & 

Garamszegi 2011) found no clear relationship between EPP and multiple song 

features. Therefore, whether male song traits play a role in EPP mate selection 

remains uncertain. To test the prediction that EPP frequency was positively 

associated with song complexity in multiple songbird species, I employed both 

within-and between-song complexity measures in addition to a larger sample size of 

78 species. Advancing from the above-mentioned meta-analyses, I also extracted and 

analysed song complexity data from song recordings both from online databases, and 

from field recordings of tui and yellowhammer (Emberiza citrinella). 

 

Songbird songs have been categorised into two classes according to audience and 

transmission range: long-range broadcast songs (BS) and short-range interactive 

songs, IS (Titus 1998; Nolan et al. 2002; Rosvall et al. 2012; Reichard et al. 2013). 

Broadcast songs are defined as prominent and non-directional vocal signals, 

functioning as advertisements of male reproductive and territorial status (Wiley & 

Richards 1982; Titus 1998). They are directed to no obvious audience; therefore, 

likely play an important role in attracting both social and EP mates. Interactive songs 

on the other hand are often initiated and directed towards an observable audience. 

They are employed in male-male confrontations (Titus 1998), in addition to 

courtship and pair-bond maintenance (Titus 1998; Reichard et al. 2011). If song 

complexity is selected in EP mating, BS should contain high complexity in species 
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with high EPP frequencies. Little information is available regarding differences in 

song classes in the context of EPP mate selection.    

 

Previous research suggested short-range songs (IS) in the dark-eyed junco (Junco 

hyemalis), a species with moderate EPP frequency (27%, Gerlach et al. 2012), are 

more complex than long-range songs (BS) in terms of syllable diversity. Using tui, a 

species with both very high EPP frequency and song complexity, I investigated the 

role of BS within the context of mate attraction and examine whether BS 

differentiate in complexity to IS. I predicted that BS would contain higher levels of 

within-song complexity than IS.  
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2.2 Methods  

2.2.1 Data collection: EPP and song complexity in multiple 

species 

 

Male, breeding season songs of 78 songbird species were collected; 76 of which 

were obtained exclusively from online databases, Macaulay Library archive of 

wildlife sounds and videos of Cornell Lab of Ornithology (Cornell University; 

www.macaulaylibrary.org) and the Xeno-Canto citizen science project website 

(www.xeno-canto.org). Songs were extracted from 180 recording files from the 

Macaulay Library and 52 from Xeno-Canto. Xeno-Canto only supports mp3 files 

and these were converted to wav files using http://www.audio.online-

convert.com/convert-to-wav. The Xeno-Canto archive has been used to provide 

compressed sound files in other studies analysing and examining avian song 

structure (Weir & Wheatcroft 2011) without having any significant impact on song 

structural integrity. However, I acknowledge that the recording quality on these files 

may have been marginally lower than for the other sound samples used in this study. 

This is however unlikely to have had any significant effect on analyses within this 

study. In addition, recordings of tui and an opportunistic recording of a single 

yellowhammer were obtained in the field at Tawharanui Regional Park, New 

Zealand, using a Marantz PMD620 Solid-State Digital Recorder (Marantz, 

Kanagawa, Japan), attached to a Sennheiser ME67 shotgun long-range directional 

microphone (Sennheiser, Old Lyme, CT). All songs were recorded at a sampling 
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frequency of 44.1 kHz and at a resolution of 16-bits. The frequency response range 

of the long-range microphone was 40 to 20 000 Hz. 

 

All species analysed within this study included 63 of the 65 analysed in a previous 

metaanalysis by Garamszegi & Møller (2004). This study excluded wood warbler 

(Phylloscopus sibilatrix) and canary (Serinus canaria) due to these species 

exhibiting zero EPP. The remaining 15 species were chosen to obtain a wider range 

of EPP frequency and to increase sample size from this previous study. Multiple 

species within this dataset have socially monogamous mating systems with varying 

EPP frequencies (see Appendix 2). The EPP frequency data for each species were 

obtained from highly cited peer-reviewed research articles found in the Google 

Scholar (Mountainview, CA, USA; www.scholar.google.com) and Web of Science 

(Clarivate Analytics, USA; www.clarivate.com/?product=web-of-science) databases, 

in addition to research articles utilised by Garamszegi & Møller (2004) and Soma & 

Garamszegi (2011). Some published articles were the only research papers available 

on specific species. Some species within this dataset have also been noted as 

exhibiting polygamous (a male or female having more than one social partner, 

Hasselquist et al. 1995) or cooperative breeding behaviour (exhibition of alloparental 

offspring care, where parental care of young is augmented by other group members, 

Piper & Slater 1993).  

 

When songs from multiple individuals of the same species were available, a single 

randomly-selected song was chosen from each of three randomly selected 

individuals (aside from one species, Henderson reed warbler Acrocephalus taiti, 

where only one male recording was available) was analysed (totalling 232 
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individuals). I checked every song within each respective individual’s recording and 

ensured that the song analysed was of comparable levels of complexity to the rest of 

the songs within its repertoire on that recording, in terms of number of syllables, 

song duration and syllable diversity. In species with smaller song repertoires, the 

songs used for analysis were often repeated within a recording. Only recordings with 

the highest quality rating in each database were used (i.e. those with a good signal-

to-noise ratio). The time, date, location, context, whether songs were natural or 

induced using playback (all songs used in analyses were natural), habitat (I 

maintained intraspecific habitat consistency in the choice of recordings where 

possible i.e. recordings from each respective species were in similar habitat types) 

and comprehensive details of each song in terms of their song class (i.e. BS or IS) 

were available and extracted from the database. Only BS were used in this part of the 

study to avoid any confounding factors because differences in BS and IS structure 

and complexity have been noted as described. Furthermore, the most common song 

types available were BS. Analysis of the differences in complexity between BS and 

IS was conducted in a high EPP species, tui (details later within this section). 

 

2.2.2 Data collection: variation between tui song classes 

 

Tui are endemic New Zealand songbirds within the family Meliphagidae (Robertson 

et al. 2011). They are socially monogamous with high EPP frequency (57%, Wells et 

al. 2015), high sexual size dimorphism (Wells et al. 2015), and exhibit highly agonistic 

behaviour (Craig 1984). Tui have high song complexity and a large song and syllable 

repertoire (Hill & Ji 2014), likely to be products of sexual selection.  
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Song data from adult male tui were collected from 11 different rural locations across 

New Zealand’s North Island and nearby offshore islands (Figure 2.1a, 2.1b, Table 

2.1). Data collection was carried out over four breeding seasons (October-February 

2010/2011, 2011/2012, 2012/2013, and 2013/2014). During sampling sessions, we 

walked slowly along marked tracks to locate tui at all recording sites. When a tui was 

located, recording was initiated and ended when it either ceased singing or departed 

its singing perch (the total sampling effort per individual varied (minimum: 1.8 min, 

maximum: 12.9 min). Recording however was reinitiated if the same individual 

started singing again within 5 min of cessation. During each recording, the location, 

time, the band combination of the tui (if applicable), behaviour, and sex were noted. 

Broadcast songs were identified as such when tui projected songs from high vantage 

points to no immediately observable audience. Interactive songs were identified as 

such when directed, at close-range (between 0-2 m), towards another individual, 

either male or female.  

 

Among the 28 males recorded at Tawharanui Regional Park, 17 were individually 

marked with colour bands. For each banded bird, I only analysed songs that were 

recorded in a single three-hour session. For unbanded birds, only one unbanded 

individual was recorded at any one time and in any one identified territory across 

locations to minimise the chances of pseudoreplication. During the breeding season 

when tui are paired and have nests, both nests and flowering plants are guarded, and 

tui remain within their respective territories. Furthermore, males also tend to sing on 

specific perches (Hill et al. 2013) which further minimised the chances of 

pseudoreplication. All songs included in the analysis were recorded between 0600 
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and 1500 hours at between 2 m and 5 m from each bird. Only complete songs with 

good signal-to-noise ratios were included in analyses.  

 

Four variables measuring song complexity were extracted from each song: number 

of syllables, song duration, syllable diversity, and syllable transitions (Table 2.1) 

using Raven Pro. An overall song complexity score was then created by adding 

together the values for each of the four complexity variables for each individual 

(adapted from the methodology described by Ulubay 2013). I analysed songs from 

180 recording files from Macaulay Library and 52 from Xeno-Canto. For all 

recordings, spectrograms were created by Discrete Fourier Transform (DFT) with a 

Hann window. The frame length was set at 256 points. Additionally, a 50 % frame 

overlap with a hop size of 2.9 milliseconds was used. Frequency grid spacing of 172 

Hz was also employed and the bandwidth was set at 3 dB. 
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 (a) 
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(b) 

 

 

Figure 2.1: The location of the eight study sites around the Auckland region 

including a) the five offshore islands (map from NIWA, with permission) and b) the 

location of the three mainland study sites in relation to Auckland’s central business 

district. 



Chapter 2: Extra-pair paternity and song complexity 

41 
 

Table 2.1: Tui song recording sites and number of tui recorded. 

Location Size (ha) Endemic songbird species present Number of tui sampled 

Ark in the Park, Waitakere 

 

1100 

 

Callaeas wilsoni, Gerygone igata, Petroica 

longipes, Petroica macrocephala toitoi, 

Rhipidura fuliginosa, 

 

3 

Maungatautari southern  

Enclosure 

65 

 

Anthornis melanura, Gerygone igata, Mohoua 

albicilla, Notiomystis cyncta, Petroica longipes, 

Petroica macrocephela toitoi, Philesturnus 

rufusater, Rhipidura fuliginosa 

 

3 

Motuihe 

 

179 Gerygone igata, Mohoua albicilla, Philesturnus 

rufusater, Rhipidura fuliginosa 

 

2 

Motutapu 

 

1510 

 

Anthornis melanura, Gerygone igata, 

Philesturnus rufusater, Rhipidura fuliginosa 

 

1 

Pohangina wetlands 

 

7.2 Anthornis melanura, Gerygone igata, Rhipidura 

fuliginosa 

 

1 

Rangitoto 

 

2311 Anthornis melanura, Gerygone igata, Mohoua 

albicilla, Petroica macrocephela toitoi, 

Philesturnus rufusater, Rhipidura fuliginosa 

 

2 

Tawharanui Regional Park 

 

588 Anthornis melanura, Gerygone igata Mohoua 

albicilla, Petroica longipes Philesturnus 

rufusater  

 

28 

Tiritiri Matangi  254 Acanthisitta chloris, Anthornis melanura, 

Calleaus wilsoni, Gerygone igata, Mohoua 

albicilla, Petroica longipes, Philesturnus 

rufusater, Rhipidura fuliginosa 

3 

Totara Reserve, Pohangina 340 Anthornis melanura, Gerygone igata, Rhipidura 

fuliginosa 

1 

Victoria Reserve, Waiheke  11 Gerygone igata, Rhipidura fuliginosa 3 

Wenderholm Regional 

Park 

 

134 Gerygone igata, Rhipidura fuliginosa  4 
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2.2.3 Song variables and data analysis for EPP and song 

complexity in multiple species 

 

To assess the relationship between EPP frequency and both within- and between-

song complexity linear regressions were employed (SPSS, version 23.0; IBM, 

Chicago, IL, USA). Four variables measuring within-song complexity were extracted 

from each song: number of syllables, song duration, syllable diversity, and syllable 

transitions (Table 2.2) using Raven Pro. Evidence suggests these four song 

complexity variables within male BS are assessed and sexually selected by females 

therefore are important in mate attraction (Boogert et al. 2008). An overall within-

song complexity score was then created by adding together the values for each of 

these four complexity variables for each individual (adapted from the methodology 

described by Ulubay 2013). All song complexity scores were log-transformed prior 

to linear regression analyses as they were non-parametric in distribution, as 

determined by Kolmogorov-Smirnov tests (using SPSS). 

 

I also extracted three key between-song complexity variables, song and syllable 

repertoire size in addition to song versatility from the same recordings, as above to 

maintain consistency (Table 2.2). Song and syllable repertoire size were quantified 

by tallying the number of unique songs and syllables produced by each individual in 

each total recording. The number of songs however varied in each recording 

therefore when measuring between-song complexity the song repertoire size score 

for each individual was based upon the percentage of songs recorded that were 
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unique within that individuals’ repertoire (i.e. the number of unique song types 

produced by an individual was divided by the total number of songs recorded for that 

individual and then that number was multiplied by 100 [adapted from Podos et al. 

1992]). To measure song versatility, songs were scored as being versatile (score of 

two) if song types were switched rapidly (for example if song type 1 was 

immediately followed by song type 2, then immediately followed by song type 3 

etc); eventually versatile (score of one), if song types were repeated within a 

repertoire before eventually switching; and non-versatile (score of zero) if a song 

type was repeated continuously within a repertoire (as described by Garamszegi & 

Møller 2004). House sparrow Passer domesticus was excluded from the between-

song complexity analysis as their songs only consisted of one syllable and 

distinguishing between songs was not possible, and Henderson reed warbler, for 

which only one recorded song was available for analysis. All song values used 

within this part of the study were averaged for each species for all statistical 

analyses. 

 

Songs from each species were analysed blind to their respective EPP frequencies to 

avoid potential sampling bias. Recordings (written as wav files at a sampling rate of 

44.1 kHz and at a resolution of 16-bits) were digitised and song variables measured 

using Raven Pro 1.4 Beta Version software (Cornell Lab of Ornithology, Ithaca, NY, 

USA). A song is defined as a period of continuous syllables surrounded, before and 

after, by a silent inter-song interval period of ≥ 3 seconds (Woolley & Rubel 1997) 

and only complete songs were analysed. All 78 species analysed produced 

discontinuous songs, or songs that have discernible inter-song intervals. 
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Table 2.2: Song variables employed in this study to compare song complexity in 78 
different songbird species with varying EPP frequencies, and between BS and IS in 
tui. 

Song variable Definition 

Number of syllables 

 

 

 

 

 

 

 

Song duration (seconds) 

The total number of sound units or sound 

unit complexes (syllables) per song. A note 

alone without a repeat was considered a 

syllable. When multiple identical notes 

were repeated consecutively, this cluster 

was also considered a single syllable 

(Boogert et al. 2008) 

 

The length of time from the start of a note 

or syllable to the end of a note or syllable in 

a series of syllables preceded and followed 

by a ≥ 3 second interval (Kroodsma 1977) 

 

Syllable diversity  The number of different sound units or 

sound unit complexes (syllables) per song. 

Syllables can be comprised of several notes 

(Boogert et al. 2008) 

 

Syllable transitions (or versatility) The number of syllable switches per song 

(Feßl & Hoi 2000) 

 

Trill duration (seconds)  

 

 

Cumulative total length of repeated, high-

frequency modulation portions per song 

(Hill et al. 2015) 

 

Trill percentage Percentage of each song that contains rapid, 

repeated, high-frequency modulation notes. 

Computed by dividing song duration with 

the amount of time (seconds) trills are 

produced within a song (Hill et al. 2013). 
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2.2.4 Phylogenetic correction 

 

Comparative analyses examining ecological differences across taxa need to consider 

potential effects due to shared ancestry (Lifjeld et al. 2010). A phylogenetic tree for 

these 78 species was created using ‘a global phylogeny of birds’ (available from: 

http://birdtree.org) based on the most comprehensive studies (Jetz et al. 2012, 2014). 

An image of the phylogenetic tree from the resulting file was created using FigTree 

(version 1.4.2, Figure 2.2). The branch length units are based on nucleotide 

substitutions per site i.e. the number of changes or 'substitutions' divided by the 

length of the sequence. We used phylogenetic generalised least squares (PGLS) for 

phylogenetic correction to determine whether phylogeny significantly influenced a 

linear regression analysis (as per Barger et al. 2014, conducted in SPSS) testing for 

associations between EPP frequency and song complexity. The PGLS estimates the 

value of lambda (λ, Pagel 1999) to estimate phylogenetic correlation. If λ = ‘1’, the 

diversification ratio is phylogenetically conserved; conversely, if λ = ‘0’ this implies 

the diversification ratio is random with respect to phylogeny (i.e. the traits are 

independent of phylogeny, in other words, there is more divergence between taxa 

than expected under a Brownian motion model of trait evolution). The PGLS 

analysis was carried out using the nlme package (Pinheiro et al. 2013) in R (version 

2.15.3). For model selection, we used the second-order Akaike Information Criterion 

(AIC, Burnham & Anderson 2002) and likelihood ratio (LR) tests. The PGLS 

estimated λ for the model and tested whether it was significantly different from zero. 

All song values were averaged for each species.  
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Figure 2.2: The phylogenetic tree of the 78 songbird species within this study, 

including the scale. The units of branch length are nucleotide substitutions per site i.e. 

the number of changes or 'substitutions' divided by the length of the sequence. 

 

2.2.5 Mating system 

 

Mating system is associated with sperm competition in songbirds, which is 

widespread in socially monogamous species that undertake extra-pair copulations 

(Birkhead 1998). I therefore controlled for mating system in the comparative 

analyses of the 78 songbird species. To test whether the different mating systems 

described above (categorised as: socially monogamous (1), polygamous (2), or 

cooperative (3) extracted from relevant literature [Appendix 2]) were linked to EPP 

frequency, in the multiple species, a multiple regression test was conducted. I also 
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conducted a multiple regression test aiming to detect any association between mating 

system, and the overall within-song complexity score.  

 

2.2.6 Sexual dichromatism 

 

I also controlled for sexual dichromatism, variation in plumage colour, in all 78 

species (as per Garamszegi & Møller 2004, but see Huang & Rabosky 2015) as this 

has been linked with variation in songbird EPP frequency. Garamszegi & Møller 

(2004) suggested that of possible confounding factors, only sexual dichromatism had 

a statistically significant relationship with EPP frequency. There is no evidence that 

aspects such as habitat or migration had a relationship with EPP frequency. 

Therefore, these factors were not included in this analysis in terms of potential 

confounding variables. Sexual dichromatism was categorised on a scale (zero 

intersexual difference in plumage i.e. monochromatic (scored 0); minimal degree of 

plumage colour dichromatism (1); moderate dichromatism (3); and male with full 

colour, and the female brown (5), Simpson et al. 2015) based on species descriptions 

(Perrins 2009). A multiple regression test was conducted to ascertain whether sexual 

dichromatism had a relationship with EPP frequency in the multiple study species. I 

also conducted a multiple regression test to try and detect any association between 

sexual dichromatism, and the overall song complexity score described above.  

 

 



Chapter 2: Extra-pair paternity and song complexity 

48 
 

2.2.7 Parental care 

 

I controlled for parental care (e.g. rate of nestling provisioning) for all 78 species by 

testing for correlations between parental care and EPP frequency. Parental care for 

all species was categorised by: female only (1), male only (2), combination of male 

and female (3) or communal feeding (4) according to relevant literature (Appendix 

2). A multiple regression test was conducted to ascertain whether parental care had a 

relationship with EPP frequency in the multiple study species. I also conducted a 

multiple regression test to try and detect any association between parental care and 

the overall song complexity score. All analyses were conducted using SPSS (version 

20.0, IBM, Chicago, IL, USA). 
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2.2.8 Song variation and data analysis for tui song classes 

 

To compare tui song complexity between BS and IS, one song per class per 

individual was included in analyses, if indeed both song classes were produced 

during the recording session. A single song was chosen from each individual and 

song class at random. For three tui, no IS recordings were obtained. The four within-

song complexity variables used for the across-taxa analyses were extracted for this 

part of the analysis. Two additional within-song complexity variables were also used 

(trill duration and trill proportion). These two variables are consistent characteristics 

of tui vocalisations but are not produced by all songbird species which is the reason 

it was not used for the across-taxa song analysis. This was conducted using Raven 

Pro (Figure 3a, 3b, Table 2.2) (Hill et al. 2013). Between-song complexity analyses 

were not conducted in the tui song class analysis because there was an insufficient 

number of IS available for a comparative analysis with BS. 

 

2.2.9 Within-group multivariate analysis 

 

All song complexity data were log-transformed to remove skewness and converted 

to Z-scores. Z-scores are used to standardise data from different distributions to 

provide a method of comparing them regardless of their respective distributions 

(Abdi 2007). Different IS types were produced, male to a male, male to a small 

group of males and male to a female. A one-way analysis of similarity (ANOSIM, 



Chapter 2: Extra-pair paternity and song complexity 

50 
 

Clarke & Warwick 1994) was used to detect whether song complexity between these 

different IS types was significantly dissimilar across samples. ANOSIM is a non-

parametric multivariate test based on, in this instance, Euclidean distance measure, 

using the rank order of dissimilarity values to test whether song complexity using all 

six variables differed between IS types. A one-way permutational multivariate 

analysis of variance (PERMANOVA, Anderson 2001) based on Euclidean distance 

measure was also used to test whether within-song complexity using all six variables 

differed between IS types. These analyses were conducted prior to multivariate 

comparisons between BS and IS. This allowed us to ascertain whether different IS 

could be pooled before comparisons with BS.  

 

2.2.10 Between-group multivariate analysis 

 

The variables from both BS and IS were then examined by one-way ANOSIM and 

PERMANOVA tests to detect whether song complexity between BS and IS was 

significantly dissimilar. A non-metric multidimensional scaling (NMDS) ordination 

plot was then generated to provide a visual summary of the patterns of Euclidean 

values among the samples. All ANOSIM and PERMANOVA tests were conducted 

in conjunction with the conservative Bonferroni correction procedure for multiple 

hypothesis testing. The ANOSIM, PERMANOVA and NMDS analyses were all 

conducted using PAST software (version 2.17b) (Hammer et al. 2001). 
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(a)

 

(b)

 

Figure 2.3: Spectrographic representation of the variables employed to measure song 

complexity in this study. Spectrograms show the a) male tui BS, including trills, which 

were only used in the analysis of tui song classes as it is a consistent feature of tui 

songs, and b) a tui BS showing how the number of syllable transitions (ST) were 

calculated for each song across all species. 
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2.2.11 Song variables 

 

To compare tui song complexity between BS and IS, one song per class per 

individual was included in analyses, if indeed both song classes were produced 

during the recording session. A single song was chosen from each individual and 

song class at random. For three tui, no IS recordings were obtained. Six within-song 

complexity variables (including the four used for the across-taxa analyses) were 

extracted from each tui song using Raven Pro (Figure 2.3a, 2.3b, Table 2.2) (Hill et 

al. 2013).  
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2.3 Results  

2.3.1 Testing association between EPP and song complexity 

in multiple species  

 

A linear regression analysis indicated there was a statistically significant positive 

relationship between EPP frequency, and the overall within-song complexity score in 

multiple species (N = 78; R2 = 0.08; P = 0.012) in addition to syllable diversity (R2 = 

0.1; P = 0.003) and the number of syllable transitions per song (R2 = 0.1; P = 0.005), 

but weaker associations with the number of syllables per song (R2 = 0.03; P = 0.06) 

and song duration (R2 = 0.02; P = 0.12). This suggests that EPP frequency predicted 

overall within-song complexity in the sampled dataset of 78 songbird species (Figure 

2.4, Table 2.3).  

 

A linear regression analysis also indicated there was no significant relationship 

between EPP frequency, and between-song complexity parameters song repertoire 

size (N = 76; R2 = 0.06; P = 0.52), syllable repertoire size (N = 76; R2 = 0.02; P = 

0.12) and song versatility (N = 76; R2 = 0.03; P = 0.13). 
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Figure 2.4: The relationship (non-phylogenetic linear regression with mean +/- 95% 

confidence intervals) between EPP frequency and overall song complexity (log-

transformed).  
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Table 2.3: A summary of the linear regression scores for the relationship between 

EPP frequency and each of the song complexity parameters.  

           

R2 

EPP frequency 

T 

                   

P 

Number of syllables per song 0.03 1.89 0.06 

Overall within-song complexity 0.08 2.58  0.012 

Song duration 

Song repertoire size 

Song versatility 

0.02 

0.06 

0.03 

1.59 

0.65 

-1.55 

0.12 

0.52 

0.13 

Syllable diversity 

Syllable repertoire size 

0.1 

0.02 

4.99 

1.56 

0.003 

0.12 

Syllable transitions 0.1 4.54 0.005 

 

2.3.2 Phylogenetic correction  

 

We conducted a PGLS analysis to correct for phylogenetic relatedness for EPP 

frequency and song complexity variables. The PGLS estimated λ to be not 

significantly different from zero for the song complexity traits that exhibited a 

significant association with EPP in the linear regression analysis (Table 2.4). This 

suggests that the traits and the observed association between traits were independent 
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of phylogeny and showed greater divergence between taxa than would be expected 

under a Brownian model of trait evolution.  

  



Chapter 2: Extra-pair paternity and song complexity 

57 
 

Table 2.4: The relationship between EPP frequency and the song complexity 

variables that exhibited a significant association with EPP frequency in a linear 

regression analysis, tested using PGLS analysis. The P-values here signify that the 

Pagel’s λ values for these variables were not significantly different from zero. This 

suggests that these traits showed greater divergence between taxa than would be 

expected under a Brownian motion model of trait evolution (i.e. these traits evolved 

independent of phylogeny).  

                  EPP frequency  

Song variable Lambda λ AIC P 

Number of syllables 0.47 621.16 0.34 

Overall song complexity 0.61 766.33 0.24 

Song duration 0.6 545.64 0.2 

Syllable diversity 0.73 572.8 0.17 

Syllable transitions 0.34 468.8 0.32 

 

 

2.3.3 Mating system, sexual dichromatism and parental 

care 

 

A multiple regression test indicated there was no significant association between 

EPP frequency and mating system (N = 78; R2 = -0.03; P = 0.065), sexual 
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dichromatism (N = 78; R2 = -0.03; P = 0.553) and parental care (N = 78; R2 = -0.03; 

P = 0.157). 

 

A multiple regression test also indicated there was no significant association between 

the overall song complexity score and mating system (N = 78; R2 = 0.01; P = 0.338), 

sexual dichromatism (N = 78; R2 = 0.01; P = 0.455) and parental care (N = 78; R2 = 

0.01; P = 0.218). These results suggested neither mating system, sexual 

dichromatism or parental care were confounding variables for this study. 

 

2.3.4 Tui song classes: within-group (IS) comparison 

 

Comparison between male-male IS (N = 27) and male-female IS (N = 18) yielded no 

significant differences for all six variables (ANOSIM: R = -0.042; P = 0.729; 

PERMANOVA: Pseudo F38, 45 = 2.353; P = 0.092). All IS data were subsequently 

pooled for comparison with BS.  

 

2.3.5 Comparison between tui BS and IS 

There was a significant overall difference between BS and IS of male tui using all 

six variables measuring within-song complexity (ANOSIM; N = 48, 45; R = 0.409; P 

< 0.001 with Bonferroni Correction, 9999 permutations, PERMANOVA, N = 48, 45; 
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Pseudo F44, 51 = 27.38; P < 0.001 with Bonferroni Correction, 9999 permutations) 

(Figure 2.5, Table 2.5). Broadcast songs had higher song complexity than IS.  

 

 

Figure 2.5: The NMDS ordination plot based on Euclidean distance of BS (red crosses) 

and IS (blue squares) in tui. 
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Table 2.5: Differences in song complexity parameters between BS and IS of male tui 

(N = 48, 45). 

Variable Mean ± SE 

 Broadcast song Interactive song 

Number of syllables 

Song duration (seconds) 

Syllable diversity 

Syllable transitions 

37 ± 3 

10.09 ± 1.15 

23 ± 2 

21 ± 2 

21 ± 2 

5.2 ± 0.49 

12 ± 1 

10 ± 1 

Trill duration (seconds) 4.59 ± 0.86 1.23 ± 0.36 

Trill percentage (%) 44 ± 3 16 ± 3 
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2.4 Discussion 

 

I assessed the EPP frequency and song complexity associations in a wide range of 

songbird taxa with varying degrees of EPP. The results indicated a significant 

positive association in multiple taxa between EPP frequency and overall within-song 

complexity but not with any between-song complexity variables. Species with higher 

EPP frequency produced more complex songs overall. In other words, these findings 

suggest complex vocal traits were ostensibly more pronounced in songbird species 

with higher EPP frequency. Although more work is still needed to resolve the 

biological relevance of this statistically significant relationship, the results suggest 

that EP mate selection may play a role in within-song complexity evolution. Further 

research is also needed in the vocalisations of females of these species. This would 

help to ascertain whether female BS complexity also has a relationship with EPP 

frequency. 

 

Previous studies have suggested that aspects of song such as large individual song 

repertoires, song rate, song consistency, in addition to the ability to produce and 

maintain high sound amplitudes, are positively associated with EPP frequency 

(Hasselquist et al. 1996; Forstmeier 2002; Suter et al. 2009; Taff et al. 2012). Higher 

song complexity in BS may have therefore partly evolved to maximise the chances 

of obtaining both social mates and multiple EP mates. However, a previous review 

study employing a meta-analysis found no relationship between songbird song 

complexity and EPP frequency (Garamszegi & Møller 2004). These conclusions 
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were supported to some degree by Soma & Garamszegi (2011) who stated multiple 

biological factors needed to be considered to fully understand the role song plays in 

reproductive success, such as differences in breeding systems between species. This 

study revealed significant associations between EPP frequency and a specific key 

aspect of song complexity (within-song complexity). Within-song complexity is 

perhaps more useful in measuring the organisation of song components (Sasahara et 

al. 2012) than a mere calculation of repertoire size or versatility. For example, some 

species such as chaffinches (Fringilla coelebs) sing two to three basic song types 

(i.e. a small song repertoire). However, within these song types, differences in 

complexity can be substantial (i.e. high song complexity) despite each song having 

the same basic pattern (Leitão et al. 2006). Furthermore, higher within-song 

complexity can evoke stronger responses in both males and females suggesting it 

evolved under both inter- and intra-sexual selection pressures (Leitão et al. 2006).  

 

Within this study, there was no evidence of a significant association between EPP 

frequency and between-song complexity. One constraint of this aspect of the study 

however was the limited number of songs available and analysed per individual 

although an average was obtained for each species for each variable. Nevertheless, 

previous research in concordance with this study found neither ubiquitous nor 

compelling evidence of female sexual selection for larger song repertoires; rather, 

they suggested the relationship between song and reproductive success evolved as a 

by-product of social conditions favouring the evolution of complex signals (Byers & 

Kroodsma 2009). Other studies found that female sedge warblers (Acrocephalus 

schoenobaenus) select EP males with smaller repertoires than their social partners 

(Marshall et al. 2007). Conversely, some studies have indicated that large song 
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repertoires are associated with greater reproductive success and therefore help attain 

direct fitness benefits. For example, male song sparrows (Melospiza melodia) and 

willow warblers (Phylloscopus trochilus) with large song repertoires had greater 

reproductive success than those with smaller repertoires (Catchpole 1986; Gil & 

Slater 2000), although larger repertoires have been positively associated with 

breeding experience in some species (Motes-Rodrigo et al. 2017). Evidence also 

suggests in species with polygynous mating systems, males with large song 

repertoires sire a larger number of offspring with greater viability (Hiebert et al. 

1989; Hasselquist 1998). Females mating with males that have large repertoires can 

therefore gain both direct fitness and indirect genetic benefits for their young 

(Westneat & Fox 2010). Nonetheless, inconsistencies in conclusions concerning 

associations between reproductive success and song complexity highlight the need 

for further clarity and scrutinisation in this area.  

 

From an evolutionary perspective, my study contributes to some extent to the 

understanding of the life history of songbird species. Extra-pair paternity frequency 

however can also exhibit within-species variation. This may be caused by differences 

in stochastic local ecological and genetic factors (Arnold & Owens 2002; Kokko & 

Mappes 2013). These include differences in aggression of male territory holders 

(Moulton et al. 2013) and variations in genetic diversity within different populations 

(Liu et al. 2015). Within-species EPP frequency variation should therefore also be 

the focus of future field studies in association with song complexity across-taxa as 

this is still not well understood. The accessibility and advancement of techniques in 

gathering genetic paternity data in songbirds should facilitate such research. These 

will help evaluate further the associations of song complexity and EPP. 
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In tui, a species with high EPP frequency, BS were more complex than IS, consistent 

with the prediction. This was reflected in a higher number of syllables per song and 

syllable diversity, in addition to longer song and trill duration and a higher trill 

percentage in BS. Higher BS complexity in high EPP frequency species could 

function to maximise both the chances of obtaining social mates, and multiple EP 

mates. This will need further testing however as BS in addition are likely to have 

multiple biological functions such as social mate attraction and territory tenure and 

defence because high song complexity is a signal assessed by both males and 

females (Leitão et al. 2006). Because BS are designed for long distance signalling, 

they may also function to minimise social partner cuckoldry. 

 

Higher complexity in tui BS contrasts with earlier studies in the dark-eyed junco 

(Titus 1998), in which complexity was found to be higher in IS than in BS. The 

dark-eyed junco has a lower EPP frequency (~27%) than tui (57%). Similarly, in 

species with lower EPP frequency such as song sparrows (~24%, Hill et al. 2011), 

male-male interactive aggressive ‘warbled, soft’ songs are not only more complex 

than BS but are also more variable and exhibit less stereotypy than BS (Anderson et 

al. 2007, 2008). This suggests increases in BS song complexity are under stronger 

sexual selection in high EPP frequency species. Further studies however are required 

to clarify whether the disparities in complexity between BS and IS across all taxa are 

associated with EPP frequency.   
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Higher proportions of trills were also found in tui BS compared to IS. Rapid trill 

components in songbird songs are costly to produce and are thought to be assessed 

by females as they are indicators of body condition and genetic quality (Ballentine et 

al. 2004; Hennin et al. 2009). Furthermore, trill consistency is positively associated 

with male EPP frequency (Cramer 2013) and trills are also thought to be important 

in male territory defence (Secondi et al. 2002). Tui may produce more complex 

songs with a greater trill proportion in BS to deter potential rivals (Hill et al. 2015). 

This would function to minimise the risk of losing paternity via EP copulations (e.g. 

Reichard et al. 2011).  

 

Extra-pair paternity frequency varies in multiple songbird species and is correlated to 

the degree of song complexity. My results suggest EP mate selection may play a role 

in within-song complexity evolution in songbirds. This study contributes to our 

understanding of variability in songbird within-song complexity between species, a 

phenomenon that has puzzled ecological and evolutionary researchers. Further 

research is required to investigate the influence of within-song complexity on the 

reproductive fitness of individuals in a within- and extra-pair paternity framework to 

confirm the role of male song complexity in EPP mate selection.  
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3 Higher song complexity and intruder 
pressure at dawn in a vocally complex songbird 
 

 

Male tui displaying the distinctive iridescent plumage and frontal plume feathers 

(photo: Andrew Underwood, with permission). 

 

This chapter was published in Emu (Appendix 1). 
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Abstract 

Dawn is a critical period for vocal displays in songbirds. At dawn, songbirds 

intensify their vocalisations, for example increasing their singing rates in response to 

increased intruder pressure at this time, and for mate guarding. However, little is 

known about diurnal variations in song complexity, a sexually-selected vocal trait 

associated with mate choice and territorial defence. I compared song complexity in 

17 territorial male tui (Prosthemadera novaeseelandiae) between dawn, solar noon 

and dusk. In addition, I investigated whether song complexity correlated directly 

with rival intrusion rate. The results indicated that song complexity and intrusion rate 

were significantly higher at dawn than dusk. Analyses also suggested that higher 

entropy (spectral complexity) and syllable rate, in addition to shorter song duration, 

were associated with reduced intrusion rate into the singer’s territory. Males with 

higher song complexity may be perceived as stronger competitors and therefore 

would attract lower rival intrusion. This study presents evidence of both diurnal 

changes in tui song complexity and associations between song complexity and 

intrusion rate. These findings support the theory that dawn is important for songbird 

vocal communication in terms of territory assertion. 

 

Keywords: diurnal variation, songbirds, song complexity 
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3.1 Introduction 

 

Songbirds use song as a means of communication with two primary functions: mate 

attraction and territory defence (Andersson 1994; Nordby 1999; Catchpole & Slater 

2008; Brumm & Ritschard 2011). Evidence suggests that aspects of song vary across 

the diurnal period (Avey et al. 2008). To successfully defend a territory throughout 

the breeding season, singing during the dawn period is particularly important (Kunc 

et al. 2005). In many songbird species, male vocal activity peaks at dawn, when 

broadcast songs are produced most intensively (Dabelsteen & Mathevon 2002; 

Sandoval & Mennill 2014). For example, field sparrows (Spizella pusilla) sing just 

two song types (one complex and one simple) and will produce their complex song 

type most frequently during the dawn chorus and territorial bouts (Nelson & Croner 

1991). Several warbler species may produce songs with unaccented terminal 

syllables at dawn and dusk compared to other times of day which may aid 

attenuation of territorial invasions (Morse 1989). Furthermore, song output (number 

of songs produced) is greater at dawn than at dusk in winter wrens (Troglodytes 

troglodytes, Erne & Amrhein 2008) and rusty-crowned ground-sparrows (Melozone 

kieneri, Sandoval & Mennill 2014). It has been suggested that the intensification of 

vocal characteristics at dawn may be associated with greater mating activity (Harper 

1988; Dabelsteen et al. 1998; Dalziell and Cockburn 2008) and intensified mate 

guarding (Otter et al. 1997) during dawn. Higher song output for example functions 

to prevent the singing male from being cuckolded (Møller 1991). However, 

alternative explanations suggest that production of intensified vocal characteristics 

were due to calmer weather conditions during the dawn period which is optimal to 
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produce more elaborate vocalisations due to low signal attenuation (Kacelnik & 

Krebs 1982; Stanley et al. 2016). Male dawn performance is also associated with a 

male’s general ability to defend his territory (Poesel et al. 2004). These findings 

highlight the importance of vocal intensification during the time of day when 

intruder pressure or intrusion rate (IR) from rivals is generally at its peak (Catchpole 

& Slater 2008). 

 

There is conflicting evidence about how energetically and physiologically costly 

complex songs (i.e. those with long duration, high syllable diversity and high 

entropy) are to produce. Earlier research (Nottebohm et al. 1981; Otter et al. 1997) 

indicated complex songs are costly, however more recent research found that song 

production in some species (e.g. pied flycatchers, Ficedula hypoleuca) is not 

energetically demanding (Ward et al. 2004). The ability to produce complex songs 

can be impaired by parasites and developmental stress, and reflects the nutritional 

condition during the early song learning stage (Nowicki et al. 1998; Spencer et al. 

2003; 2005). Song complexity can also reflect future reproductive success (Soma & 

Garamszegi 2011) in addition to cognitive performance (Boogert et al. 2011). 

Consequently, high song complexity can be considered an honest signal reflecting 

overall male quality, and is a product of songbird sexual selection (Otter et al. 1997; 

Buchanan & Catchpole 2000). Female birds will preferentially select males 

exhibiting these energy-expensive song features (Vallet et al. 1998; Okanoya 2004; 

Leitão et al. 2006). This is likely to be a factor which evokes strong male responses 

in terms of physical aggression and intensified song performance.  
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Song complexity is a vocal behaviour that may be used by males to assess rivals 

(Mountjoy & Lemon 1991) subsequently stimulating agonistic approaches from 

males competing for territories. Song complexity also reflects adult body condition, 

which is critical to successfully defend territories (Lampe & Espmark 1994; Reid et 

al. 2005; Kipper et al. 2006; Potvin et al. 2015) as it may act as a signal to other 

males of the guard’s ability to defend his territory (Lampe & Espmark 1994; Kipper 

et al. 2006). A complex song produced by an invader may indicate a stronger 

challenge to a male’s territory. Accordingly, this evokes stronger responses from the 

territory holder to minimise successful territorial invasions by conspecific males. 

Males that produce simple songs are more likely to become the victim of territorial 

invasions (Falls 1988; Mountjoy & Lemon 1991), and, conversely, complex songs 

should reduce the number of territorial invasions. There is evidence that suggests the 

presence of large song repertoires can reduce the IR from rival males (Yasukawa 

1981). As described above, multiple vocal aspects are intensified or increased at 

dawn including song output, unaccented terminal syllable production, and 

production of the more complex song type in a species where only one complex and 

one simple song type are produced. Therefore, it would be predicted that song 

complexity would also be increased at dawn, however this remains untested.  

 

Tui (Prosthemadera novaeseelandiae) are endemic New Zealand honeyeaters (Order 

Passeriformes, Suborder Oscine, Family Meliphagidae). They exhibit strong 

territoriality, sexual size dimorphism and a high rate of extra-pair paternity (57% of 

sampled offspring sired by extra-pair males, Wells et al. 2015). Males and females 

both sing, however females sing far less frequently (Hill et al. 2017), and have 

smaller syllable repertoires than males (Hill 2011). Male broadcast song is the most 
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frequently produced song type, whereas intra- and intersexual interactive songs are 

far less frequent (Hill et al. 2017), and are produced in territorial, courtship or pair-

bond contexts (Hill 2011). Both geographical (Hill et al. 2013), and seasonal 

variation (Hill et al. 2015) in tui song complexity have been shown. Little is 

currently known about sexually-selected tui song features, however, in multiple 

songbird species song complexity is strongly selected by females, as complex songs 

are potentially costly signals to produce (Nottebohm et al. 1981; Otter et al. 1997), 

and so we would predict tui song complexity to show similar trends. To further 

examine intensification of songbird vocal characteristics at dawn, I examined the 

diurnal variation in tui song complexity, and a possible correlation between song 

complexity and IR in adult male tui. As vocal intensification can serve to reduce IR 

in many species (Yasukawa 1981; De Kort et al. 2009), I predicted that dawn tui 

songs would be intensified (i.e. more complex) than solar noon and dusk songs, 

functioning at least partly to mitigate increased dawn IR from rival males. Hence, I 

also predicted that individual tui producing more complex songs would suffer fewer 

IR. This study therefore contributes to the understanding of tui song complexity 

variation in the context of male territory defence. 
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3.2 Methods 

 

3.2.1 Study site 

 

This study was conducted across three locations, Jones Bay, the lagoon area, and the 

Ecology Bush, at Tawharanui Regional Park in New Zealand (Figure 3.1). The 588 

ha park consists of bush remnants separated by pasture where there is an estimated 

tui population of approximately 2000 individuals (Wells et al. 2015). Jones Bay 

consists of large open pastureland with patches of native trees (kanuka Kunzea 

robusta, karo Pittosporum crassifolium, and pohutukawa Metrosideros excelsa), and 

exotic species such as flame trees (Erythrina x sykesii) (Hill et al. 2017). The lagoon 

area of the park consists predominantly of pastureland with patches of kanuka, and 

manuka (Leptospermum scoparium), with sporadic pohutukawa. The Ecology Bush 

area of the park consists predominantly of mature coastal forest remnants. Tree 

species within this area include kanuka, nikau (Rhopalostylis sapida), puriri (Vitex 

lucens), rewarewa (Knightia excelsa), taraire (Beilschmiedia tarairi), and tawa 

(Beilschmiedia tawa) (Hill et al. 2017). 
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Figure 3.1: Map of Tawharanui Regional Park showing the three study locations 

where tui were recorded and observed within the park (1. Jones Bay, 2. Lagoon area, 

3. Ecology Bush).  

 

3.2.2 Song recording  

 

Song recordings were made across three tui breeding seasons (October-February), 

from 2012 to 2015 in clear, still and dry climatic conditions. The breeding territories 

of 17 adult male tui across the three locations within Tawharanui were identified. 

Territory boundaries were ascertained by watching flights and movements of male 

birds (Ritchison 1988). Songs of these tui were recorded, 11 individuals in 

2012/2013, two in 2013/2014 and four in 2014/2015. Six of these tui were recorded 

in Jones Bay, four individuals were recorded in the lagoon area of the park, and 

seven individuals were recorded within their territories within the Ecology Bush area 

of the park. Exact territory measurements were not made, however from 
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observations, territories varied in size, with the largest territories seemingly being 

around the lagoon area and the smallest within the Ecology Bush. The visibility for 

tui and for human observers was generally clearest within the lagoon area, and 

within the Ecology Bush the least clear due to high plant density. Nevertheless, the 

focal birds were always able to be visually and/or audibly tracked during the 

recording sessions. All focal birds were colour banded and individually identifiable. 

Female partners of five of these males were observed but none of these females were 

observed singing during male broadcast songs. More males may have had breeding 

partners, but this could not be confirmed therefore the reproductive status and 

breeding stage of 12 males was not established. We also cannot confirm whether the 

females observed with the resident males were within- or extra-pair partners.  

 

Tui generally began singing ~60 minutes before official sunrise time (S. D. Hill 

personal observation 2014), which was selected as the initiation time for song 

recording, and was determined by using timeanddate.com 

(https://www.timeanddate.com/sun/). Three x three-hour recording sessions were 

conducted on each recording day for 1) dawn: 1 hour before official sunrise time 

until 2 hours after official sunrise time; 2) solar noon: 1.5 hours before official solar 

noon until 1.5 hours after official solar noon; and 3) dusk: 2 hours prior to official 

sunset until 1 hour after official sunset (tui generally ceased singing prior to 60 

minutes after official sunset, S. D. Hill personal observation 2014). This temporal 

recording session structure was adapted from previous studies (Tomialojc & 

Lontkowski 1989; Senar et al. 1992; Thomas 1999; Avey et al. 2008; Erne & 

Amrhein 2008). Every song recorded from each bird, with a good signal-to-noise 

ratio, was used in the analysis to compare song complexity between dawn, solar 
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noon, and dusk. All analysed recordings had similar low levels of background noise 

(e.g. from climatic factors and vocalisations from other birds). Only one banded 

individual was recorded on any given day for all three time periods. Each banded 

bird therefore was recorded for only one day. Some individuals did not produce any 

songs for some time periods on their respective recording days, yet sampling effort 

remained consistent. Hence, minor sample size discrepancies existed between times 

of day. Recordings were made using a Sennheiser ME67 long-range directional 

microphone (Sennheiser, Old Lyme, CT) with a frequency response range of 40 Hz 

to 20 kHz, attached to a Marantz PMD620 digital recorder (Marantz, Kanagawa, 

Japan). All recordings were written as wav files at a sampling rate of 44.1 kHz, with 

a resolution of 24 bits.  

 

3.2.3 Intrusion rate (intruder pressure) 

 

Intruder pressure was quantified by tallying the number of intruder visits (IR) to an 

individual’s territory (Stamps et al. 1987) over a unit time. I assessed which time of 

day (dawn, solar noon or dusk) had the highest IR. During each recording session, I 

counted the number of male-male agonistic encounters observed between each 

resident focal male and males that intruded their territory within a 10-minute 

continuous sampling period (see Tacha et al. 1985) providing a total of 30 minutes 

per day in total for each individual. Continuous observations are recommended for 

studies where the aim is to generate the frequency of a specific behaviour (Tacha et 

al. 1985). During dawn and dusk sessions, it was ensured these counts were 

conducted in good visibility (i.e. after official sunrise and before official sunset). 
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During solar noon sessions, these counts were conducted before official solar noon. 

For each individual raw IR data were converted to hourly rates by multiplying by six 

for the purposes of standardisation for data analysis. The conversion to an hourly rate 

rescales the data into an interpretable unit and allows comparison with other studies 

such as in red-winged blackbirds (Agelaius phoeniceus, Searcy & Yasukawa 1995). 

From observations, when a rival male intruded a territory and landed on a perch 

within the territory, resident males would generally aggressively approach them. 

Interactive song between the perched individuals generally ensued after the resident 

male landed on the perch. A male-male encounter was only tallied as an intrusion if 

an intruding male was chased out of its territory. Interactions ultimately resulted in 

intruder departure. For intruding males that were not colour banded, I accept there 

was a chance the same individual may have intruded the focal birds’ territory on 

more than one occasion. Only one banded focal male was monitored on any given 

day as per the sound recording procedure.  
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3.2.4 Song variables  

 

Broadcast songs are the most commonly produced songs in tui and are defined as 

prominent and non-directional vocal signals. Broadcast songs in songbirds, function 

as advertisements of reproductive and/or territorial status (Wiley & Richards; Titus 

1998). In contrast, interactive songs are often initiated and directed towards an 

observable audience. They are employed in male-male confrontations (Titus 1998), 

in addition to courtship and pair-bond maintenance (Titus 1998; Reichard et al. 

2011). Variation occurs in both tui song structure and complexity between broadcast 

and interactive songs (S. D. Hill, unpublished data 2016) and between sexes (Hill 

2011). To ensure both a large sample of songs and to avoid the potential 

confounding effects of song type and sex variation, only male broadcast songs were 

included in the analysis. All songs included in the analysis were recorded at between 

2 m and 5 m from each singing bird.  

 

The song recordings were visualised, and parameters measured using Raven Pro 1.4 

Beta Version software (Cornell Lab of Ornithology, Ithaca, NY, USA). For all 

recordings, spectrograms were created by Discrete Fourier Transform (DFT) with a 

Hann window. The frame length was set at 256 points. Additionally, a 50% frame 

overlap with hop size of 2.9 ms was used. Frequency grid spacing of 172 Hz was 

also employed and the bandwidth was set at 3 dB.  
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To measure song complexity, I used Raven Pro to extract five variables (Fig. 2):  

1. Entropy (a unitless measure of spectral complexity). White noise, for example, has 

a high entropy score whereas a pure tone has a low entropy score (Tchernichovski et 

al. 2000; Briefer et al. 2010; Charif et al. 2010). Entropy was measured across the 

entire song and was calculated by Raven Pro,  

2. Number of syllables (sound units per song, Boogert et al. 2008). Within a song, I 

considered it a different syllable if it was separated from other syllables by a visible 

temporal interval ≥ 90 ms,  

3. Song duration (time from the beginning of the first syllable to the end of the 

terminal syllable of each chosen song, Boogert et al. 2008),  

4. Syllable diversity (number of different syllables per song (Baker & Logue 2003; 

Garamszegi & Møller 2004; Weir & Wheatcroft 2011). Different syllables were 

identified and distinguished by duration, spectral structure, and bandwidth (i.e. the 

difference between minimum and maximum frequencies), 

5. Syllable rate (the number of syllables produced per second (Feßl & Hoi 2000). All 

song complexity parameters have been employed in previous studies (Gil & Slater 

2000). 
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Figure 3.2: A spectrogram of a male tui song highlighting total number of syllables, 

song duration and syllable diversity. This example has eight syllables in total and 

seven different syllables (syllable five is repeated). The syllable rate of this song is 8 

÷ 2 sec = 4 syllables per second. 

 

3.2.5 Statistical and graphical methods 

 

A permutational multivariate analysis of variance (PERMANOVA, Anderson 2001, 

using 999 permutations) was used to examine differences in song variable centroids 

between three times of day (dawn, solar noon and dusk). The number of songs for 

each bird varied, so each ‘individual bird’ was considered a random factor and 

nested within location. Data were standardised to Z-scores prior to the 

PERMANOVA. The song complexity data was visualised using non-metric 
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dimensional scaling (NMDS), using the average for each bird at each time of day. I 

also tested for significant differences in IR between times of day using a one-way 

ANOVA and Post hoc analyses (Tukey’s pairwise comparisons).  

 

To examine the relationship between song complexity and IR (per h) we initially 

used an exploratory factor analysis (EFA) to reduce the number of correlated song 

complexity variables into principal components (PCs). The function of EFA is to 

uncover underlying structure and relationships between a multitude of variables. A 

VARIMAX rotation of the data was performed to try and maximise interpretability 

of the vectors (i.e. PC1 etc.). The ‘shared variances’ (of the variables in each PC) 

were used rather than the ‘total variance’ of each variable. Each PC therefore 

represented an orthogonal (i.e. uncorrelated) linear combination of these song 

complexity variables. These PCs were fit as predictor variables in a model predicting 

IR. The variation in IR was over-dispersed: the dispersion parameter for the data was 

7.4 suggesting the data were more aggregated than would be expected with a Poisson 

distribution, so a generalised linear model (GLM) with a quasi-Poisson error 

structure was fit to the data.  

 

The PERMANOVA and NMDS analyses of song complexity data were conducted 

using the PRIMER v6 computer program (Clarke and Gorley, 2006 with the 

PERMANOVA+ add-on package (Anderson and Gorley 2008) using Euclidean 

distance measures. The ANOVA was done using PAST software (version 2.17b, 

Hammer et al. 2001). The EFA and GLM were fitted using the R package for 

statistical computing (R Core Development Team 2015). 
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3.3 Results  

 

In total, 926 songs were analysed from 17 male tui: 401 at dawn (mean per 

individual ± standard error: 23 ± 6; N = 15), 209 at solar noon (12 ± 4; N = 11) and 

316 at dusk (19 ± 3; N = 16). Dawn had generally higher song complexity values 

than both solar noon and dusk (PERMANOVA test Pseudo F11, 17 = 1.862; P = 

0.049; Table 3.1; Table 3.2; Table 3.3). Dawn song complexity was positively 

associated with high number of syllables, song duration and syllable diversity, with 

datapoints generally distributed towards the right of the NMDS plot. The NMDS 

also suggests dusk songs had a relatively low number of syllables, song duration and 

syllable diversity compared to dawn as the datapoints were distributed more towards 

the left of the plot (Figure 3.3). 
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Table 3.1: The descriptive statistics showing the average song complexity 

parameters and intrusion rate at dawn, solar noon, and dusk from 401 broadcast 

songs at dawn, 203 songs at solar noon, and 316 songs at dusk in a tui population (N 

= 15, 11, 16).  

Variable                        Mean ± SE 

 Dawn Solar noon Dusk 

Entropy (u) 3.69 ± 0.21 3.35 ± 0.25 3.14 ± 0.23 

Number of syllables 

per song 

22.28 ± 1.62 17.89 ± 1.56 17.57 ± 1.53 

Song duration (s) 8.81 ± 1.11 7.77 ± 1.17 6.27 ± 0.25 

Syllable diversity 18.79 ± 1.29 15.64 ± 1.51 15.05 ± 1.26 

Syllable rate (per s) 2.13 ± 0.02 2.16 ± 0.2 2.39 ± 0.12 

Intrusion rate (per h) 18 ± 3.61 6.35 ± 2.02 5.22 ± 1.64 
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Table 3.2: A matrix showing the test statistic/P values of pairwise PERMANOVA 

tests that compared song complexity levels between the 3 times of day (999 

permutations). 

 Dawn Solar noon Dusk 

Dawn -   

Solar noon Pseudo F = 1.44 

P = 0.154 

-  

Dusk Pseudo F = 1.862 

P = 0.049 

Pseudo F = 1.07 

P = 0.353 

- 
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Table 3.3: The number of males that either decreased (↓), increased (↑), or remained 

unchanged (→) for each song complexity variable and IR at dusk compared to dawn. 

Note that three individuals did not sing during both dawn and dusk recording 

sessions so were omitted from the tally.  

 

  

Entropy Number 

of 

syllables 

per song 

Song 

duration 

Syllable 

diversity 

Syllable 

rate 

Intrusion 

rate 

 

6 ↓ 8 ↓ 8 ↓ 9 ↓ 6 ↓ 11 ↓ 

8 ↑ 6 ↑ 6 ↑ 5 ↑ 8 ↑ 1 ↑ 

2 → 
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Figure 3.3: NMDS plot of the tui song complexity data showing differences in the 

centroids of the three different times of day (dawn, solar noon, and dusk). The plot 

suggests dawn complexity parameters correlate with higher number of syllables, 

song duration and syllable diversity as the dawn datapoints were situated generally 

towards the right of the plot. Dusk on the other hand had lower complexity in terms 

of these variables as the dusk datapoints were situated more towards the left of the 

plot. The inset shows a unit circle (radius = 1) with vector length describing the 

Spearman rank correlation of the song variables.  

 

We found evidence of significant differences in IR group means between times of 

day in all individuals, as determined by a one-way ANOVA test (F2, 48 = 8.596; P < 

0.001; N = 17). Post hoc Tukey’s pairwise comparisons suggested there was strong 

evidence that dawn IR was higher than at solar noon (P = 0.004) and dusk (P = 

0.001) (Table 3.2).  
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3.3.1 Relationship between song complexity and intrusion 

rate 

 

Covariates that were not known to be part of the relationship between song 

complexity and IR and did not have any evidence of predictive power (i.e. those that 

did not deviate significantly from zero) were excluded from the model. There was no 

evidence of any relationship between the first principal component (PC1) of the song 

complexity data with IR therefore, PC1 was not included in the model. However, 

PC2 and PC3 were used as covariates in the GLM used to predict IR. Within the 

EFA, the PC2 axis was highly loaded with entropy while PC3 was heavily loaded 

with song duration and syllable rate (Table 3.4). There was a trend that IR was 

negatively associated with PC2 (R2= 0.4; P = 0.058) and IR was negatively 

associated with PC3 (R2= 0.4; P = 0.028). We estimated that a unit increase in PC2 

decreased IR by 29.6% (95%CI [-48.1%, -2.2%]) and that a unit increase in PC3 

decreased IR by 17.4% (95%CI [-33.5%, +2.7%]). These suggest reduced tui IR was 

associated with increased entropy and increased syllable rate/decreased song 

duration.   
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Table 3.4: The eigenvalues, variance explained and factor loadings of the variables 

following exploratory factor analysis for the song complexity variables that were to 

be used to test for associations with intrusion rate. Those variables with factor 

loading values greater than 0.8 are shown in bold. 

 PC1 PC2 PC3 

Eigenvalue 2.88 1.59 0.46 

% of variance explained 50 29 21 

Entropy 0.19 0.96 0.2 

Number of syllables per 

song 

0.96 0.22 -0.17 

Song duration 0.73 -0.08 -0.66 

Syllable diversity 0.98 0.15 -0.06 

Syllable rate -0.1 0.2 0.97 
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3.4 Discussion  

 

Consistent with the predictions, the results indicated significantly higher tui song 

complexity at dawn than at dusk, significantly greater IR at dawn than at solar noon 

and dusk, and an association between IR and three song complexity variables: 

entropy, syllable rate and song duration. Greater song complexity observed at dawn 

is concordant with previous research suggesting vocal activity varies throughout the 

day (Erne & Amrhein 2008). Although currently untested in tui, there are likely to be 

multiple biological and environmental factors that play a role in song complexity 

changes over the diurnal period and the high song complexity during the dawn 

period (dawn chorus). These include microclimatic fluctuations (Kacelnik & Krebs 

1982), because favourable microclimatic conditions make dawn an optimal time of 

day to successfully transmit vocalisations (Kacelnik & Krebs 1982). It has been 

hypothesised that the diurnal variation in climatic parameters, such as relative 

humidity, wind speed and temperature, may at least partly explain the evolution of 

the dawn chorus. Local air turbulence, for example, can cause attenuation of sound 

and create background noise, reducing the effective transmission of sound and is 

generally at its lowest at dawn (Kacelnik & Krebs 1982). The production of more 

elaborate and complex vocalisations would therefore be most ideally suited to dawn 

as this will maximise sound propagation and decodability (Brown & Handford 2003; 

Stanley et al. 2016).  
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However, dawn conditions are not always optimal for long-range communication, 

therefore the dawn chorus cannot solely be explained by this sound transmission 

hypothesis (Dabelsteen & Mathevon 2002). Diurnal variation in reproductive 

behaviour such as both within- and extra-pair copulations (Harper 1988; Dabelsteen 

et al. 1998) may also explain song complexity variations. However, quantifying 

these behaviours in wild birds proves challenging, because copulations can often be 

undertaken out of the researcher’s sight. Neurological changes such as the plasticity 

of songbird brain morphology during the diurnal period (De Groof 2009) may also 

govern song complexity variation. This has been observed in conjunction with 

seasonal changes in vocal behaviour (De Groof 2009), which could be influenced by 

melatonin concentrations which in turn influences song patterns (Derégnaucourt et 

al. 2012).  

 

There is evidence that the male dawn chorus has a dual function of both enforcement 

of dominance among male group members in addition to signalling attractiveness to 

females. Male superb fairy-wrens (Malurus cyaneus) for example will seek extra-

pair copulations exclusively during the dawn chorus (Dalziell & Cockburn 2008). 

Furthermore, the dawn chorus in great tits (Parus major) is directly related to female 

fertility (Mace 1987). During the dawn chorus, males increase both their song rate 

and song duration in the lead up to egg laying, suggesting there are differential 

functions of song at specific times of day (Dalziell & Cockburn 2008). This suggests 

the dawn chorus could function as a mate-guarding tactic (Otter et al. 1997), 

although other evidence suggests that dawn song functions for males to attract their 

own mates, replacement females for widowed males, and extra-pair mates (Slagsvold 

et al. 1994). Conceivably, song complexity is increased at dawn to deter rivals from 
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entering territories when female partners are fertile and vulnerable to extra-pair 

copulations (Møller 1988). It may also be due to mated males themselves seeking 

extra-pair copulations. These factors are however currently undetermined in tui and 

warrant future efforts. 

 

In addition to tui song complexity, IR was also significantly higher at dawn than at 

both solar noon and dusk. Tui have high extra-pair paternity rates (Wells et al. 2015) 

which suggests successful territorial invasions are relatively commonplace in tui. It 

also means that mate guarding, and territory defence are likely to be of high 

importance for resident males. Additionally, females may leave territories and seek 

out extra-pair copulations, but this needs future clarification. My results suggest 

entropy had a significantly negative association with IR therefore songs with high 

spectral complexity may be used to some extent to minimise or mitigate these 

territorial invasions by rivals. Previous evidence indicates that song is used during 

the dawn chorus firstly for territorial holders to announce territory occupancy to non-

territorial males prospecting for territories, thereby reducing the chances of territory 

seizure, and secondly for non-territorial males to assess territory-holding male 

quality (Amrhein et al. 2004). Dawn intrusions by prospecting males may also 

function to assess the availability of a female (Amrhein et al. 2004). 

 

To a lesser extent, songs with increased syllable rate (and decreased duration) were 

also associated with reduced IR. Previous evidence suggests that in banded wrens 

(Thryophilus pleurostictus), long, high performance songs reduce rival male 

intrusions (De Kort et al. 2009). This previous study measured the aggression of 

response to low, medium and high-performance singers. The few individuals that did 
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respond to high performance songs were more aggressive to high-performance songs 

than to low performance songs (De Kort et al. 2009). I am somewhat cautious of 

drawing strong conclusions on the association between tui song complexity and 

intruder pressure because of the low relationship strength found within this study. 

Furthermore, variations in other territorial variables of the territory holder (e.g. 

habitat complexity and density, food availability, territory size, reproductive success, 

age and dominance status) also are likely to influence tui IR, and will need further 

testing. It should also be acknowledged that increased song complexity may be due 

to increased IR rather than vice versa, although this hypothesis remains to be tested 

in tui, and therefore warrants future efforts. These include manipulation experiments 

with the introduction of varied numbers of dummy male tui models into respective 

territories and measuring song complexity responses from territory-holding males. 

With the increasing power and advancement of computer technology, computer-

controlled robotic or drone bird models which mimic the exact movements of birds 

(Zhang & Hu 2016) could be employed to enter territories and simulate intrusion 

events. The feasibility of using robotic birds in the field of experimental biology has 

been demonstrated by, for example, Butler et al. (2014) in a study on European 

starlings (Sturnus vulgaris). 

 

Previous research suggests intruder pressure is most ostensive, in some species, at 

dawn (Dabelsteen et al. 1998). More attempts at agonistic territorial intrusions by 

rival males at dawn have been detected in previous research (Liu 2004). This 

suggests the necessity for a greater degree of territory defence at dawn. Males of 

many songbird species have a peak in their singing activity at dawn (Nelson & 

Croner 1991). Evidence suggests that singing during these diurnal periods may have 
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several different functions. Many species for example produce shorter and less 

intense dawn choruses as the breeding season progresses (Poesel et al. 2006) 

indicating a role in mate attraction. Dawn chorus performance is also positively 

correlated with the ability of male blue tits (Parus caeruleus) to defend territories 

later in the day (Poesel et al. 2004).  

 

Male songbirds will adjust dawn song output to the level of intruder pressure (Liu 

2004; Erne & Amrhein 2008). In my study, the greater number of territorial 

encounters observed during the dawn session than during dusk could be a key 

contributory factor to the greater song complexity produced during this period. This 

is likely to function to guard territory and food resources. In order to test causality 

between song complexity and IR however I recommend experimental manipulation 

using song playbacks (with complexity variables set at different values). These 

experiments should also include the use of male dummy models on territories in 

conjunction with playbacks and measuring respective IR on different territories.  

 

This study has provided novel evidence for diurnal song complexity variations in tui 

and therefore provides us with a greater understanding of songbird vocal behaviour 

alterations across the diurnal period. This research supports the theory that dawn is a 

critical time of day for the intensification of vocal characteristics in songbirds. At 

dawn, I found higher entropy, higher number of syllables, higher syllable diversity 

and longer song duration than at other periods of the day. I also recorded higher tui 

IR at dawn. Higher spectral complexity, and syllable rate, in addition to shorter song 

duration, were associated with reduced IR into the signaller’s territory. This research 



Chapter 3: Diurnal tui song complexity variation 

93 
 

thus contributes to the understanding of songbird song complexity function and 

evolution in relation to territorial assertion, and provides important baseline data that 

provides a starting point for future efforts in the realms of diurnal changes in 

songbird communication.  
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4 Fighting talk: complex song elicits more 
aggressive responses in a vocally complex 
songbird 
 

Interactive male-male tui behaviour (photo: Bryan Pepperell, with permission). 
 

This chapter was accepted for publication in Ibis (Appendix 1). 
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Abstract  

 

Song complexity in many songbirds is a trait subject to sexual selection. It is often 

associated with male territorial defence. Empirical studies testing differential male 

responses to rival song in vocally complex songbirds however have been scarce. I 

conducted playback experiments in tui Prosthemadera novaeseelandiae to test the 

response aggressiveness of territorial males to rival songs with differing complexity 

levels. Overall, complex songs evoked significantly stronger responses from 

territorial males than simple songs. Following playback of complex songs, focal 

males approached the playback more closely and rapidly, and responded with songs 

of higher complexity than to playback of simple songs. This suggests males could 

both distinguish between different levels of complexity within the tui repertoire, and 

perceived more complex song as a greater territorial threat. This study is one of the 

first to demonstrate strong aggressive responses to increased levels of song 

complexity in a songbird species with highly complex vocalisations. In the context 

of male territory defence, this study provides important insights into the evolution of 

complex tui song.  

 

Keywords: playback, rival, simple, song complexity, territoriality 
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4.1 Introduction 

 

Bird song is a communication signal with two key functions: mate attraction, and 

territory defence (Catchpole & Slater 2008; Brunner & Pasinelli 2010; Leedale et al. 

2015; Moiron et al. 2015; Monbureau et al. 2015). Song production may provide 

advantages to the singer on both fronts, or the ‘dual function hypothesis’ (Catchpole 

& Slater 2008). This becomes particularly important during the female fertile period 

(Greig-Smith 1982) when competition for breeding partners and resources is at its 

peak (Hjernquist et al. 2008; Pryke 2013). 

 

Evidence suggests complex songs evolved due at least partly to sexual selection for 

such high-performance vocalisations (Catchpole 1980). Nonetheless, levels of song 

complexity (e.g. the number of syllables contained within a song) vary greatly across 

songbird taxa. This is partly due to intraspecific variations in song structure 

(DeVoogd et al. 1993). The California thrasher Toxostoma redivivum and winter 

wren Troglodytes hiemalis for example produce complex songs containing multiple 

different syllables (Kroodsma 1981; Cody et al. 2016). On the other hand, the white-

crowned sparrow Zonotrichia leucophrys, zebra finch Taeniopygia guttata and 

chiffchaff Phylloscopus collybita have merely a few similar syllables within their 

repertoire (Marler & Tamura 1962; Zann 1996; Jaška et al. 2015). Evidence suggests 

high songbird song complexity is both energetically costly in terms of field 

metabolic rate (Garamszegi et al. 2006) and sexually selected (Schmidt et al. 2013). 

Song complexity may be an honest indicator for various aspects of male quality 

(Spencer et al. 2003; Cramer 2013). These factors include genetic diversity 
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(Marshall et al. 2003), developmental stress levels (Spencer et al. 2003; Nowicki & 

Searcy 2004), and parasite load (Hamilton & Zuk 1982).  

 

Song structure may be shaped by the forces of both intra- and intersexual selection 

(Catchpole & Slater 2008). Levels of song complexity can even vary between 

individuals of the same species (Feßl & Hoi 2000). Song complexity variation is 

largely governed by the volume of the motor song system nucleus (HVC, DeVoogd 

2004). Song complexity may be used by males to assess the quality of potential 

territorial rivals in vocally complex species (Mountjoy & Lemon 1991). Moreover, 

evidence suggests song complexity plays an important role in territory acquisition 

and defence (Beecher & Brenowitz 2005). Furthermore, males of some species, such 

as red-winged blackbirds (Agelaius phoeniceus), deemphasise their song repertoires 

in the presence of rival males (West et al. 1981; Searcy & Yasukawa 1990) possibly 

functioning to avoid costly physical conflict.  

 

Song complexity has also been found to correlate with several reproductive success 

metrics. For instance, increased parental care (e.g. in sedge warblers Acrocephalus 

schoenobaenus, Buchanan and Catchpole 2000), initial mating success (e.g. song 

sparrows Melospiza melodia, Reid et al. 2004), and lifetime reproductive success 

through territory tenure (e.g. song sparrows, Potvin et al. 2015). Furthermore, males 

with high song complexity pair earlier (e.g. European starlings Sturnus vulgaris, 

Mountjoy & Lemon 1996), and are more successful in extra-pair breeding (e.g. great 

reed warblers Acrocephalus arundinaceus, Hasselquist et al. 1996; Leisler et al. 

2000).  
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Playback experiments under natural conditions can be highly powerful tools to 

investigate bird song variation, elucidate the rudimentary functions of song and 

examine the roles of aspects of song structure (Catchpole et al. 1984; Kroodsma & 

Byers 1991; Kipper et al. 2015). Playbacks combine both the precision and accuracy 

of laboratory conditions with the unknown, uncontrollable, natural conditions of the 

field (Falls 1992). However, birds that have been bred in laboratories are often 

domesticated and may exhibit different traits than their wild congeners (Campbell et 

al. 2009). For example, captive birds can have poorer body condition and immune 

systems than wild individuals (Ewenson et al. 2001). Field studies therefore have a 

major advantage because they are conducted within a natural context, in which 

animal behaviours are most uninhibited (Falls 1992). Their responses are therefore 

likely to reflect biologically relevant behaviours (Falls 1992). Such playback 

experiments can subsequently provide valuable insights into evolutionarily important 

facets of animal communication (Fischer et al. 2013). Playback experiments 

investigating female responses to male songs for example found that song 

complexity plays a part in female mate choice (Howard 1974; Catchpole 1980; 

Searcy 1992; Catchpole & Leisler 1996). 

 

The tui Prosthemadera novaeseelandiae is an endemic New Zealand songbird in the 

Family Meliphagidae. Both sexes sing, however females less frequently (Bergquist 

1989). Tui produce long-range, territorial broadcast songs generally long and 

complex in nature (Hill et al. 2015). They will also produce shorter and simpler 

broadcast songs in addition to alarm and distress calls. These two types of broadcast 

song may have different functions but this is unclear. Males can produce at least 56 

different syllables within a single song (Hill et al. 2015). This large syllable 
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repertoire results in a large and diverse song repertoire. Indeed, male tui songs are 

rarely repeated as exact copies (Hill 2011) and within-individual song complexity 

varies (Hill et al. 2015). Some syllables and song strophes are nevertheless shared 

between neighbouring individuals (Hill & Ji 2013). While the functions of tui song 

remain largely unelucidated, evidence suggests they may be used in mate attraction, 

since songs are more complex during breeding season (Hill et al. 2015), dominance 

hierarchy resolution (Bergquist & Craig 1988; Bergquist 1989) and territoriality 

(Hill et al. 2013). Tui also have high extra-pair paternity (57%, Wells et al. 2015). 

This suite of behavioural traits makes tui an excellent model to investigate territorial 

male responses to differing song complexity levels.  

 

My aim was to investigate breeding male tui responses to simple and complex song 

in intruding male tui. This was tested using playback experiments to gain 

understanding about the function of song complexity in the context of tui 

territoriality. As songbird song complexity plays a role in territory tenure, and female 

extra-pair mate selection (Potvin et al. 2015), intruding males with more complex 

songs are likely to be perceived as stronger competitors by territorial males. 

Theoretically, this would be particularly true in species with high extra-pair paternity 

who risk suffering cuckoldry in addition to losing territory. Therefore, I predicted 

more complex songs of intruding male tui would indicate a greater challenge to 

territorial males, and thus would elicit stronger, more aggressive responses than 

simpler song.   
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4.2 Methods  

 

4.2.1 Locations 

 

I conducted playback experiments at 12 locations in Ecology Bush, Tawharanui 

Regional Park (36°22’S, 174°50’E), 90 km north of central Auckland, New Zealand. 

Tawharanui is a 588-ha predator-fenced mainland island on the Tawharanui 

Peninsula (Figure 4.1). The park consists of grazed pasture and coastal native forest 

remnants where tui are abundant. Each playback location was conducted within a 

territory of a focal male.  

 

 

Figure 4.1: Map showing the location of Tawharanui Regional Park and the 12 

playback locations within the park. Playback locations 6, 8, 9, 10 had banded focal 

males. 
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The distance between adjacent playback locations was approximately 200 m. To test 

whether stimuli from a playback speaker (SAST PT06 Loudspeaker, Shenzhen 

SAST Electronics Co. Ltd, Shenzhen, China) could be detected by a non-target tui 

200 m from the sound source, I recorded a randomly-selected complex song stimulus 

(see below for more details on the stimuli) from 200 m away (at 80 decibels relative 

to a carrier level [dBC] from 1 m, fast setting, measured using a sound level meter, 

Digitech QM-1589) using a long-range microphone that had a frequency response 

range of 40 Hz to 20 kHz (Sennheiser ME67, Sennheiser, Old Lyme, CT) attached to 

a Marantz PMD620 digital recorder (Marantz, Kanagawa, Japan). The stimulus 

however was undetectable on the spectrogram produced by Raven Pro software (1.4 

Beta Version, Cornell Lab of Ornithology, Ithaca, NY, USA). Nevertheless, I 

conducted a playback of this recording to tui 20 m away from the speaker (at 80 

dBC), which evoked no response. Therefore 200 m was used as the distance between 

playback locations to minimise the chance of tui from other playback locations 

detecting and habituating to the playback stimuli. 

 

Of the 12 locations, four of the territorial male tui were banded and 8 unbanded. One 

was banded in 2011 and three in 2013. The breeding stage of two males were 

confirmed, one nest building and the other post-fledging. No other focal males had 

active nests that were found and were most likely in-between broods because the 

playbacks were conducted in mid-breeding season (on three separate days: 

December 11th, 14th and 18th 2014).  

 

Tui are especially territorial in the breeding season and males sing regularly on 

specific perches within their territories (Bergquist & Craig 1988). Banded tui stayed 
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within their territories throughout the duration of the playback experiments. I was 

therefore confident the same bird was at each location on subsequent days for 

unbanded males. I identified tui territory boundaries by watching flights and 

movements of tui. The presence of a territorial male tui does not necessarily equate 

to the territory holder having a mate or a nest. 

 

4.2.2 Stimuli 

 

The stimuli consisted of complex broadcast male tui song, simple broadcast tui song, 

and control heterospecific song (of a male grey warbler, Gerygone igata). Grey 

warbler song was selected as a control as they are a non-related songbird commonly 

occurring in the same location and habitat, and can be regularly heard. Variables 

used to measure within-complexity of song stimuli were: 1) number of syllables (the 

total number of syllables within each song, Boogert et al. 2008). A syllable is 

defined as either a continuous tracing on the spectrogram; or a tight group of 

identical sound units. I considered a syllable as such, if it was separated from other 

syllables by a visible temporal interval ≥ 90 ms, 2) syllable diversity (number of 

different syllables within each song, Garamszegi & Møller 2004, Boogert et al. 

2008). Different syllables were identified and distinguished by their duration, 

spectral structure, and bandwidth (the difference between minimum and maximum 

frequencies), 3) syllable transitions (the number of times the bird switches from one 

syllable type to another, Sasahara et al. 2012), and 4) song duration (length of time 

from the beginning of the first syllable to the end of the terminal syllable of each 

chosen song, Boogert et al. 2008) (Figure 4.2). In total, there were six different songs 

within each stimulus type category (complex, simple, and control) (Figure 4.3; Table 
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4.1) as per the recommendations in Kroodsma (1990). The mean syllable diversity 

(23 ± 2) within the complex tui song stimuli was above the mean of the Tawharanui 

tui population (19 ± 9, Hill et al. 2013). 

 

 

Figure 4.2: Spectrographic representation of total number of syllables, song duration, 

syllable diversity (total number of different syllables) and syllable transitions (ST) 

calculation. This two second tui song example has eight syllables in total, seven 

different syllables (as syllable 5 is repeated), and six syllable transitions.  
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Table 4.1: The mean complexity values ± standard error per song of the tui playback 

stimuli used in this study.  

Variable 

 

Stimuli 

Number 

of 

syllables 

Syllable 

diversity 

Syllable 

transitions 

Syllable 

length (sec) 

Song duration 

(sec) 

Complex tui 

song 

 24 ± 2   23 ± 2 22 ± 2 0.24 ± 0.11      7.25 ± 1.03 

Simple tui song 

Control song 

6 ± 1 

6 ± 1 

6 ± 1 

3 ± 1 

5 ± 1 

3 ± 1 

0.17 ± 0.01 

0.07 ± 0.04 

     6.93 ± 1.97 

     8.89 ± 0.36 
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Figure 4.3: Sixty-second exemplars of the song stimuli with different levels of 

complexity (the stimuli): complex song, simple song and control heterospecific song 

(grey warbler) used in these playback experiments. Each period of signal represents 

a single song bout and each song stimulus had a concordant signal-to-silence ratio. 

 

All tui song stimuli were recorded from a single territorial male (ID code: YG-YM, 

123 g) to control for responses to individuals instead of song complexity. The stimuli 

were recorded near Jones Bay approximately 1.5 km from the nearest focal tui 
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territory, so were likely to be unfamiliar to each focal male at each playback 

location. The grey warbler songs used as controls were recorded from the park 

approximately 1.5 km from the nearest focal tui territory so were also likely to be 

unfamiliar to each focal male. All recordings written as wav files were made from 

the previous breeding season (at a sampling rate of 44.1 kHz, with a resolution of 24 

bits). This was conducted using both the long-range directional microphone, attached 

to the digital recorder both described above.  

 

The recordings were edited and stimuli produced using Raven Pro (1.4 Beta 

Version). The sound level meter was used to ensure the sound was at the same 

volume for each stimulus (80 dBC at 1 m, fast setting). This represented natural 

singing volume as measured by a sound level meter. Each stimulus was a recording 

with a good signal-to-noise ratio. One different song from the source male was used 

for every different stimulus. Every stimulus had the same ratio of signal (i.e. song 

bouts) to silence over the entirety of the three min [90 sec song, 90 sec silence] at 

intervals to simulate natural song as best as possible. Each focal male therefore was 

exposed to the same amounts of stimuli whether complex, simple, or control song.   

 

4.2.3 Playback experiment 

 

For the playback experiment, the position of the speaker was generally on the 

periphery of each focal bird’s territory. This simulated a commonly observed type of 

territory invasion in tui, where a male tui will approach, loiter and sing within a safe 
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distance from the territory owner. Prior to the playback experiments I set out 

flagging tape at measured distances (2, 5, 10, 15 m) from the playback speaker in to 

aid in estimation of distances. I also marked speaker location so the experiment 

could be replicated on subsequent days (as per Searcy et al. 1997). The speaker was 

placed approximately 2 m above the ground. I waited until the territorial male was 

present in its regular perching area before commencing the experiment. Typically, 

the male would arrive in less than five min, although occasionally the male was 

already on a known singing perch.  

 

The directional speaker was always oriented towards the birds’ regular singing perch 

within each territory to minimise the chances of disturbing birds on neighbouring 

territories. I placed the speaker a minimum of 20 m from each bird’s regular singing 

perch before initiating playback. From observations, when rival tui intrude onto 

territories, they will either arrive and sing on a peripheral perch, directly approach 

the territory holder on its singing perch or fly through the territory. Performing 

playbacks at this distance generally simulated the former, whilst minimising human 

disturbance of the focal bird. Observers stood 9 m from the speaker, therefore 29 m 

from each bird’s regular singing perch.  

 

Songs were played back as wav files from an Emachines E443 laptop computer 

(Emachines, Irvine, California, USA). The laptop was attached to the speaker by a 9 

m cable. The speaker had a frequency response of 200 Hz–13,000 Hz (± 1 dB), 

similar to natural tui signals. The playback procedure consisted of a three min pre-

stimuli observation period to confirm focal males were exhibiting normal behaviour 
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(e.g. perching or foraging) and that they were not stimulated by conspecific song or 

already engaged in territorial confrontation. This was followed by a three min period 

of randomised stimuli treatment (complex tui song, simple tui song, or control song) 

during which eight main response variables were recorded. A three min period of 

post-stimuli observation followed during which 5 of the 8 main response variables 

(refer to Table 6.2) were recorded from the focal male. Songs were shuffled and each 

song assigned a number (from 1-18, six songs within each of the three stimulus type 

categories). The ‘Random Number Generator’ app on an iPhone® (Apple, 

Cupertino, CA) was used to determine which song was to be played. It was ensured 

three different stimulus types (complex, simple, and control) were played at each 

location across the three playback days. On day two, a random number was 

generated for each location as previously but if it was a song that had already been 

played at that location on day one, another random number was generated to 

correspond with an unfamiliar song stimulus. I did the same on day three to ensure 

songs from all three stimulus types had been played at each location over the three 

days without any being repeated.  
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Table 4.2: Variables recorded as measures of the levels of aggressiveness of 

territorial male tui in response to the playback stimuli (Beecher & Campbell 2005, 

Parker et al. 2010). 

Response variable Stimulus stage recorded 

Latency of first vocal response (sec) During 

Latency of first flight or movement (sec) During 

Distance from speaker after 30 sec (m) (for statistical 

purposes, any distance over 15 m was entered as ‘16‘ 

into the statistical program for all distance-related 

response variables) 

During 

Distance from speaker after 2 min (m) During 

Closest distance to speaker (m) During and post 

Total number of flights towards/over/in response to 

stimuli (total number of flights towards or 

aggressively away from speaker). Hops from branch 

to branch were not included in the count 

During and post 

Length of time within 2 m of speaker (sec) During and post 

Total number of songs  During and post 

Complexity of vocal response of focal male (using 4 

measures of complexity) – analysed separately from 

the other variables 

During and post 

 

During the playback experiment, I used three observers to record the response of the 

focal bird (two of whom were unaware of the hypothesis, i.e. blind). A fourth person 
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acted as an observer to track the movement of the focal male should it fly out of 

sight of the three main observers. The observations from all three observers had to 

concur for that behavioural measure to be included. We had high between-observer 

agreement. Vocal responses of the focal males were simultaneously recorded using 

the long-range directional microphone attached to the digital recorder during and 

post-stimuli.  

 

The intervals of three and four days between playback sessions respectively to each 

focal male minimised the chances of habituation to song stimuli. The playbacks were 

conducted between 0600 and 0930 during dry and still weather. Rain and wind gusts 

occurred on one occasion during the playback experiments but cleared within 

approximately 12 min. The playback was paused and continued once the weather 

was dry and still again. 

 

For unbanded tui, it was possible to differentiate males from females, due to sexual 

dimorphism. Males are significantly larger on average than females (Wells et al. 

2015). The sex and the number of individuals responding were noted during each 

playback session. 

 

4.2.4 Statistical analysis 

 

A principal component analysis (PCA) was used to combine the eight correlated 

measures of response into fewer orthogonal measures. The complexity measures of 

vocal responses were analysed separately (see below). Three values per individual, 
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per variable, were entered into the model as independent datapoints (complex, 

simple, and control). Data were normalised using log transformations to ensure even 

standard deviations across the variables. PCA is useful in playback experiment 

analyses, as it makes the interpretation of responses to playback easier and avoids the 

statistical issues concerned with correlated measures. Post-hoc tests were run to 

determine significant differences between the different combinations of related 

groups. Firstly, a Friedman’s test was used to detect differences in the strength of 

responses between treatments (i.e. stimuli) across multiple test attempts. The data 

were paired, so a post-hoc Wilcoxon matched-pairs signed rank test with Bonferroni 

correction was used to identify significant differences in the aggressiveness of 

response to the stimuli for each of the response variables (one at a time) in a pairwise 

mode. Wilcoxon tests were conducted on the different combinations of groups 

(complex, simple and control song). I also compared the resulting PCA scores using 

Wilcoxon matched-pairs signed rank tests between treatments. 

 

To further test the strength of responses from the three stimuli, the raw response 

variables were examined by analysis of similarities (ANOSIM) following 

standardisation to Z-scores (i.e. normalisation). ANOSIM is a non-parametric 

multivariate test based on Euclidean distance, using the rank order of dissimilarity 

values to test whether the strength of responses (of the 8 main response variables) 

differed significantly between the three stimuli. A one-way permutational 

multivariate analysis of variance (PERMANOVA) (Anderson 2001) based on 

Euclidean distance was also used to test whether the strength of responses differed 

significantly between the three stimuli types. PERMANOVA was run on matrices of 

Euclidean dissimilarity calculated from the transformed and standardised data. It 
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partitioned sources of variation with methodology analogous to ANOVA and used 

unrestricted permutations of raw data to test for statistical significance in the data 

(Anderson 2001, Olabarria et al. 2010). Multivariate PERMANOVA is highly robust 

to correlations and heterogeneous variances (Anderson & Walsh 2013).  

 

 

4.2.5 Complexity measures of vocal responses 

 

A single experienced observer (the author) used Raven Pro to collect four measures 

of within-song complexity from the vocal responses to stimuli: number of syllables 

per song, syllable diversity per song, syllable transitions per song, and song duration 

(as described in the ‘stimuli’ subsection). Some songs after being analysed were re-

evaluated to maximise consistency. Not all focal males responded vocally to the 

song stimuli during the playback experiment. Song complexity therefore was not 

included in the analysis alongside the other eight response variables because song 

complexity can only be measured when vocalisations are produced. Instead, I used 

one-way ANOSIM and PERMANOVA tests to compare complexity of any vocal 

responses from focal males in response to the different stimuli. A mean of three 

response songs were analysed for every focal male that responded with songs.  

 

The ANOSIM and PERMANOVA were performed using PAST software (version 

2.17b) (Hammer et al. 2001). The ANOSIM and PERMANOVA tests were 

conducted with 9999 permutations, and with the Bonferroni correction for multiple 
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comparisons. All other statistical procedures were conducted using SPSS (version 

20.0, IBM, Chicago, IL, USA). 
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4.3 Results 

 

 

In 19 of the 24 tui song playback sessions (79% of the total number of tui song 

playbacks), only males responded. Females responded, physically but non-vocally, 

to both complex song on four occasions, and simple song on one occasion. On these 

occasions, females approached the focal male non-aggressively and perched 

alongside the focal male. More than one individual responded in 14 tui song 

playback sessions (58%), and in nine of these 14 sessions (64%), the responses were 

exclusively to the complex song stimuli. In five of these 14 sessions (36%), males 

responded to both complex and simple stimuli. It is possible that other individuals 

aside from the focal bird responded to both the song stimuli and subsequent 

vocalisations of the focal male. Only the focal male's response measurements 

however were included in the statistical analysis. 

 

The PCA for the response variables showed that PC1 explained 71.69% of the 

variance between the three groups, whereas PC2 explained 12.37% (Table 4.3). A 

Friedman's test on the raw response variable values for each individual revealed that 

there were significant differences in the strength of response across the three 

different stimuli (N = 12; χ2
2 = 19.5; df: 2; P < 0.001), i.e. this allowed us to reject 

the null hypothesis that there were no differences in the strength of response for all 

eight main variables to all three stimuli. There were also significant differences in 

PC1 scores between treatments (Table 4.4). Coupled with the scatterplot (Figure 
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4.4), this also suggests there were differences in the strength of response of the focal 

birds to the three different stimuli.  

 

The PCA eigenvalues suggested seven of the variables were correlated (Table 4.3). 

A post-hoc Wilcoxon matched-pairs signed ranks test (with Bonferroni correction) 

was conducted on the variable that contributed the most to the variation between the 

groups on the first PC (closest distance to speaker [m]). This variable essentially 

represented these seven variables measuring the aggressiveness of response. The 

variable contributing the highest variance on PC2 was also selected for further 

analysis (total number songs produced during and post-stimulus), even though PC2 

contributed little to the variance between the groups (Figure 4.4). The two variables 

that contributed the most to the variation between the different stimuli on PC1 and 

PC2 respectively were: 1. The closest distance to speaker, and 2. The total number of 

songs produced during/post-stimuli (total of six min). Responses of all variables to 

the complex song stimuli were stronger than simple and control song stimuli, 

suggesting complex song evoked more aggressive responses from the focal males 

within their territory (Table 4.3). 

 

One-way ANOSIM and PERMANOVA tests showed a significantly stronger 

response of territorial males to complex song than simple (ANOSIM: N = 12; R = 

0.385; P < 0.001, PERMANOVA: Pseudo F3, 12 = 7.325; P = 0.002) and control 

song (ANOSIM: R = 0.995; P < 0.001, PERMANOVA: Pseudo F3, 12 = 83.35; P < 

0.001) suggesting complex song stimuli evoked more aggressive responses from 

focal males than simple or control song. 
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Table 4.3: Eigenvalues, variance explained and factor loadings of the response 

variables following principal component analysis (PCA) for the response of focal 

males to complex, simple or control stimuli. *Variables with factor loading values 

greater than 0.7. 

 PC1 PC2 

Eigenvalue 5.73 0.99 

% of variance 71.69 12.37 

Latency of first response to stimuli 

(sec) 

 

0.91* 0.30 

Latency of first flight or 

movement towards the speaker 

(sec) 

 

0.91* 0.29 

Distance from speaker after 30 sec 

(m) 

 

0.88* -0.06 

Distance from speaker after 2 min 

(m) 

 

0.84* -0.32 

Closest distance to speaker (m) 

 

0.95* 0.12 

Total number of flights 

towards/over/in response to 

stimuli 

 

0.83* -0.37 

Length of time within 2m of 

speaker (sec) 

 

-0.63 0.71* 

Total number of songs during and 

post-stimuli  

-0.78* 0.24 
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Figure 4.4: PCA scatterplot with Eigenvalue scales along the axes (circles: complex 

song, squares: simple song, crosses: control heterospecific song).  
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Table 4.4: The descriptive statistics including the means ± standard error values and 

P values from the Wilcoxon matched-pairs signed ranks test of the two variables that 

contributed the most variance in the PCA for all three stimuli types. Also shown are 

the mean PC1 Eigenvalue scores for each treatment. Note that only the P values for 

complex versus simple song are shown (N = 12). 

Variable Control song Complex song Simple song Z P 

Closest 

distance to 

speaker (m) 

15.1 ± 0.9 0.3 ± 0.2 6.3 ± 1.6 -2.807 0.005 

Total number 

of songs during 

and post-

stimuli  

1 ± 0 15 ± 3 7 ± 2 -1.649 0.099 

PC1 

Eigenvalue 

score 

1.2 ± 0.1 -1 ± 0.1 -0.2 ± 0.2 -2.824 0.005 

 

4.3.1 Complexity of vocal responses  

 

The complexity values of vocal responses were averaged for each individual before 

conducting multivariate analyses. Males had a significantly higher response to 

complex song than to simple song for all four song complexity variables (ANOSIM: 

N = 6, 8, R = 0.5092, P = 0.005, PERMANOVA: Pseudo F9, 14 = 11.44; P = 0.005, 

Table 4.5; Figure 4.5).  
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Table 4.5: The means ± standard error of male song complexity variables in response 

to playback of complex and simple songs. 

                  Stimuli       Complex song       Simple song 

Song complexity 

response variable 

Per song        Per sec Per song      Per sec 

Number of syllables 22 ± 33.2       3 ± 0.44 8 ± 2            2.18 ± 1 

Syllable diversity 21 ± 3            3.08 ± 0.44 9 ± 2            2.45 ± 1 

Syllable transitions 

Song duration (sec) 

19 ± 3            2.79 ± 0.44 

6.81 ± 1.34           - 

7 ± 2            1.91 ± 1 

3.67 ± 0.81       - 
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Figure 4.5: An exemplar of tui song responses to complex song and simple song 

playback. 
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4.4 Discussion 

 

As predicted, complex song stimuli evoked significantly stronger responses from 

territorial males than simple song stimuli. Although all focal males did respond to 

both song types, the responses were more aggressive to the complex song playback 

stimuli. In addition, complex songs evoked more complex vocal responses from 

focal males. During complex song playback sessions, males would generally remain 

close to the speaker for the duration of the playback stimuli and for the entire three 

min post-stimuli period. This suggests that the complex song stimulated both a 

greater initial aggressive response and a longer lasting aggression from focal males.  

 

Complex song is seemingly perceived as a greater threat to territorial males than 

simple song. It may provide information about the signaller such as his quality, 

aggression, and degree of territoriality, in addition to his intentions, and level of 

attractiveness to females. These information types could be used by territorial males 

to determine the threat significance of intruding males. Results from this experiment 

suggest birds will more strongly interact both physically and vocally with the 

speaker when it emitted complex song stimuli. In some songbird species, song 

matching tends to play a key role in territory defence (Searcy & Andersson 1986; 

Catchpole & Slater 2008). Males sang more complex songs in response to more 

complex stimuli, although no matching of syllable types was observed. While exact 

song matching did not occur in this study (the songs were equally unfamiliar to all 

focal males), focal males sang for longer and to highly complex songs presumably to 

match the complexity of the songs emitted by the speaker. Indeed, the data suggest 
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that focal males responded to complex song stimuli with longer and more complex 

songs than to simple song stimuli. This suggests that responsive singing functions to 

transfer information to an intruder about its motivation or aggression.  

 

Singing more complex songs has been linked with males obtaining more extra-pair 

fertilisations in other songbird species (Hasselquist et al. 1996). In tui, a species with 

high extra-pair paternity frequency (57%, Wells et al. 2015), complex song is likely 

perceived as a threat to territorial males due to the possibility of extra-pair 

copulations of the intruder with a local female. There would be a steep drop in a 

territory holder’s fitness if his partner increased extra-pair copulations (Kokko 1999; 

Eliassen & Jørgensen 2014), hence rigorous territoriality is often required to mitigate 

this risk.  

 

Observationally, the playback of complex song stimuli during the trials induced a 

greater deal of physical aggression between responding males. This gives further 

support to the role complex songs play in territorial encounters in songbirds. In 58% 

of cases, more than one male responded to the song stimuli. Most responses of non-

focal males were to complex song stimuli. Evidence suggests that longer, more 

complex songs function mainly for female attraction (Catchpole and Slater 2008) but 

also male-male territoriality (McGregor & Horn 1992). It is likely therefore that 

mate attraction and rival repulsion are intrinsically linked, because a male that sings 

more complex songs is more likely to obtain a partner and is therefore a tangible 

threat to any territorial male (Seddon et al. 2013).  
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An individual’s level of aggression and fighting ability can reflect its physical 

performance capacities and its physiological state (Lailvaux & Irschick 2006). 

Aggressive encounters in the natural world can be highly ritualised or result in actual 

fighting (Alonso-Alvarez et al. 2004). It has been shown that females will also assess 

a male’s potential physical fighting ability through a well-choreographed display 

when selecting a partner (Alonso-Alvarez et al. 2004) because fighting ability could 

reflect overall quality of the male, although the extent to which this occurs in tui is 

unknown. Indeed, many male songbirds use song and song matching as their main 

means of advertisement of quality to rival males and potential mates (Kroodsma 

1979). 

 

In this study, complex song evoked strong male responses with a limited amount of 

female response. It must be acknowledged that using songs from a single male may 

limit the conclusions that can be drawn from this study. For example, unknown and 

undetected characteristics of the male used to obtain the stimuli may have elicited 

certain response types. Future studies in this area should therefore consider these 

factors in the experimental design phase. Further studies examining how complex 

song varies with reproductive success of males and females in addition to male 

condition are recommended to establish whether song complexity is an indicator of 

tui male reproductive quality. Furthermore, the effect of song on females and the role 

of complex song in mate attraction in complex vocal species needs further 

consideration.  

 

In summary, the results indicated that territorial male tui responded more strongly to 

complex song than simple song stimuli during the breeding season. Complex song 



Chapter 4: Complex song elicits more aggressive responses 

124 
 

was perceived as a threat and appeared to act as a trigger for aggressive male-male 

encounters. My findings set a platform for future studies on the relationship between 

tui song complexity and both reproductive potential and male quality, measured in 

terms of neural constraints, genetic diversity, developmental stress levels and 

parasite loads.
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5 Local habitat complexity correlates with song 
complexity in a vocally elaborate honeyeater 
 

 

A singing male tui (photo: Jon-Paul Hansen, with permission). 

 

This chapter was published in Austral Ecology (Appendix 1). 
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Abstract 

 

Song complexity is an important behavioural trait in songbirds, subject to sexual 

selection. Elucidation of intraspecific variation in song complexity can provide 

insights into its evolution. In this study, I investigated song complexity variation in 

tui (Prosthemadera novaeseelandiae), a vocally complex songbird endemic to New 

Zealand. At two separate nature reserves, we recorded male songs in two habitat 

types: forest remnants with high habitat complexity, and open habitats with lower 

habitat complexity. Analyses indicated strong evidence that song complexity was 

higher in forest habitats. Possible explanations for this divergence include: (i) 

competition between individuals results in higher quality, dominant males with more 

complex songs occupying forest habitats, and less competitive males occupying open 

habitat zones; (ii) forest habitats provide more abundant resources therefore higher 

tui density, resulting in more complex songs; and (iii) a higher abundance of food in 

dense forest habitats may reduce nutritional stress during development resulting in 

full development of song nuclei. However, these hypotheses on the drivers of habitat 

effects on tui song complexity remain to be tested.  

Keywords: habitat complexity, singing behaviour, songbird, song complexity, tui 
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5.1 Introduction 

 

In songbirds, the principal functions of song are territory defence (De Kort et al. 

2009) and mate attraction (Briefer et al. 2010). Understanding ecological factors that 

influence intraspecific variation in sexually selected traits, such as song complexity, 

can provide important evolutionary insights.  

   

Complex songs are costly to produce (Searcy 1992). Evidence suggests song 

complexity is a proxy for male fitness and a product of sexual selection and 

intrasexual competition (Spencer et al. 2004; Spencer & MacDougall-Shackleton 

2011). Varying degrees of song complexity was found to influence male mating 

success (Hasselquist et al. 1996). Males with more complex songs tend to establish 

breeding territories earlier than males that produce less complex songs (Alatalo et al. 

1986). 

 

Song complexity can be measured using several variables such as syllable diversity 

(Grunst et al. 2016), song length (Gil & Gahr 2002), and trill proportion (Leitão et al. 

2006). Trills are honest signals of male quality (Hennin et al. 2009). Both trills and 

songs are longer in closed and dense habitats (Wiley 1991; Van Dongen & Mulder 

2006). Acoustic adaptation to divergent habitats can influence intraspecific 

communication and generate phenotypic variation in song complexity characteristics 

(Handford & Nottebohm 1978; Tubaro et al. 1993). However, there is no strong 
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evidence that other song complexity measures such as syllable diversity and entropy 

vary in different habitats.  

 

Tui (Prosthemadera novaeseelandiae) are endemic New Zealand songbirds within 

the Meliphagidae (honeyeaters). They exhibit sexual size dimorphism and have high 

extrapair paternity (Wells et al. 2015). Natal philopatry and limited dispersal also 

occur in tui (Bergquist 1985; Stewart & Craig 1985). This species is a good model 

for investigating intraspecific variation in song complexity since they colonise 

various habitat types and produce complex vocalisations (Hill et al. 2013; Hill et al. 

2015). Previous studies found that mainland tui songs were more complex than on 

remote islands (Hill et al. 2013). There is also evidence for differences in tui song 

phrases at the microgeographic level (Hill & Ji 2013). However, whether tui song 

complexity varies at the microgeographic level is still open to speculation. Using tui 

as a model, within two nature reserves, I compared song complexity within two local 

habitat types with divergent levels of habitat complexity: (i) native forest fragments 

with more complex plant communities (forest); and (ii) habitat zones consisting of 

pasture and sporadic trees (open). I predicted higher song complexity in forest 

habitats than in open habitats, giving rise to microgeographic song complexity 

variation.  
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5.2 Methods 

 

5.2.1 Study sites 

 

Tui song recordings were collected from both closed forest remnants and open 

habitats, at 2 rural study sites in northern New Zealand: Tawharanui Regional Park 

and Wenderholm Regional Park (Figure 5.1).   

 

 

Figure 5.1: Map showing the location of the two study sites: Tawharanui and 

Wenderholm Regional Parks. 
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Tawharanui is a 588 ha predator-free nature reserve 90 km north of central 

Auckland, New Zealand. The forest site here, Ecology Bush (36o37’S, 174o84’E; 

approximately 70 ha), consists predominantly of mature coastal forest remnants. 

Tree species include important food resources for tui (e.g., puriri Vitex lucens, 

rewarewa Knightia excelsa and tawa Beilschmiedia tawa) with patches of 

regenerating scrub such as kanuka (Kunzea robusta, Hill et al. 2013). The open 

habitat study site at Jones Bay (36o37’S, 174o82’E; approximately 59 ha), 

approximately 2 km from Ecology Bush, consists of large open pasture with small 

patches or isolated trees. Important food plant species for tui in the open habitat 

include native trees (e.g., kanuka, karo Pittosporum crassifolium and pohutukawa 

Metrosideros excelsa), and exotic species such as flame trees (Erythrina x sykesii).  

 

Wenderholm is a 134 ha predator-controlled nature reserve 46 km north of central 

Auckland, New Zealand. The park sits bounded by two tidal estuaries with an 80 ha 

hilly forested headland. The two sampled habitats at Wenderholm lay approximately 

1 km apart. The forest area [36o54’S, 174o71’E] features important food resource 

species for tui such as kanono (Coprosma grandifolia), karamu (Coprosma robusta), 

and totara (Podocarpus totara). The open habitat [36o53’S, 174o71’E]) 

predominantly contains tui food resource species such as houpapa (Pseudopanax 

lessonii), karo and pohutukawa.  
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5.2.2 Data analysis 

Habitat complexity  

To quantify habitat complexity, I measured vegetation structure and plant diversity. 

At each site, I conducted vegetation surveys along 4 x 140 m transects (on pre-

determined bearings using a compass, Figure 5.2), using the point-centred quarter 

(PCQ) method (Cottam & Curtis 1956), with 20 m intervals between centres of PCQ 

survey points. At each sampling point, a ‘cross’ using 2 x 1 m aluminium tubes was 

placed on the ground to create four quarters. At each quarter, the tree or shrub with a 

diameter at breast height (DBH, 1 m 35 cm) of ≥ 7.85 cm (2.5 π cm, measured using 

diameter tape) closest to the centre PCQ point was selected to measure. Established 

forestry protocol states that trees ≤ 7.85 cm are considered saplings (e.g., Vargas-

Rodriguez et al. 2005). The plant species, DBH and the distance from the quarter to 

the centre point of the tree were recorded.  
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(a) 
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(b) 

 

Figure 5.2: Maps showing the location of the habitat complexity survey sites plus the 

transect lines (T) and bird recording transect lines (B) at Tawharanui (a) and 

Wenderholm Regional Park (b).  
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Three variables were employed to measure habitat complexity: (i) distance between 

the plant measured and the centre of the PCQ, which gave a measure of plant 

density; (ii) plant species richness, the total number of species recorded during the 

PCQ survey at each habitat (Gotelli & Colwell 2010); and (iii) DBH, measured for 

each individual tree, which is an indicator of tree size and maturity. Numerical 

habitat complexity data were normalised using a Z-score transformation. A one-way 

multivariate permutational analysis of variance (PERMANOVA) (Anderson et al. 

2001) using Euclidean distance and 9999 permutations was conducted to examine 

differences in habitat density between the forest and open habitat zones at both 

nature reserves.  

 

5.2.3 Sound recordings 

 

A Marantz (Marantz, Kanagawa, Japan) PMD620 solid-state digital recorder was 

used to record songs along with a Sennheiser (Sennheiser, Old Lyme, CT) ME67 

shotgun long-range ultradirectional microphone. Ultradirectional microphones are 

advantageous over omnidirectional microphones for recording focal individuals as 

they permit the procurement of high-quality recordings with minimal peripheral 

noise. All songs were recorded at a sampling frequency of 44.1 kHz, and at a 

resolution of 24-bits. The frequency response range of the long-range microphone 

was 40 Hz to 20 kHz. 
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For each habitat, I recorded adult male songs over a full day during tui breeding 

season (in October 2012) between 0550 hr (one hr before official sunrise) and 2100 

hr (one hr after official sunset). Recordings were made in calm and dry climatic 

conditions. Recording days were divided into three separate 3 hr recording sessions: 

dawn (starting recording 1 hr before official sunrise until 2 hr after official sunrise), 

solar noon (starting recording 1.5 hr before official solar noon until 1.5 hr after 

official solar noon), and dusk (starting recording 2 hr before official sunset until 1 hr 

after official sunset). This ensured a standardised 9 hr of recording effort in each 

habitat. During recording sessions, territorial tui were located along a pre-determined 

150 m line in each habitat. This line bisected the habitat survey transect lines 

described above. When a tui was located, I initiated recording. Recording was 

terminated when the tui ceased singing or vacated its singing perch. During each 

recording the location, time, unique band combination (if applicable), behaviour and 

song type of tui were documented. For unbanded birds, only one individual was 

recorded during any one recording bout (i.e. when the individual was singing). 

Individuals generally were recorded more than once throughout each day. During the 

breeding season when tui rigorously defend nests, breeding partners, and flowering 

plants, males have a propensity to be bound to their territories (Hill et al. 2015). 

Observations of colour-banded tui suggest some individual males will occupy the 

same territories for at least three successive breeding seasons (S. D. Hill, personal 

observation, 2015; S. J. Wells, personal communication, 2015). Territories were 

identified to the best of my ability. Resident males actively expelled intruding males 

from their territories. Although the possibility of male tui moving between sampling 

locations during the breeding season cannot be excluded, I expect the likelihood to 

be low.  
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The recordings were made at a distance of between 2 m and 10 m from each focal 

bird. A song was defined as a continuous singing sequence with a silent period of ≥ 3 

s before and after another singing sequence (e.g., Woolley & Rubel 1997). Only 

song recordings with good signal-to-noise ratios were analysed (≥10 db). If 

significant background noise from vocalisations, climatic factors or other sources 

were present on a song spectrogram, it was not included in the analysis. Furthermore, 

low-frequency background noise (≤ 0.4 kHz) was excluded from every song 

analysed. This was done without clipping any focal bird’s signal on the recordings 

(therefore, no song measurements were affected). At Tawharanui, nine different 

individual tui were recorded in Ecology Bush and seven at Jones Bay (16 in total). 

At Wenderholm, six tui were recorded in the Wenderholm forested area and five in 

the Wenderholm open habitat (11 in total) (Table 5.1).  
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Table 5.1: The number of recorded birds, the number of songs recorded (625 songs 

in total), mean songs recorded per individual and the sampling effort in each habitat.  

 Ecology Bush   Jones Bay   Wenderholm forest  Wenderholm open 

Total number 

of birds 

recorded 

9 7 6 5 

Total number 

of songs 

analysed 

166 251 104 104 

Mean songs per 

individual  

(± SE) 

18 ± 3 36 ± 9 17 ± 5 21 ± 4 

Total recording 

effort (hr) 

9 9 9 9 
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Twelve of the 16 recorded tui at Tawharanui were uniquely colour-banded but no tui 

were banded at Wenderholm. In total, 625 tui songs were included in the analyses 

across the two nature reserves (Table 5.1). Both male and female tui produce songs, 

however females sing far less frequently. Tui produce two main types of song. 

Firstly, broadcast songs, vocalised from an elevated singing post to no obvious 

conspecific audience (Hill et al. 2013). Secondly, interactive songs that are produced 

when another tui is in proximity. Male tui broadcast song is the most frequent song 

type produced and can generally be recorded for every singing male. Female and 

male interactive songs on the other hand are significantly less frequent and cannot 

necessarily be sampled during recording sessions. There is evidence that broadcast 

and interactive songs also structurally differ (S. Hill, unpublished data, 2016). 

Consequently, only male broadcast songs were included in the analysis. The song 

spectrograms were digitised and variables measured using the Raven Pro 1.4 Beta 

software (Cornell Lab of Ornithology, Ithaca, NY, USA). For all recordings, 

spectrograms were created by Discrete Fourier Transform (DFT) with a Hann 

window. The frame length was 256 points, and I used a 50% frame overlap with a 

hop size of 2.9 ms, frequency grid spacing of 172 Hz, and the bandwidth was set at 3 

dB. Signal-to-noise ratios were measured on Raven Pro using the ‘band limited 

energy detector’ function. 
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5.2.4 Comparison of song complexity between habitats  

 

Five song complexity variables (Figure 5.3; Table 5.2) were extracted from each 

broadcast song recorded using Raven Pro. I averaged song variables for each 

individual tui for dawn, solar noon and dusk songs. Three individuals produced 

songs at two times of day (two individuals during dawn and dusk; and one individual 

during solar noon and dusk), and 24 individuals at just one time of day (12 

individuals during dawn; nine during solar noon; and three during dusk), resulting in 

30 different ‘individual-by-time’ combinations. We used a canonical analysis of 

principal coordinates (CAP) (Anderson & Willis 2003) to determine whether the five 

variables measuring song complexity were sufficient to discriminate between songs 

from forest and open habitats. The CAP was run in PRIMER v.6 (Clarke & Gorley 

2006) using the 30 averaged values (described above). A ‘leave-one-out’ cross-

validation assessed the discriminatory power of the model. We calculated the leave-

one-out cross-validation results by removing a single individual-by-time averaged 

song from the data, and classifying its habitat using only its song complexity 

characteristics. We repeated this process for every song and the proportion of songs 

that were misclassified was calculated. 
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Figure 5.3: A spectrographic representation of the variables employed in this study 

to measure song complexity in tui. 
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Table 5.2:  Variables employed in this study to measure song complexity. 

Variable Definition References 

Syllable diversity Number of different syllables 

per song  

Grunst et al. 2016 

Song duration (s) The length of song  Gil & Gahr 2002 

Trill length (s) and trill 

percentage 

The length, and proportion, of 

song that contains high-

frequency trill syllables 

Brumm & Slater 2006 

Entropy A unitless measure of song 

disorder/unpredictability. It 

measures spectral complexity. 

White noise, for example, has a 

high entropy score, a pure tone 

has a low entropy score 

2

1

2log.
f

ff sel

bin

sel

bin
sel E

E
E
EH  

Charif et al. 2010 

 

I used a one-way PERMANOVA using the Euclidean distance measure to test if 

there was evidence of a difference in song complexity between the forest and open 

habitats, using the same five song complexity measures. Values for each individual 

were averaged for the PERMANOVA as per the CAP analysis, with 9999 

permutations. The song complexity values were averaged as per the CAP analysis. 
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PERMANOVA tests in this study were conducted using the PERMANOVA+ add-on 

package for PRIMER. 
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5.3 Results 

 

5.3.1 Habitat complexity 

 

The three variables of habitat complexity: distance of nearest tree or shrub from 

PCQ, plant species richness, and DBH at each PCQ, were significantly dissimilar 

between forest habitats and open habitats at both Tawharanui and Wenderholm 

(PERMANOVA: Nforest = 512, Nopen = 512; Pseudo F1020, 1024 = 128.9; P < 0.001). 

Overall, habitat structure was more complex in the forest habitats including a higher 

density of plants with a DBH ≥ 7.85 cm, and greater plant species richness than the 

open habitats (Table 5.3). 
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Table 5.3: The habitat complexity descriptive statistics of two habitats at Tawharanui 

and Wenderholm. The number of trees and shrubs in each habitat relative to each 

PCQ is also presented. 

Measurement Ecology 

Bush 

(Forest) 

Jones Bay (open) Wenderholm           Wenderholm  

forest  open 

  

Mean distance (± 

SE) from PCQ to 

nearest tree/shrub 

(cm) 

439.71 ± 41.5 1263.12 ± 50.12 409.3 ± 19.16 1443.02 ± 41.5 

Total plant species 

richness 

24 8 24 9 

Mean (± SE) DBH 

of tree (cm) 

38.32 ± 5.84 9.64 ± 1.57 23.24 ± 2.42 50.35 ± 5.49 

Number of trees with 

a DBH > 7.35 cm 

within 20 m from 

each PCQ 

113 64 128 69 

Total number of 

trees and shrubs 

within 20 m from 

each PCQ (total: 

256) 

236 142 256 137 
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5.3.2 Song complexity 

 

For both Tawharanui and Wenderholm, the overall misclassification error was 6.7%. 

This means the CAP model chose the correct habitat in 93.3% of songs analysed 

(Figure 5.4). This strongly implied that song complexity variation between the two 

habitats existed at both nature reserves. Song complexity was significantly higher in 

the forest habitats at both locations using all five song complexity variables 

(PERMANOVA: Pseudo F21, 27 = 8.417; P = 0.002) (Table 5.4).  
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Table 5.4: The descriptive statistics of the five variables measuring song complexity 

in two tui subpopulations at Tawharanui Regional Park and Wenderholm Regional 

Park.  

Variable                    Mean ± SE                           Mean ± SE 

    Ecology Bush    Jones Bay  Wenderholm forest     Wenderholm 

open      

Syllable  

diversity 

18.85 ± 0.91 16.1 ± 0.52 19.67 ± 1.33 17.1 ± 0.93 

Song 

duration (s) 

11.36 ± 0.78 6.23 ± 0.27 8.28 ± 0.78 6.68 ± 0.52 

Trill length 

(s) 

3.20 ± 0.21 1.45 ± 0.07 2.38 ± 1.79 1.76 ± 1.11 

Trill 

percentage 

31.19 ± 1.79 24.39 ± 1.1 32.33 ± 1.18 30.43 ± 1.13 

Entropy 

(average) 

3.43 ± 0.35 3.13 ± 0.29 3.89 ± 0.47 3.30 ± 0.24 
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Figure 5.4: A CAP analysis plot showing the forest and open habitats at both 

Tawharanui, and Wenderholm versus the first canonical axis. The CAP plot chooses 

an axis that best discriminates the song complexity data and plots the data on that 

axis. The CAP analysis correctly classified 93.3% of the songs, strongly indicating 

that a high degree of variation in song complexity between the forest and open 

habitats existed in both nature reserves. 
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5.4 Discussion 

 

I have presented strong evidence of tui song complexity variation between two 

different local habitat types. Consistent with the hypothesis, in forest habitats with a 

more complex plant community, tui syllable diversity was greater, entropy (spectral 

complexity) was higher, song duration longer, and trills both longer and of higher 

proportion. This is the first study to provide evidence for habitat complexity 

correlating with syllable diversity and entropy in tui.  

 

Longer song duration in forest habitats is consistent with previous research 

(Handford & Lougheed 1991; Van Dongen & Mulder 2006). Birds occupying 

territories with denser understoreys sing longer songs (Van Dongen & Mulder 2006). 

This suggests habitat variation contributes to intraspecific variation in song. Song 

length increases in more complex habitats are associated with increases in the 

number of syllables produced (Van Dongen & Mulder 2006).  

 

Trill length increases in closed, dense forest habitats observed in tui is also 

consistent with previous research (Wiley 1991) and likely relate to acoustic 

adaptation. Birds produce longer trills to mitigate reverberations in closed habitats 

that have numerous scattering surfaces such as leaves and branches (Tubaro & 

Segura 1994). This ‘transmission fidelity’ helps explain individual intraspecific 
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differences in song variables observed in divergent habitat structures (Bertelli & 

Tubaro 2002; Nemeth et al. 2006).  

 

There are various potential explanations for the observed correlation between song 

complexity and habitat complexity in tui. I propose the following hypotheses: (i) 

Intraspecific competition hypothesis: competition between male tui for breeding 

territory results in more dominant individuals occupying forest habitats with more 

abundant food resources and more optimal nesting sites. Evidence indicates male 

songbirds with higher phenotypic quality will have higher song complexity (e.g., 

Schmidt et al. 2013). Furthermore, song complexity generally increases with both a 

male’s resource holding potential (Grava et al. 2013), social status (Spencer et al. 

2004) and competitive ability (Searcy & Nowicki 2005). When individuals vary in 

competitive ability, a ‘despotic distribution’ may be evident, where dominant 

individuals occupy superior habitats and less competitive individuals settle in 

marginal habitats (Fuller 2012).   

 

(ii) Neighbour effect hypothesis: better quality habitats with more abundant food 

resources and nesting sites support higher densities of tui. Therefore, individuals will 

have a greater number of neighbours. Current understanding indicates that high 

quality habitats, attracting higher degrees of immigration, are positively associated 

with song repertoire size (Fayet et al. 2014). High immigration could drive higher 

song complexity in these habitats due to increased intrasexual competition. 

Furthermore, group size is a fundamental measure of social complexity and can 

influence song complexity. Specifically, birds in larger social groups may produce 
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higher degrees of song complexity (Freeberg 2006). I did not evaluate tui population 

data specifically; however, considering this in future could reveal it a contributory 

factor to differences in song complexity between habitats.  

 

(iii) Developmental advantage hypothesis: forest habitats provide better food 

resources, therefore better nutrition. This results in a more highly developed 

telencephalonic nucleus, the HVC, in birds occupying forest habitats. Nutrition 

during juvenile maturation can affect HVC and song development (Nowicki et al. 

2002). Previous studies indicate that in habitats with lower food availability, young 

songbirds are more likely to suffer nutritional stress. This impairs HVC development 

(Buchanan et al. 2003; MacDougall-Shackleton 2009; Buchanan 2011), and 

subsequently reduces song complexity (Schmidt et al. 2014). 

 

The current study does not provide definitive conclusions on which of the above 

discussed hypotheses apply. Further studies are therefore necessary to fully 

understand the mechanisms of habitat effects on tui vocal complexity. These should 

incorporate experimental design testing the effect of (i) varying population density 

and dispersion; (ii) individual genotypic and phenotypic variation; and (iii) juvenile 

developmental variation, on tui song complexity. Such research will help clarify 

causality between habitat type and song complexity variation.
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6 Conclusions and future directions 

 

A tui nestling banded at Tawharanui Regional Park (photo: Author). 
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Overall, the findings in this thesis have provided evidence that several biological and 

environmental factors are associated with the evolution of a sexually and socially-

selected characteristic, song complexity. By presenting comprehensive and novel 

evidence using observational and experimental approaches, this thesis has provided a 

further understanding of song complexity evolution in songbirds. Multiple studies 

have previously proposed that complex songs may be indicators of male quality. 

Selection pressures generally favour such characteristics, particularly in species with 

high EPP frequencies because of stronger selection pressures to produce complex 

songs. The production of more complex songs should theoretically translate into 

mating and ultimately breeding success (Soma & Garamszegi 2011), and indeed the 

significant positive association between EPP frequencies and within-song 

complexity presented within this thesis provides new evidence in support of this 

hypothesis, across a large number of songbird species. Complex song production is 

also often associated with the ability to defend territories. Within this thesis, novel 

empirical evidence was presented that firstly suggests that increases in song 

complexity characteristics may serve to reduce territorial intrusion rates in a vocally 

complex species and secondly that the production of complex songs by rival males 

may be perceived by territorial males as a greater threat perhaps to territory and 

potential mate cuckoldry. Evidence was presented in this thesis that habitat 

complexity is associated with two song complexity characteristics (entropy and 

syllable diversity). Such evidence has never previously been reported, and the 

findings support the hypothesis that acoustic adaptation to different habitat types can 

affect intraspecific communication and give rise to variation in song complexity 

traits.  
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6.1 Song complexity and mate attraction  

 

I tested whether the evolution of complex broadcast song was associated with sexual 

selection pressures relating to EPP (Chapter 2). Using data from 78 songbird species, 

the most comprehensive study in this area to date, EPP frequency was found to be 

associated significantly and positively with within-song complexity but not between-

song complexity. In other words, overall, those species with higher EPP frequencies 

have more complex songs suggesting that EP mate choice may play a role in the 

evolution of within-song complexity in broadcast songs. More work is required to 

fully understand this relationship; however, these results suggest that higher within-

song complexity may have evolved to increase mating opportunities in both a social-

pair and an EP mating context. The association between EPP frequency and song 

complexity observed in this study nevertheless is contrary to other similar studies 

(Garamszegi & Møller 2004; Soma & Garamszegi 2011). These meta-analyses 

suggested that there were only tenuous associations between EPP and song 

complexity, however within this thesis, advancing from these previous studies, song 

complexity data from a larger number of species was extracted and analysed from 

both online database and field recordings. Furthermore, Soma & Garamszegi (2011) 

stated that factors such as interspecific variations in breeding systems needed to be 

considered to fully understand the role song plays in reproductive success. 

Subsequently, variation in breeding systems was considered and controlled for 

within this chapter in addition to several other potentially confounding factors such 

as sexual dichromatism and levels of parental care. 
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Comparisons of complexity between broadcast songs and interactive songs in tui, a 

species with very high EPP frequency, also indicated the importance of song 

complexity in attracting EP mates. In tui, long-range broadcast songs, which are 

more likely to reach distant audiences including potential EP mates, were found to 

have higher complexity than interactive songs, which are used in short-range male-

male confrontations, courtship and pair-bond maintenance (Titus 1998; Reichard et 

al. 2011). Complexity in broadcast songs may function to attract EP mates, repel 

rivals and to minimise social partner cuckoldry. 

 

Future research is required to understand how songbird song complexity varies 

intraspecifically, and how this will affect the reproductive success of individuals of 

both sexes. Testing song complexity levels and reproductive success within multiple 

individuals would expand further our knowledge of song complexity evolution in the 

context of sexual selection. EPP frequency data in this study was collated from 

research articles generally based on single study populations. However, the level of 

EPP can vary markedly between populations of species within the same taxonomic 

family (Brouwer et al. 2017), with male density and sperm length being found to be 

key predictors of this variation (Lifjeld et al. 2010; Brouwer et al. 2017). 

Intraspecific variations in EPP frequency between different populations have also 

been described (Petrie et al. 1998; Yuta & Koizami 2016). For example, red-winged 

blackbirds (Agelaius phoeniceus) exhibit inter-population variations in EPP 

frequency ranging between 26-40% (Liu et al. 2015). EPP frequency also may vary 

between individual males within a population. Further studies are therefore required 

to investigate whether EPP frequency variation has an effect on song complexity at 
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both the population and individual levels. These will further advance our 

understanding of the influence of EPP on the evolution of song complexity.  

 

6.2 Song complexity and territoriality 

 

Tui sing more complex songs during the dawn period compared to noon and dusk. 

Intensified vocal activity at dawn such as a higher number of accented terminal 

syllables (Morse 1989), and higher song output (Otter et al. 1997; Poesel et al. 2001; 

Otter & Ratcliffe 2005; Catchpole & Slater 2008; Erne & Amrhein 2008; Sandoval 

& Mennill 2014; Quispe et al. 2016) has also been found in other songbird species. 

However, diurnal variations in song complexity remained largely unexplored 

previously. I subsequently examined the relationship between the song complexity of 

territorial males and the number of territory intrusions by other males across the 

diurnal period (Chapter 3). Tui song complexity and intrusion rates were 

significantly higher at dawn than at solar noon and at dusk. There were also 

associations between specific song complexity variables and intrusion rate. 

Specifically, higher entropy and higher syllable rates were inversely correlated with 

intrusion rate.  

 

The role of song complexity in songbird territoriality was further examined using 

playback experiments (Chapter 4). Male tui responded more aggressively to complex 
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songs than to simpler songs. For example, they exhibited significantly quicker 

reactions to complex song stimuli and responded to complex song stimuli with more 

complex songs. These findings suggest that the more complex songs were perceived 

as a greater threat by territorial male tui than the simpler songs. In species with high 

EPP frequency such as tui, complex song is likely to be perceived as a significant 

threat to territorial males in terms of the potential of losing paternity to rival EP 

mating (Kokko 1999; Eliassen & Jørgensen 2014; Dowling & Webster 2015). 

Therefore, aggressive responses of territorial males may mitigate the risk of reduced 

reproductive fitness.  

 

The findings within these two chapters support the theory that songbird song 

complexity functions at least partly as a territory defence signal. Higher song 

complexity observed at dawn than at other periods of the day also heightens 

evidence for the existing theory that dawn is a critical time of day in songbird 

communication within a territoriality context. Further experimental efforts using 

playback approaches should be conducted to test the correlation between song 

complexity and territorial intrusion. For example, playbacks with complexity 

variables of differing values should be presented on territories in conjunction with 

male dummy models, and territorial intrusions on each territory subsequently 

measured. It is also important to further test the influence of male song complexity 

on the EPP frequency and the total reproductive success of individual males. Further, 

it is suggested that dawn (Dalziell & Cockburn 2008), and in particular the dawn 

chorus, is important for EP mating, since dawn singing may be an honest signal 

reflecting male quality (Suter et al. 2009). These factors also warrant further research 
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in tui, so as to provide important further insights into the evolution of songbird song 

complexity. 

 

6.3 Song complexity and habitat type 

 

The results indicated that habitat type was significantly associated with tui song 

complexity (Chapter 5). While previous studies provided evidence that acoustic 

adaptation to differing habitat types caused increases in trill proportions and song 

lengths (Wiley 1991; Van Dongen & Mulder 2006), there was previously no 

evidence that other song complexity measures such as entropy and syllable diversity 

varied in differing habitats. Within this thesis, higher entropy and syllable diversity 

in addition to longer trills and longer songs were found in more complex habitats 

than in open habitats.  

 

Further studies are however required to test whether variations in song complexity 

within areas of differing habitat complexity are caused by abiotic factors, e.g. local 

air turbulence, or biotic factors, i.e. complex habitats provide better and more 

abundant food resources therefore better developmental nutrition. This would 

theoretically result in a more highly developed HVC in birds occupying complex 

forest habitats: the developmental advantage hypothesis; and individuals with higher 

song complexity will occupy complex habitats through intra-species competition: the 

intraspecific competition hypothesis. Since there are multiple factors that could 

potentially explain higher song complexity in more complex habitats, future 
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experimental design is also required to clarify causality between habitat complexity 

and song complexity variations. These could include testing the effect of varying 

degrees of male density, presumed competitors, on song complexity. Although 

challenging in a natural environment, experimental manipulation of male density in 

behavioural studies has been conducted previously by both the removal of birds from 

certain habitats (Dhondt 2012), and the addition of individuals to habitats (Sanz 

2001), with undisturbed areas acting as control areas. Songs from individuals within 

habitats of similar complexity levels could then be recorded and complexity 

measured. Songs from the population should be recorded prior to and after the 

experimental manipulation. It subsequently could be determined whether there are 

any variations in song complexity in individuals within these habitats as a 

consequence of density manipulation. It would be predicted that individuals in the 

more densely populated habitats would have higher complexity since song 

complexity has been previously found to be associated with larger population density 

(Hamao & Ueda 2000), in addition to higher levels of male competition for nesting 

resources, food, and mates (Craig & Jenkins 1982). 

 

In songbirds, vocalisations are produced by both sexes. Although this thesis focused 

on male song, recent research suggests that females of 71% of songbird species 

produce vocalisations (Odom et al. 2014). The role of female song however until 

recently had been infrequently studied and is still relatively poorly understood (Cain 

et al. 2015). Brunton et al. (2016) found that song rate and complexity in female 

bellbirds positively correlated with fledging success of young. Similarly, Cain et al. 

(2015) found that song rate positively correlated with nesting success. Furthermore, 

Krieg & Getty (2016) stated that female song in house wrens (Troglodytes aedon) 
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may function as a territorial tool against rival females, protecting unguarded eggs 

within the nest that rivals of both sexes may destroy (Belles-Isles & Picman 1986). 

However, Odom & Omland (2018) suggested that in a duetting species, the 

Venezuelan troupial (Icterus icterus), female song was found to be less of a threat to 

rivals than male-female duet song, potentially because it does not signify as great a 

territorial threat as a duet. These factors suggest that song may not have evolved 

solely by sexual selection as previously thought but rather may have evolved under 

other selective pressures such as social or natural selection (Odom et al. 2014). 

Female song in songbirds therefore should continue to be the subject of experimental 

research in order to elucidate causality in terms of both reproductive success and 

territory defence (Hall & Langmore 2017). Future in-depth studies on female song 

will provide a deeper and more holistic understanding of the evolution and function 

of song in songbirds. 
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Tui in a manuka (Leptospermum scoparium) (photo: Jean Goodbrand, with 

permission).
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Appendix 2: Extra-pair paternity frequencies 

A summary of the 78 songbird species analysed in Chapter 2, with EPP frequency 

(% of all offspring), and the respective literature references. Only the literature 

references not cited within the thesis text are included in the reference list in this 

Appendix.  

Species Extra-pair paternity 

frequency 

Reference 

Malurus cyaneus 67 Dunn & Cockburn 1998 

Malurus splendens* 65 Tarvin et al. 2005 

Phylidonyris pyrrhopterus* 58 Petrie et al. 1998 

Vireo olivaceus 57.89 Morton et al. 1998 

Prosthemadera novaeseelandiae* 57 Wells et al. 2015 

Emberiza schoeniclus 55 Dixon et al. 1994 

Rhipidura albiscapa* 

Turdus migratorius 

55 

53 

Hoffman et al. 2010 

Montgomerie in Briskie et 

al. 1997 

Tachycineta bicolor >50 Kempenaers et al. 2001 

Notiomystis cyncta* 46 Castro et al. 2004 

Periparus ater 46 Schmoll et al. 2009 

Phylloscopus fuscatus (M, P) 45 Petrie & Kempenaers 

1998 

Caligavis chrysops* 44 Ewen et al. 2008 

Cracticus tibicen* 44 Durrant & Hughes 2005 

Icterus galbula 

Passerina cyanea 

37 

36.37 

Richardson & Burke 1999 

Westneat 1987 

Acrocephalus paludicola 36 Schulze-Hagen et al. 1993 

Emberiza citrinella 36 Sundberg & Dixon 1996 

Zonotrichia leucophrys 36 Sherman & Morton 1988 

Passerculus sandwichensis (P,M) 33.7 Freeman-Gallant 1997 
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Setophaga petechia* 33.1 Yezerinac & Weatherhead 

1997 

Phylloscopus trochilus                              33 Gyllensten et al. 1990  

Wilsonia pusilla 32 Petrie & Kempenaers 

1998 

Empidonax virescens 30 Woolfenden et al. 2005        

Hirundo rustica 28.8 Møller & Tegelström 

1997; Saino et al. 1997  

Junco hyemalis 27 Gerlach et al. 2012 

Setophaga citrina 26.7 Stutchbury et al. 1994 

Melozone crissalis* 

Nectarinia osea 

26 

26 

Benedict 2008 

Zilberman et al. 1999 

Agelaius phoeniceus (M, P) 

Melospiza melodia 

25.6 

24 

Westneat 1993 

Hill et al. 2011 

Progne subis 23.5 Wagner et al. 1996a,b 

Setophaga caerulescens* 23.5 Webster et al. 2001 

Geothlypis trichas*   20 Garvin et al. 2006 

Luscinia svecica 20 Krokene et al. 1996 

Sialia Mexicana* 20 Dickinson 2001 

Delichon urbica 19 Whittingham & Lifjeld 

1995 

Calcarius ornatus 17.64 Hill & Gould 1997 

Euplectes orix* 

Fringilla coelebs 

17.6 

17 

Friedl & Klump 2002 

Sheldon & Burke 1994 

Turdus merula 

Spizella pusilla 

17 

15.1 

Garamszegi et al. 2004 

Carey et al. 1994 

Ficedula albicollis   

Dolichonyx oryzivorus 

Panurus biarmicus 

Carduelis tristis 

Zonotrichia albicollis 

Parus cristatus 

Parus caeruleus 

Sayornis phoebe 

15 

14.6 

14.4 

14.3 

12.8 

12.4 

12.03 

11.84 

Sheldon & Ellegren 1999 

Gissing et al. 1998 

Hoi & Hoi-Leitner 1997 

Bollinger & Gavin 1991 

Tuttle 1993, 2003 

Lens et al. 1997 

Leech et al. 2001 

Conrad et al. 1998 

Cardinalis cardinalis (occ. P) 11 Ritchison et al. 1994 

Ficedula hypoleuca (M, P) 11 Canal et al. 2012 
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Oenanthe oenanthe  11 Currie et al. 1999 

Passer domesticus 

Parus major 

Passer montanus 

Parus atricapillus 

11 

9.63 

9.06 

8.91 

Stewart et al. 2006 

Otter et al. 2001 

Cordero et al. 2002 

Otter et al. 1998 

Sturnus vulgaris (M, P) 8.7 Smith & von Schantz 

1993 

Troglodytes aedon 8.35 Soukup & Thompson 

1997 

Acrocephalus schoenobaenus 8 Marshall et al. 2007 

Haemorhous mexicanus  

Mimus polyglottos 

8 

8 

Hill et al. 1994 

Derrickson & Breitwisch 

1992 

Acrocephalus vaughni taiti* ** 7 Brooke & Hartley 1995 

Acanthiza pusilla 

Lanius collurio 

Anthus spinoletta 

Carduelis flammea 

Emberiza calandra 

6.2 

5.26 

5.23 

4.5 

4.5 

Green et al. 2002 

Fornasari et al. 1994 

Reyer et al. 1997 

Angst 1998 

Hartley et al. 1993, 1996 

Locustella luscinioides* 4.1 Neto et al. 2010 

Erithacus rubecula 4 Tobias 1996 

Acrocephalus arundinaceus (M, P) 

Acrocephalus palustris 

Vireo solitarius 

Taeniopygia guttata 

Campylorhynchus nuchalis 

Parus montanus 

Calcarius pictus 

Prunella modularis 

3 

3 

2.7 

2.4 

1.4 

0.96 

0.9 

0.8 

Hasselquist et al. 1995 

Leisler & Wink 2000 

Morton et al. 1998 

Birkhead et al. 1990 

Rabenold et al. 1990 

Orell et al. 1997 

Briskie et al. 1998 

Burke et al. 1989 

*Species not analysed in either Garamszegi & Møller (2004) nor Soma & Garamszegi (2011). 

**Only one male recording available. 
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References (extra-pair paternity, mating 

system, parental care data) 
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