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Frontispiece

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”.
(Gilbert White)
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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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Chapter 1: General introduction

1 General introduction

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

Underwood, with permission).



Chapter 1: General introduction

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 (Draganoiu 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 (Draganoiu 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 (Moller 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 (Trdsch 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
7
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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 & Meller 2004;

Soma & Garamszegi 2011). This inconsistency in conclusions suggests examinations

8
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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

10
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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; Leitdo 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 (Leitao 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.

11
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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

12
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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 & Moller 2004; Zeng et al. 2007).

13
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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).
Syllables
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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 (Leitao 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 (Tur¢okova 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 (Fe3l & 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 (4/auda 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 & Moller 2004). This is particularly evident in
species with high EPP frequencies, as these males usually do not provide parental
care (Moller 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 & Moller (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 S 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

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

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)

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

Differing degrees of song
complexity at the
microgeographic level in areas
of differing habitat complexity

has not been investigated

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?

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?

What are the responses of
territorial males to male songs
with differing levels of

complexity?

Does habitat complexity
correlate with song

complexity in tui?

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

complexity

Higher song complexity and
intruder pressure at dawn in a

vocally complex songbird

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

songbird

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 &
Moller 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 (Leitdo 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

29



Chapter 2: Extra-pair paternity and song complexity

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 & Meller 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 & Moller 2004). This is particularly evident in species with high EPP
frequencies, as these males usually do not provide parental care (Mgller 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 & Meller 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

34



Chapter 2: Extra-pair paternity and song complexity

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 & Moller (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 & Meller (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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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.

40



Chapter 2: Extra-pair paternity and song complexity

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 3
longipes, Petroica macrocephala toitoi,
Rhipidura fuliginosa,

Maungatautari southern 65 Anthornis melanura, Gerygone igata, Mohoua 3
albicilla, Notiomystis cyncta, Petroica longipes,

Enclosure
Petroica macrocephela toitoi, Philesturnus
rufusater, Rhipidura fuliginosa

Motuihe 179 Gerygone igata, Mohoua albicilla, Philesturnus 2
rufusater, Rhipidura fuliginosa

Motutapu 1510 Anthornis melanura, Gerygone igata, 1
Philesturnus rufusater, Rhipidura fuliginosa

Pohangina wetlands 7.2 Anthornis melanura, Gerygone igata, Rhipidura 1
fuliginosa

Rangitoto 2311 Anthornis melanura, Gerygone igata, Mohoua 2
albicilla, Petroica macrocephela toitoi,
Philesturnus rufusater, Rhipidura fuliginosa

Tawharanui Regional Park 588 Anthornis melanura, Gerygone igata Mohoua 28
albicilla, Petroica longipes Philesturnus
rufusater

Tiritiri Matangi 254 Acanthisitta chloris, Anthornis melanura, 3
Calleaus wilsoni, Gerygone igata, Mohoua
albicilla, Petroica longipes, Philesturnus
rufusater, Rhipidura fuliginosa

Totara Reserve, Pohangina 340 Anthornis melanura, Gerygone igata, Rhipidura 1
fuliginosa

Victoria Reserve, Waiheke 11 Gerygone igata, Rhipidura fuliginosa 3

Wenderholm Regional 134 Gerygone igata, Rhipidura fuliginosa 4

Park
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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 &
Moller 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 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)

Song duration (seconds) 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
(FeB3l & 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 (A, Pagel 1999) to estimate phylogenetic correlation. If A = ‘1’ the
diversification ratio is phylogenetically conserved; conversely, if L = 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 A for the model and tested whether it was significantly different from zero.

All song values were averaged for each species.
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80

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 & Mgller 2004, but see Huang & Rabosky 2015) as this
has been linked with variation in songbird EPP frequency. Garamszegi & Mgller
(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.
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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,
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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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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; R’ = 0.08; P =0.012) in addition to syllable diversity (R’ =
0.1; P =0.003) and the number of syllable transitions per song (R°=0.1; P = 0.005),
but weaker associations with the number of syllables per song (R’ = 0.03; P = 0.06)
and song duration (R’ = 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; R°=0.06; P = 0.52), syllable repertoire size (N = 76; R°=0.02; P =

0.12) and song versatility (N = 76; R>=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.

EPP frequency

R’ 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 0.02 1.59 0.12
Song repertoire size 0.06 0.65 0.52
Song versatility 0.03 -1.55 0.13
Syllable diversity 0.1 4.99 0.003
Syllable repertoire size 0.02 1.56 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 A 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.
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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 A 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 A AlIC 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; R’ = -0.03; P = 0.065), sexual
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dichromatism (N = 78; R’ = -0.03; P = 0.553) and parental care (N = 78; R’ = -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; R’ = 0.01; P = 0.338),
sexual dichromatism (N = 78; R’ = 0.01; P = 0.455) and parental care (N = 78; R’ =
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 Fzs, 45s=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 Fuq 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.

Stress = 0.07
+
0.15
i .
0.10- o
+
0.05{ o t +*
¥ i
0.00 “Taad
+ +
o~
80.05
N + -
-0.104
-0.15
-0.204
0254,
0.36 20.30 -0.24 -0.18 0.12 0.06 0.00 0.06 0.12

"NMDS 1

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 37+£3 21+2
Song duration (seconds) 10.09 £ 1.15 5.2+0.49
Syllable diversity 23+2 12+1
Syllable transitions 21+£2 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 & Meller 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 (Leitdo 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 (Leitdo et al. 20006).

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 (Leitao 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).

66



Chapter 3: Diurnal tui song complexity variation

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 (7roglodytes
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 (Meller 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;
Leitao 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).

75



Chapter 3: Diurnal tui song complexity variation

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, [ 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 & Moller 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 (Fef3l & 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 Fi1,17=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 22.28 +1.62 17.89 +1.56 17.57 +1.53
per song

Song duration (s) 8.81x1.11 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+2.02 522+ 1.64

82



Chapter 3: Diurnal tui song complexity variation

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 Pseudo F =1.07 -
P=0.049 P=0.353
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Table 3.3: The number of males that either decreased (| ), increased (1), 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 Song Syllable  Syllable Intrusion

of duration  diversity rate rate

syllables

per song
6 81 81 91 6] 11]
81 61 61 51 81 11
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, 45 = 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).

85



Chapter 3: Diurnal tui song complexity variation

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 (R’= 0.4; P = 0.058) and IR was negatively
associated with PC3 (R’= 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 0.96 0.22 -0.17
song
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 (Mgller 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
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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 /bis (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. 1
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; Jaska 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 (Fel3l & 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.

.

500 m

Tawharanui
Regional Park

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, [
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 & Mgller 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).

ST1 ST 2 etc. Syllables
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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 Number  Syllable Syllable Syllable Song duration
of diversity transitions length (sec) (sec)

Stimuli syllables

Complex tui 24 +2 23+£2 22+2 0.24+0.11 7.25+1.03

song

Simple tuisong 6+ 1 6+1 5+1 0.17+0.01 6.93+1.97

Control song 6+1 3+1 3+1 0.07+£0.04 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. [ 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 During
purposes, any distance over 15 m was entered as ‘16°
into the statistical program for all distance-related

response variables)

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 During and post

stimuli (total number of flights towards or

aggressively away from speaker). Hops from branch

to branch were not included in the count

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 (using4  During and post
measures of complexity) — analysed separately from

the other variables

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, [ 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; y>>=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, 1o =283.35; 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.

PCl PC2
Eigenvalue 5.73 0.99
% of variance 71.69 12.37
Latency of first response to stimuli 0.91* 0.30
(sec)
Latency of first flight or 0.91* 0.29
movement towards the speaker
(sec)
Distance from speaker after 30 sec 0.88%* -0.06
(m)
Distance from speaker after 2 min 0.84* -0.32
(m)
Closest distance to speaker (m) 0.95% 0.12
Total number of flights 0.83* -0.37
towards/over/in response to
stimuli
Length of time within 2m of -0.63 0.71%*
speaker (sec)
Total number of songs during and -0.78* 0.24

post-stimuli

116



Chapter 4: Complex song elicits more aggressive responses

400000
3.00000 O
O
2.000001
o~
O 1000007 O
o
R O R
00000 @&
O
& @ gi,
~1.000001 a
e DO
-2.000007
1 1 1 |
-2.00000 -1.00000 00000 1.00000 2.00000
PC1

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 15.1+0.9 03+0.2 63+1.6 -2.807  0.005
distance to

speaker (m)

Total number 1£0 15+3 7+2 -1.649  0.099
of songs during

and post-

stimuli

PC1 1.2+0.1 -1+0.1 -02+£02  -2.824  0.005
Eigenvalue

SCore

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 Fo,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 Per song Per sec Persong  Persec
response variable

Number of syllables  22+33.2 3+0.44 8+2 218+ 1
Syllable diversity 21+3 3.08+0.44 9+2 245+ 1
Syllable transitions 19+3 2.79 £0.44 7+2 191+1
Song duration (sec) 6.81 £1.34 - 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 & Jorgensen 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
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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 (Leitdo 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).

Tawharanui Regional
Park (36°37'S, 174°82'E)

Wenderholm Regional Park
(36°53'S, 174°7T1'E)

Auckland

200 km

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 (36°37°S, 174°84°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 (36°37’S, 174°82°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 [36°54°S, 174°71’E] features important food resource
species for tui such as kanono (Coprosma grandifolia), karamu (Coprosma robusta),
and totara (Podocarpus totara). The open habitat [36°53°S, 174°71’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 © ¢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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(b)

Véenderholim Beach

Wenderholm Bush

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 9 7 6 5
of birds
recorded
Total number 166 251 104 104
of songs
analysed
Mean songs per 18+3 369 17£5 21+4
individual
(£ SE)
Total recording 9 9 9 9
effort (hr)
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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 [ 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

Song duration (s)

Trill length (s) and trill

percentage

Entropy

Number of different syllables Grunst et al. 2016

per song
The length of song Gil & Gahr 2002

The length, and proportion, of ~ Brumm & Slater 2006
song that contains high-

frequency trill syllables

A unitless measure of song Charif et al. 2010
disorder/unpredictability. It

measures spectral complexity.

White noise, for example, has a

high entropy score, a pure tone

has a low entropy score

L FE E.
Hsel = Z[ﬂlogz(ﬂ]J
J\E k

sel sel

[ 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: Nyrest = 512, Nopen = 512; Pseudo Fio20, 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 Jones Bay (open) | Wenderholm Wenderholm
Bush
forest open
(Forest)
Mean distance (£ 439.71 £41.5 1263.12+50.12 | 409.3 £19.16 1443.02 +41.5
SE) from PCQ to
nearest tree/shrub
(cm)
Total plant species 24 8 24 9
richness
Mean (+ SE) DBH 38.32+5.84 9.64 £1.57 23.24+2.42 50.35+5.49
of tree (cm)
Number of trees with 113 64 128 69
aDBH>7.35cm
within 20 m from
each PCQ
Total number of 236 142 256 137

trees and shrubs
within 20 m from
each PCQ (total:
256)
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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 Fa1,27=8.417; P =0.002) (Table 5.4).

145



Chapter 5: Habitat and song complexity correlations

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 18.85+0.91 16.1 £0.52 19.67 +1.33 17.1+£0.93
diversity
Song 11.36 £0.78 6.23 £0.27 8.28 £0.78 6.68 £0.52
duration (s)
Trill length 3.20+0.21 1.45+0.07 2.38+£1.79 1.76 £ 1.11
(s)
Trill 31.19+1.79 2439+ 1.1 32.33+£1.18 30.43+1.13
percentage
Entropy 3.43+£0.35 3.13+£0.29 3.89 +0.47 3.30+0.24
(average)
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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).

(i1) 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.

(ii1) 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 & Moller 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 & Jargensen 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 (7Troglodytes 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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ARTICLE INFO

Many songhird species are socially 1 varying ity fre-
quencies. Song complexity, mmmlomlmﬂnilmvmmmhdlmhme
wmwmmpm produce simple songs. The basis of this variability,

Initial acoeptance 16 March 2017 is unresolved. Because lly favour the evolution of sexually selected
Final acoeptance 6 june 2017 dmanmmﬂuthgmwry mhammnphdly ilﬂnﬂdhﬁ:hiﬂ:lmmrmd:m
We dicted a positive and

songhird song complexity. In addition, we predicted that broadcast (long-range) rather than interactive
songs |shori-range) would be more likely to contain sexually selected characteristics, such as higher

Keywords: complexity, especially in species with high extrapair paternity frequencies. This was tested using tui,
broadcast song. Prosthemadera novaeseelandiare, a species with high extrapair paternity frequency. First, analyses on 78
'::ﬁm“' Wﬁmlrﬂ:ﬂaﬂﬂﬁwﬂmmm%uﬂqﬂrmm:m
iﬁ_ﬁf‘ﬁiﬁi, within-song i (the level of ity within a species-specific song) but not between-song.
Prosthemadery novaeseclandioe complexity (size of species-specific song or syllable ire), while no trait

song complexity tion was found, Additionally, our results suggested i broadcast songs had higher song complexity than

songhinds ||1lrmru'mmmmlmmmmmrwmrwkﬂMnuymambmlh
il evolution of within-song
nwnmmrhhrhsmdmmm Published by Elsevier Ltd. All rights reserved.

Birdsong is a learned behaviour and, in some songbinds, com-
plex song is a sexually selected trait (Catchpole & Skater, 2008),
Song functions predominantly for mate attraction and territory
Jefence (And 1994; Leniowski & Wegrzyn, 2013; Searcy &
Yasukawa, 1996), and male songs may be assessed by both fe-
males and rival males (llles, Hall, & Vehrencamp, 2006). Evidy

Song lexity can be d by calculating the total song
or syllable repertoire size and song versatility of individuals
(Garamszegi & Maller, 2004; Hasselquist, Bensch, & Von Schantz,
1996; Moore, Seékely, Biki, & DeVoogd, 2011), termed ‘between-
smlgmnmlexl:ytlhlkntme Badym & Hill, 2003). Alternatively,
song comy can be d using variables such as the mean

suggests unpaired males will sing long, complex songs; in contrast,
paired males produce shorter, simpler songs (Catchpole, 1983).
hmalrspmcmmmpuhmdwplayswmksmhmmm

number of different notes or syllables per song and the number of
transitions between different syllable types (Leitao, ten Cate, &
Riebel, 2006; Sasahara, Cody, Cohen, & Taylor, 2012; Zhang

songs (Catchpole, Leisler, & Dittami, 1986). Furth

with more complex songs will be paired earlier within the bm:r.lm;
season, attract larger bers of females and produce more young
(Catchpole, 1986, 1%2]. Male song also functions Lo deter rivals
from and ¢ lating with their social partners
during the h'rrull.-’s fertile prﬂud (Catchpole & Slater, 2008).

* Correspondence: S, D, Hill, Human -Wildlife Interactions Research Group,
Institute of Natural and Mathematical Scienoes, Massry University, North Shore
Mail Centre, Private Bag 102904, Auckland 1131, New Zealand.

E-mail address: 5 Hilhmassey.acnz (S, 0. Hill)

Bt i doLong/ 10.106Lanbehay 2017.06.026

bach, Jin, & Kozhevnikov, 2017), termed ‘within-song
complexity’ (Leitao et al, 2006). Song complexity is likely to be a
prmqr ror rnale quality |n terms of reproductive success, body
lopmental stress, parental care and

msrnlm ahlny (ﬁadym Hill, & Weckworth, 2002; Boogert,
Giraldeau, & Lefebwre, 2008; Buchanan & Catchpole, 2000;
Catchpole & Slater, 2008; Sexton, Murphy, Redmond, & Dolan,
2007; Soma & Garamszegi, 2011; Spencer et al., 2005; Woodgate,
Mariette, Bennett, Griffith, & Buchanan, 2012; Woodgate et al,
m!llms:mdmmnmkxltyvmywﬂelymuufmm
simple, d of a few syllables (eg.
Wamwmmilwa&upr. 2008 and
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P sm).. C.'lll:hpult' 1980) m highly
complex songs with a large syllab 1 in

associated with song complexity in multiple songbird species. To do
this, we empﬂnytd both within- and between-song complexity

nonrandom fashion with discernible patterns (eg. P star-
lings, Sturnus vulgaris, Moorman & Rolhuis, 2013 and California

mah:msanmlemol’?&swuu.
M\ﬂndngl'mmlhc""- Ty we also
and analysed song

et al, 2012)
standing, song complexity U-Irhiinn also occurs within taxonomic
families. In the honey phagidae) for ple, the rep-
ertoires of noisy miners, Mmmm mehmpluh, and New
Holland honey llandiae, consist of sim-
ph- single hlgh—fmpnnqr notes (Jurisevic & Sanderson, 1994). Tui,
fige, on the other hand, sing highly
(umpiu songs consisting of many different syllables (Hill, 2011;
H:il. Amm. Ludbmuk & Ji, 2015). The evolutionary basis of
gl iation in song complexity levels is some-
vrhalola- d duti logists (Kaluthota, 2016).
Extrapair paternity (EPP] can be defined as ‘deviations from ge-
netic monogamy' (Turjeman et al, 2016), where males sire offspring
outside their social bond (e.g. Forstmeier, Nakagawa, Griffith, &
2014). In hirds, EPP is often directed by a female
wludl |l|l'l|| initiate mrapur [EP) mating (Bowers et al, 2015).
is d across bird taxa (Taylor,
Bm'im'lkml & }.mumn, 2008) despite many spcdes being so-
cially monogamous (Hasselquist & Sherman, 2001; Liu et al, 2015).
Extrapair copulations are more likely to ocour in species where
biparental care is of low importance to chick survival (Petrie &
I(empeﬂaers. 1998). Females may attain direct benefits from EP
e, they may be able to feed on an EP partner’s
Y. in additi tollmngF.P fTspring with lower d Lati
a:llsuwmm rates (Gray, I99?1Momr F.Pmal:mgﬂlha.mlhe
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 hypnlh:ns' (see Il'.ﬂd Arcese, Sardell, & Keller, 2011).
Offspring of EP ygosity  Foerster,
Dc.-lhey Johnsen. L.ll’]eld & Kempcruen 2003),

y varies within taxa (Spottiswoode
& Mnlkl ?DM] andacmss m(l’.‘-m.al Jovani, & Potti, 2012). For
eumple pmnmwmminmsﬂ:'s
inioides, is 4.1% of all offspring observed
(Neto, H & Hasselquist, 2010) wh in superb fairy-
wrens, Malurus splendens, 65% of offspring are a result of EPP

(Tarvin, Webster, Tuttle, & Pruett-jones, 20051. I-\mhem-mr.

T data from song recordings
bul.h from the above-mentioned dauhuu. and I'mm field re-
« gs of tui and yell i

Smsbirdwmhtmtmsnmd mm:ﬁmmrﬂ-
ing to audience and transmission range: long-range broadcast
songs (BS) and short-range interactive songs (1S; Nolan et al, 2002;
Titus, 1998; Reichard, Rice, Schultz, & Schrock, 2013; Rosvall,
Reichard, Itrgusnn. Whllukﬂ & Ketterson, 20121 Broadcast
songs are d d as and di I vocal signals,
functioning as of male rep tive and territorial
st.ams(Tmn.lm WIIry& Richards, I“iﬂz‘,l.'lwmdlrecudmno

they play an imp role
in attracting both social and EP mates. Interactive songs, on the
other hand, are often initiated and directed towards an observable
lience. They are employed in male-male confrontations (Titus,
1998), in addition to courtship and pair bond maintenance
(Reichard, Rice, Vanderbilt, & Ketterson, 2011; Titus, 1998). If song
complexity is selected in EP mating. BS should contain high
complexity in species with high EPP frequencies. Little information
is available regarding dilferences in song classes in the context of
mate selection in songbirds,

Previous research suggested 1S in the dark-eyed junco, junco
hyemalis, a species with moderate EPP frequency (27%, Gerlach,
McGlothlin, Parker, & Ketterson, 2012), are more complex than BS
in terms of syllable diversity. Lhnnglul. a sptuﬂ with bolh\my
high EPP frequency and song igated the role
mmmmmdmumwmmr
BS differ in complexity to IS. We predicted that BS would contain
higher levels of within-song complexity than 15,

METHODS
Data Collection: EPP and Song Complexity in Multiple Species

Breeding season songs of males of 78 songbird species were
collected, 76 of which were obtained exclusively from online da-
tabases: Macaulay Library archive of wildlife sounds and videos of
Comnell lab of Omithology (Comell University; www.

frequency in the great reed warbk

4% (Hasselquist, Bensch, & Vonschantz, 1996) and in a tui pnpula
tion, 57% of offspring observed resulted from EPP (Wells, Ji, Dale,
Jones, & Gleeson, 2015).

Selection pressures generally Tvour the evolution of sexually
selected characteristics  reflecting male genetic quality (eg
Garamszegi & Moller, 2004; Kempenaers et al, 1992) This is
particularly evident in species with high EPP frequencies, as these
males usually do not provide parental care (Maller, 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 assocation be-
tween EPP fi y and song lexity in bird 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 (Hasselquist et al., 1995; Byers, 2007;
Read & Weary, 1992). However, other studies including meta-
analyses of 65 (Garamszegi & Maller, 2004) and 27 (Soma &
Garamszegi, 2011) songbird species tound nnsngnu‘il:anl rI:tauon—
ship bx EPP and multiph
malesorgmulsphyamlnnmmzkuionnmalnsumu
tain. We tested the liction that EPP fi y was i

mac yorg) and the Xeno-Canto citizen science project
website (www.eno-canto.org). Songs were extracted from 175
recording files from the Macaulay Library, 53 I‘mln Xeno-Canto and
four from the field (tui and y
Park, New Zealand, using a l-larw Pl-lD&Zl:l Solid-State Dlgiul
Recorder [Marantz, Kanagawa, Japan], attached to a Sennheiser
MEG7 shotgun long-range directional microphone [Sennheiser, Old
Lyme, CT, US.A|L Xeno-Canto only supports mp3 files and these
were converted to wav files using hup:/f'www.audioonline-
convert.comfconvert-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 h:vmganymnﬁum impact on scmgstmnm-.ul integrity.

‘we ack that the g quality on these files
uuyhlmhtfnmrgmiﬂyllnw(ﬂm for the other sound samples
used in this study. This is, however, unlikely to have had any sig-
nificant effect on analyses within this study.

All species analysed within our study included 64 of the 65
analysed in a previous meta-analysis by Garamszegi and Maller
(2004). The remaining 14 species were chosen to obtain a wider
range of EPP frequency and o increase sample size from this pre-
vious study. Multiple species within this data set have socially

mating with varying EPP frequencies (see
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Supplementary material). The EPP frequency data for each species

0. 14l et al. / Animal Behaviour 130 (2017) 187197 ]
I BS and 1S ducted in a high EPP species, tui (details
later within this section).

were obtained from research articles found in the Coogle Scholar
(Mountainview, CA, USA., www.scholargoogle.com) and Web of
Science  (Clarivate  Analytics, USA, www.clarivate.com/?
product—web-of-science) in L] arti-
cles utilized by Garamszegi and Moller (2004) and Soma and

Data Collection: Song Complexity Variation in Tui

Tui are endemic New Zealand ghirds within the family

Garamszegi (2011) to gather EPP data. Some p | articles

Meliphagidae ( Kelly, & Ladley, 2011). They are socially

were the only papers available on specific species. Some
species within this data set have also been noted as exhibiting
mm[am*wmhmmmmanmsodﬂpmm
Hasselquist et al, 1995) or behaviour (allo-
pnrmlldkpdngme.wherepﬂ:uﬂmnlywngnmﬂﬂd
by other group members, Piper & Slater, 1993).

‘When songs from multiple individuals of the same species were
wﬂﬂhammm:mgmdmnﬁumMo(
divid: (total of 232 individuals); in
mmlmmmwmmm

Only lings with the highest
maiilyralimmﬂdldﬂalmemmcd{l: 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 (we maintained intraspecific habitat
consistency in our choice of recordings where possible) and
comprehensive details of each song in terms of their song class (Le.
BS or IS) were available and extracted from the database. Only BS
mmdhlhkmndﬂnﬂlﬂywivnﬂmmmbﬂm

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
m;wmmmm{muummmﬂm
likely to be products of sexual selection.
S«edlu&mnadwtmhnimmlbﬂd!m 11 different
rural locations across New Zealand's North Island and nearby
oﬂslmishmktﬁs.lamdb.ﬁkl).paawllemmwmd
out over four t February 2010/2011,
20112002, 2012[2013 a.nd NIBRO‘M]. 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
wmnmmmummsﬁmm(m
total P effort per I varied: 1.8 min;
maximum: 129 min). was 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
Wmiﬁntﬁdammmmwfmmm
y observable

Interactive

mmm&da:ﬂmﬂnﬁ.um«rmw

I, either male or female.

mammminnsms y have age points to no
been noted as descrit lllenm song
types available were BS, A is of the diffe in lexity wards dividds

Auckland CBD

Maungatantari
K0S, 175°56'E

\
Manawatu

40"18S, 175°7T9E;
407128, 175°85°E

Figure 1. The location of the cight study sites around the Auckland region including (a) the five offshore islands (map from the National Institute of Water and Atmospheric
Research, with permission) and (b) the location of the theee mainliad study sites in relation 1o Auckland's central business district.
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Table 1
Tui song recording sites and number of tul reconded
Location Sire (ha) Endemic songhird species present MNumber of tui
sampled
Atk in the Park, Waitakere 100 Calleaus wilioni, Gerygone igata, k]
Petroica longipes, Metroica macrocephala toitod, Khipidura fuliginesa
Maungatautan southern 65 Cerygone igola, 3
enclosure Mohoua albicilla, Notiomystis cyncta, Petroica longipes,
Motuihe 1 Gerygone igata, Mohoua albicilla, | ﬂdﬁ.mr futuyirn 2
Motutapu 1510 Anthormis melamra, Gerygone A L]
Pohangina wetLands 72 Anthormis melamura, Gerygone igata, Rhipidura fuliginasa 1
Rangitoto m Anthornis melamre, Gerygone igata, Mohoua altvicilla, 2
Fetroion PR ; taurs Ak
Tawharamui Regional Park 588 Anthormis melamura, Cerygone igata Mohoua albicilla, b |
Petroica longipes Mhilesturnus nifusater
Tiritiri Matangi 51 Acanthisitia chioris, Anthornis melamura, Calleaus wikoni, 3
Cerygone igat, Mohoua albicilla, Petroica longipes,
Philesturnus nyfisater, Rhipidura
Totara Reserve, Pohangina M0 Anthormis melanura, Gerygone igata, Rhipidura fuliginosa 1
Victorla Reserve, Waibeke n Gerygone igaia, Riipidura, 1
‘Wenderholm Regional Park 134 Gerypone igata, Kivipidura fuliginosa 4
Among the 28 males we recorded at Tawharanui Regional Park,  Song Variables and Data Analysis for Multiple Species
17 were individually marked with colour bands. For each banded
bird, we only analysed songs that were recorded in a single session. To assess the relationship b EPP freq y and both
For unbanded birds, only one unbanded individual was recorded at within- and b ng « lexity, linear i were

any one time and in any one identified terntory in each location to
minimize the chances of pseudoreplication. During the b ding

employed (5PSS, version 23.0 IBM, Chicago, IL, USA.). Four vari-

season when tui are paired and have nests, both nests and flow-
ering plants are guarded, and tui remain within their respective
territories. Furthermore, malts-‘lkolrrximsmgmq)mﬁcprrdﬂ
(HiIL Ji, Parker, Amiot, & Wells, 2013) which further minimized the

ables i wlthmnmg mmplﬂltymmedﬁwn
each song: of syllables, song lable d y
andsyllahlemrmﬁmuﬂahleZ)mlhwanEwdrmm;
gests lhﬁe four song mmplexlly variables within male BS are

and selected by females, and are therefore are

chances of pseudoreplication. All songs included in the lysi

in mate (Boogert et al, 2008). An overall

were recorded between 0600 and 1500 hours at 2-5 m from each
bird. Only complete songs with good signal-to-noise ratios were
included in analyses.

A Marantz PMD620 Solid-State Digital Recorder was used to
record songs, attached to a Sennheiser MEG7 shotgun long-range
directional microphone, All songs were recorded at a sampling
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

wilhm-m complexity score was then created by adding
muhrdnmimmhnﬂhﬁelwrmmleutymhbror
each individual (adapted from the sy by
Ulubay, 2013).

We also extracted three key between-song complexity vari-
ables, song and syllable repertoire size and song versatility from
the same recordings, as above to maintain consistency (Table 2).
Song and syllable repertoire size were quantified by tallying the

Recordings were digitized using Raven Pro 1.4 Beta Version soft- number of unique songs and syllabl duced by each individual
ware (Cornell Lab of Ornithology, Ithaca, NY, US.A.) with the same in each total ding. The ber of songs, b varied for
settings as described earlier. each recording; therefore, the song size score for each
Table 2
Song his sty g in 78 dhilferent songherd sprcies with patermity and and
soag in tul
Song variable Definition
Number of syllables The total number of sound units or
nmmmammmuuummwmmm
Uhis cluster was als a single syllable (Boogert et al., 2008)
Song duration (s) The length of time from the start of a note o syllable o the end of a note of syllable in a series of syllables
preceded and followed by a =3 s nterval (Kroodsma, 1977)
Song repertoire sire The number of distinct songs within the repertoire of an individual (Gil & Slater, 2000}
‘Only used for the multiple species analysis
Song versatility the amount of [l one song type (o another within an individuals singing bout
(Garamsoegl & Maller, 2004). Only used for the multiple species analysis
Syllable diversity The number of different sound units of sound unitl complexes (syllables) per song. Syllables can
comprise several notes (Boogert of al, 2008)
Syllable repertoire siee The number of disting syllables within the repertoire of an individual (Moore et al, 2001)
Only used for the mulliphe species analysis.
Syllable transitions The number of syllable switches per song (Fefil & Hod, 2000)
Trill dhration (s) Cumulative total length of repeated, high- frequency modulstion portions per song (18] ot 31, 2015)
Only used for the tui song class analysis
Trill percentage Percentage of each song that contains rapid, repeated, high ) . noltes, d by

dividing song duration with the amount of time (s) trills are produced within a song (Hill ot al, 2017}
Daly used for the tul song class analysis
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individual was based upon the percentage of songs recorded that Mating system
‘were unigue within that individual's rep ire (e, the ber of Mating system is associated with sperm competition in song-
unique song types produced by an individual was divided by the hlrd!.wlnchuwﬂtspmxlmm:lly:rmnpmumml}m
total ber of songs led for that individual and then that lations (Birkhead, 1998). We therefore
was It by 100 | from Podos, Peters, controlled lnrm;lingsyn‘.rm in the comparative analyses of the 78

Rudnicky, Marler, & Nowicki, 1992]). To measure song versatility,
songs were scored as being versatile (score of two) if song types
were switched rapidly; eventually \nrmule (score of one) |I‘sn||g
types were repeated within a rep before

switching: and nonversatile (score of zero) il a song type wm
repeated continuously within a repertoire (as described by

songbird species. To test whether the different mating systems
described above (categorized as: (1) socially monogamous, (2)
polygamous or (3) cooperative extracted from relevant literature
[see Supplementary material]) were linked to EPP frequency, in the

Itiple species, a multiph ion test was conducted. We also
cundumda rmuluplutgrmdm test aiming to detect any associ-

Garamszegi & Maller, 2004). We excluded from the b g
- P tysis A , 25 thei

ation mating system and the overall within-song
c ity score.

songs only consisted of one syllable and distinguishing between

songswasnotpomible.andlieﬁermnedmrbhnforwhich

only one Jed song was available for anal All song values

used within this part of the study were averaged for each species

for all statistical | All song lexity scores were log-

u'insformtdpmrmhnﬂrltgmsnnnam]ystsasﬂrym
by

ov Stnlrrm tests {usins SPSS).
For all recordings, spectrograms were created by discrete Four-
ier transform (DFT) with a Hann window. The frame length was set

Sexual dichromatism

We also controlled for sexual dichromatism, variation in
plumage colour, in all 78 species (as per Garamszegi & Maller,
2004; but see Huang & Iubuslcy 2015) as this has been linked
with variation in songh y. G i and Maller
(zﬂm]mggrsud that of possible confounding factors, only sexual
dich ism had a statistically significant relationship with EPP
l'rﬂpean Tller::smﬂndﬂwelhu aspects such as habitat or

at 256 points. Additionally, a 50% frame overlap with a hop size of Sk e selaciy s Re 1 % Piasefios, thate
S LACHIIN & i dpar uct mnnllndudul this in terms of potential
?_‘)mswasmd.i\lrmmygridspxinsuflnﬂxwaalm il Sequ;--- w‘,-ﬂsn ona
loyed and the bandwidth was set at 3 dB.
scale(m |nt¢rmtua dlﬂmmm(m 0) to male
w”“"‘_'“"*"“m"“"“d““dm"'"m“ with full colour and the female brown (5)) based on species de-
EPP ies to avoid bias. scriptions (Perrins, 2009). A multiple regression test was conducted
{wﬁllenaswwflualanmpllnsrnenl‘ulkHzamialaluo— o her sexual dick had a relati with

lution of 16 bits) were digitized and song d using
Raven Pro. A song was defined as a period of contil

EPPfltqumqrmﬂlemuluplesmdyspmer..Wealmmduueda

surrounded, before and after, by a silent intersong interval period of
>3 s (Woolley & Rubel, lm?]aﬂmﬂymwmm
lysed. All 78 species SONgs, o
songs that had discernible i mlrrmlls intervals.

Phylogenetic correction

G ¥ } ecological differences across
mmdlummnkrpomualdﬁuxduwslnmdam
(Lifjeld, Laskemoen, Kleven, Albrecht, & Robertson, 2010) A
phylogenetic tree for these 78 species was created using “a global
phyl of birds’ (available from: hitp:/fbirdirec.org) based on
the most com, studies (Jetz, Thomas, Joy, Hartmann, &
Mooers, 2012, 2014). An image of the phylogenetic tree from the
resulting file was created using Figlree (version 14.2, Fig. 2). The
branch length units are based on nucleotide substitutions per site,
i.e. the number of changes or 'nmmnhm’ divided by the length

of the seq We used phyl lized least squares
(PGLS) for phyb@emtk cnmction (0] determme whether phylog-
eny significantly i d the linear regr lysis (see
Barger, Teffer, Schenker-Ahmed, & Jeferi, 2014)

used o test for associations between EPP frequency and song
complexity. The PGLS esumatesthevalue of lambda (), Pagel,
1999) to hyl correlation. If A~ *1°, the diversi-
ﬂuummhuphyhgnunﬁmmmm conversely, if & 0
this implies the diversification ratio is random with respect to
plw[wuemumlndependemdphylmny,mmhu
words, there is more divergence between taxa than

mlnuymdmdanymmnbtmn
ey B e i piiriua

sapiaal it it A
SERiI DCNToInaLsI and e OVETal  SOhE OO0

described above.

Parental care
‘We controlled for parental care [e.g. rxenfnestlins I'uding) for
all 78 species by testing for 1 P I care and

EPP frequency. Parental care for all species was categorized as (1)
female only, (zlma.lennly {l}mmhmlmnod'malemldfenuknr
(4) feeding (see
Supplementary mlﬂu!llﬂmluﬁemm test was conducted
to ascertain whether parental care had a relationship with EPP
frequency in the multiple study species. We also conducted a
multiple regression test to try to detect any association between
parental care and the overall song plexity score, All ly
were conducted using SPSS,

Song Variables and Data Analysis for Tui Song Classes

Toc tui lexity b BS and IS, one song
perclasspenndwﬁualvmmdwed 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
omaclzd!mlmspindﬂranﬂpumuldlmnﬂmlun song

under a Brownian motion model of trait evolution). The PGLS
analysis was carried out using the nime package (Pinheiro, Bates,
DebRoy, & Sarker, 2013) in R (version 2.15.3). For model selec-
tion, we used the second-order Akaike information criterion (AIC,
Burnham & Anderson, 2002) and likelihood ratio (LR) tests, The
PGLS estimated ) for the model and tested whether it was
significantly different from zero,

iables were also used (trill duration and trill pro-
pnrlion).'l'hesetwn iables are consi ch istics of tui
vocalizations 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 uslngkml’m(ﬁy. 3a and b, Table 2; Hill et al,

2013). Between-song I were nol conds d in
thetmsmgchssamlymhrmlhemwmimﬂkiﬂamm
of IS available for a lysis with BS.
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Frequency (kHz)

Time (s)

Figure 3. Spectrographic representation of the varisbles employed 1o measure song

im this study. show () 2 male tui broadcast song, inchading
rills, which were only used in the analysis of tul song clusses as they are 3 consistent
feature of bl songs, and () 2 tul broadeast song showing how the mamber of vyllable
transitions (ST) were caloulated for cach song across all species,

Within-group Multivariate Analysis

All song complexity data were log-transformed to remove
skewness and converted to Z-scores. Z-scores are used to stan-
dardize data from different distributions to provide a method of
comparing them regardless of their respective distributions (Abdi,
2007). Different 1S types were produced, male to a male, male o
a small group of males and male to a female. A one-way analysis of
stnu'hmy (ANOSIM, Clarke & ‘Warwick, 1994) was used to detect

S0Ng these different 1S types was
sisnlﬂcanﬂydwlsimilar mmtples. ANOSIM is a nonparametric
multivariate test based on, in this instance, Euclidean distance
mﬂsurt. using I.he rank order of dissimilarity values o test

SOng ¢ i uam..‘lllsk Tabl ﬂl’kﬂd 5
types. A y i lysis of vari.
(PERMANOVA, Anderson, 2001) based on Eudlidean distance
measure was also used to test whether within-song complexity
mwmmmmﬂemmmmmm
were conducted prior to mult b
B.Tm:nmdmmmnwlathrdamsmidbemhd
before comparisons with BS.

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
nonmetric multidimensional scaling (NMDS) ordination plot was
then g I to provide a visual y of the p of
Euclidean values among the samples, All ANOSIM and PERMANOVA
tests were conducted in conjunction with the conservative Bonfer-
roni commection procedure for multiple hypothesis testing. The
ANOSIM, PERMANOVA and NMDS analyses were all conducted us-
ing PAST software (version 217b; Hammer, Harper, & Ryan, 2001).

Table 3
A summary of the lincar regression scores for the relationship between EPP fre-
quency and each of the song complexity parameters

® EPP lrequency | r

Number of syllables per song ool 189 0.06
Overall within-song complexity oo7 258 0oz
Song, dufation o 159 s
Song repertoire size 006 065 0521
song versatility 0o 155 013
Syllable diversity o1 499 0003
Syllable repertoire siee ooz 156 02
Syllable tramsitions ol A54 0,005

EPP: extrapair paternity.

RESULTS

EPP and song Complexity in Multiple species

A linear regression analysis indicated there was a statistically

significant positive relationship b

y and the

EPP freqs

overall within-song onmplatky score in multiple species (N — 78)

in addition to

y and the ber of transi-

tbmpﬁmbutmkerasmdaﬁmswﬁhlhgnmb«oﬁylh-
bles per song and song duration (Table 3). This suggests that EPP
frequency predicted overall within-song complexity in the sampled
data set of 78 songbird spedes (Fig. 4, Table 3).

A linear rurmnmlyma!m indicated there was no signifi-

l:ant L P EPP frequency and between-song
song repertoire size and song versatility

[T-\ble3}.

Phylogenetic Correction

thMu(tndaFClSamlysummmlu‘lem

il for EPP i y and song complexity variables. The

PGLS estimated ) to be not significantly different from zero for the

traits that exhibi

1 a significant association with

EPPin trn'linearmm analysis (Table 4). This suggests that the

traits and the observed association b

traits were indep

dent of phylogeny and showed greater divergence between taxa
than would be expected under a Brownian model of trait evolution.

£2s
L]
%
E 2
&
i+
.
5
[
E
g
§ 05 9
0 20 40 60
Extrapair paternity frequency (%)
Figure 4. The relationship linear regression with mean 3 95T con-

nanpliylogrnets
fidence intervals) between extrapair paternity frequency and overall within-song
complexity (bog-trandormed).
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Table 4 (ANOSIM: N 48, 45, R 0409, P<0.001 with Bonferroni

Wmvmm'mﬂ‘*wmmwmm: correction, 9999 permutations; PERMANOVA: N — 48, 45, pseudo

wilh EFY a M M .

tested using phyb . e ot analysis F«:M HS&P(BmIthnnfenummg!?ﬂpemlu-
tations; Fig. 5, Table 5) Broadcast songs had higher song

Song variable P ity than IS.

Pagels inbda i AIC ”

Overall within-song complexity 061 76633 024 DISCUSSION

Syllable diversity 073 5728 (3%

Syllable transitions 034 AGRE 03 We i the EPP freq y and song ! associa-

EPP; extrapair AIC: Akaike's criterion. The P values here mm:namﬂewdm@ulﬂtnAmmandeywsdm

signify that the Pagel's & values for these variables were not sgnificantly different
from zero, This suggests that these traits showed greater divergenoe between Laxa
than would be expected under a Brownian motion model of trait evolution [Le.
these traits evolved independent of phylogeny).

Mating System, Sexual Dichromatism and Parental Care

A multiple regression analysis indicated there was no significant
association between EPP frequency and mating system (N - 78,
R'~ -0.03, P - 0.065), sexual dichromatism (N — 78, R — —0.03,
P 0553) and parental care (N — 78, R — —0.03, P 0.157).

A multiple regression analysis also indicated there was no sig-
nificant association between the overall song complexity score and
mating system (N - 78, R - 0,01, P - 0.338), sexual dichromatism
(N~ 78, B* — 0.01, P - 0.455) and parental care (N - 78, R* - 0,01,
P~ 0218). These results suggested that mating system, sexual
dichromatism and parental care were not confounding variables for
this study.

Tui Song Classes: Within-group (tui I5) Comparison

Comparison between male—male IS (N — 27) and male—female
IS (N — 18) vielded no significant differences for all six variables
(ANOSIM: R -0uM2, P-0729; PERMANOVA:  pseudo
Frgas — 2353, P— 0.092). All IS data were subsequently pooled for
comparison with BS,

Comparison Between Tui BS and IS

Our results indicated a significant positive assodiation in multiple
taxa between EPP frequency and mall within-song complexity
but not with any b song complexity Species with
higher EPP fi luced more plex songs overall. In
other mlls. our l‘ndiny suggrsl mrllplcx vocal traits were

more 1 species with higher EPP
frequency. .\hhnush more mk is still needed to resolve the bio-
logical relevance of this statistically significant relationship, our
results suggest that EP mate selection may play a role in within-
song complexity evolution,

Previous studies have suggested that aspects of song such as
large individual song rep ires, song rate and song consistency, in
addition to the ability to produce and maintain high sound am-
plitudes, are positively associated with EPP frequency (Forstmeier,
Kempenaers, Meyer, & Leisler, 2002; Hasselquist et al,
Suter, Ermacora, Rielle, & Meyer, 2009; Tafl et al, 2012). Higher
song complexity in BS may have therefore partly evolved to
maximize the chances of obtaining both social mates and multiple
extrapair mates. However, aprwws:udymtploymsam

lysis found no relati b  song ¢
and EPP frequency (f..lram:w.'gj & Moller, 2{‘.041 These conclusions
were supported to some degree by Soma and Garamszegi (2011)
whﬂm[tdnudnplebhbgjmlfmnrsnmd!dmbemrmdﬂﬂlm
fully understand the role song plays in reproductive success, such
as differences in breeding systems between species. Our study
revealed significant associations between EPP frequency and a
specific key aspect of song complexity (within-song complexity).
w‘:hm -song complexity is perhaps more useful in measuring the

ﬂwmmamlﬁﬂntmldﬂmmhemlﬁandﬁnl of song c ( b et al, 2012) than a
male tui using all six variables measuring within-song comph mere calculation of reg ire size or versatility. For example, some
ﬂ,'ISIv "
% +
LIRS o
+*
+*
ot e ¢ 4o OF
+ ¥ mﬁ. u? +
: 005+ + f‘\ +0 =
g * 04 * ¢
AR A1 S
0154
0.2}
-0.255
—(I:ib -(;_:f. -(|:24 -ﬂtlx -0.12 -I).‘(IG 0 t!.:)& 0.12
NMDS 1
Figure 5. The scaling (| ] ot bued on Fuclidean distance of brosdeast wng (red crouses) and interactive song (bloe souaees) in bl
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In tui, a species with high EPP frequency, BS were more complex
than IS, consistent with our prediction. This was reflected in more

Table 5

l in within-song between and interac-
tive song of malke tul k.

Variable Mean s SE

[Broadcast song Interactive song.

Mumber of syllables 37+3 21x2

Song duration (s) 10094115 52+049

Syllable diversity 3.2 1241

Syllable transitions 2122 101

Trill duration (s) 459:086 123036

Trill percentage (%) M3 16:3

species such as chaffinches, Fringilla coelebs, sing two to three basic
song types (iLe. a small song repertoire). However, within these
song types, diff in lexity can be sub ial (i.e. high
song complexity) despite each song having the same basic pattern
(Leitao et al, 2006). Furthermore, higher within-song complexity
can elicit stronger responses in both males and females suggesting
it evolved under both inter- and i | selection p
(Leitao et al, 2006).

wul‘unourstudy tmmmmdamﬂ‘ummﬂ
ation between EPP 1 y and b SONE ¢ One
cmstr&nl o{thisaspect of our smdy homr was the llmﬂtd

per song and greater syllable diversity, in addition to
longer song and trill duration and a higher trill percentage in BS.
Higher BS complexity in species with high EPP frequency coukd
function to maximize the chances of obtaining both 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 fe-
males (Leitdo et al, 2006). Because BS are designed for long-
distance signalling, they may also function to minimize social
partner cuckoldry.

Higher complexity in tui BS ¢ 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 fre-
quency (ca. 27%) than tui (57%). Similarly, in species with lower EPP
frequency such as song sparrows (ca. 24%, Hill, Akgay, Campbell, &
Beecher, 2011), male—male interactive aggressive ‘warbled, soft’
songs are not only more complex than BS but also more variable
and exhibit less stereotypy than BS (Anderson, Nowicki, & Searcy,
2007; Anderson, Searcy, Peters, & Nowicki, 2008). This suggests
increases in BS song complexity are under stronger sexual selection
mspmeswahhlghm&mmxy hmherstudu*s.lnwm are

of songs available and analysed per i fual although an
average was obtained for each species for each variable, Neverthe-
less, previous research in concordance with our study found neither
ubiquitous nor compelling evidence of female sexual selection for
larger song repertoires; rather, the authors suggested the relati

quired to clarify whether the di ities in
BS and 15 across all taxa are associated with EPP
lli;hcrpmpnrthnsnhﬂmmdsnrwndmlmssmmls.
Rapid trill components in songbird songs are costly to produce and

ship between song and rey tive success “Asatu—
product of social jons [ % the evolution of
signals (Bvers & Kmudsmmo‘nol.hnsndmhmd lhxfernale

are thought to be | by females as they are indicators of body
condition and genetic quality (Ballentine, Hyman, & Nowicki, 2004;
Hennin, Barker, Bradley, & Mennill, 2009). Furthermore, trill con-

sistency is positively associated with male EPP requency (Cramer.

sedge blers, Ac b select EP males with 2013) and trills are also thought to be important in male territory
smaller ires than their social (Marshall, Buchanan, & defence (Secondi, den Hartog, & ten Cate, 2002). Tui may produce
(‘atdlpnie 2007). C I dies have indi 1 that large mmhmwﬁhamru’iﬂpmﬁmmﬂmdﬂrr
song repertoires are associated with greater reproductive success mls(lhltuLmlS).ﬂlum.nldfmcummmmuth
and therefore help attain direct fitness benefits. For example, male nsl:ofloana ity via EP copulations (e.g. Reichard et al, 2011).
song sparrows, Melospiza melodia, and willow warblers, Phyllosco-

pus trochilus, with large song repertoires had greater reproductive Conclusions

success than those with smaller repertoires (Catchpole, 1986; Gll&
Slater, 2000), although larger repertoires have been positi

associated with breeding in some speces [Mm
Rodrigo, Labra, & Lampe, 2017). Evidence also suggests in sptncs
with polygynous mating systems, males with large song rep

q Yy varies in spe-
cies and is correlated with the degree of song complexity. Our re-
wll:swursl I:Fmalesritclm:ruyplzyimlcinwlhmwlg

sire more offspring with greater viability (Hasselquist, 1998; Hiebert,
Stoddard, & Arcese, 1989). Ferales mating with males that have
large repertoires can therefore gain both direct fitness and indirect
genetic benefits for their young (Westneat & Foox, 2010). N h

e in songbirds. This study to our
undelsundlng of vaninlny in snnﬂmd wlthlﬂanng complexity
between species, a that has logical and
evolutionary mmmmm:mmsmmdwm

less, umnsm in conclusions mmmng associations be-
tween and song ¢ highlight the need
I'urhnhcrdanryamlwmnymr.hmm
From an evolutionary perspective, our study contributes to
mmntmtheunduslmdmso[lheh[ehmolmurd
species. Extrapair Y. , can also vary
‘within species. This may be caused by differences in stochastic local
ical and genetic factors (Amold & Owens, 2002; Kokko &
Mappes, 2013). These include differences in aggression of male
territory holders (Moulton, Linz, & Bleier, 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
.\cmssuxaaslhls is still not wdlmmmmmhlltym
of technis in gal 1% genetic p y data in
songhirds should Iadlum such msra«h These will help evalm
further the associations of song complexity and EPP.

gate the infl e of within-song « I on the rep
fitness of individuals in a within- and extrapair paternity frame-
work to confirm the role of male song complexity in EPP mate
selection.
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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 have, however, been scarce. We conducted playback experiments of the endemic
New Zealand Tui Prosthemadera novaeseelandiae to test the aggressive response of territorial male
Tui 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 perceive a more complex song as a
greater territorial threat. Our 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.

Keywords: playback, rival, song complexity, territoriality.

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,
termed 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 indicates 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

interspecific variations in song structure (DeVoogd et al. 1993). The California Thrasher Toxostoma
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redivivurn and Winter Wren Troglodytes hiemalis, for example, produce complex songs containing
many different syllables (Kroodsma 1981, Cody et al. 2016). On the other hand, the White-crowned
Sparrow Zonotrichia leucophrys, Zebra Finch Teeniopygio guttate and Commeon Chiffchaff
Phylloscopus collybita have merely a few similar syllables within their repertoire (Marler & Tamura
1962, Zann 1996, Jaska et al. 2015). High songbird song complexity can be 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 of various aspects of male quality (Spencer et al. 2003;
Cramer 2013). These factors include genetic diversity (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 (FeRl & Hoi 2000). Song complexity may be used by males to assess the quality of potential
territorial rivals in vocally complex species (Mountjoy & Lemon 1991). Moreover, there is evidence

that song complexity plays an important role in territory acquisition and defence (Beecher &

Brenowitz 2005). Furthermore, males of some species, such as Red-winged Blackbirds Agel,
phoeniceus, de-emphasise their song repertoires in the presence of rival males (West et al. 1981,
Searcy & Yasukawa 1990), which possibly functions to avoid costly physical conflict. However, this
might depend upon the age and fitness of the receiver.

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 & 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. Common 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).

P
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Playback experiments under natural conditions can be powerful tools to investigate bird
song variation, elucidate the rudimentary functions of song and examine the roles of different
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).

The Tui Prosthemadera novaeseelandiae is an endemic New Zealand songbird in the Family
Meliphagidae. Both sexes sing, although females less frequently than males (Bergguist 1989). Tui
produce long-range, territorial broadcast songs that are 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 as yet
unclear. Males can produce at least 56 different syllables within a single song (Hill et al. 2015). This
large syllable 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 obscure, they may be used in mate
attraction, dominance hierarchy resolution (Bergquist & Craig 1988, Bergquist 1989, Hill et al. 2015)
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.

Our aim was to investigate breeding male Tui responses to simple and complex songs from
intruding male Tui. This was tested using playback experiments to gain an understanding of 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, we predicted that more complex songs
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of intruding male Tui would indicate a greater challenge to territorial males, and thus would elicit

stronger, more aggressive responses than a simpler song.

METHODS

Locations

We conducted playback experiments in 12 Tui territories in Ecology Bush, Tawharanui Regional Park,
90 km north of central Auckland, New Zealand (36°22’S, 174°S0°E). Tawharanui is a 588-ha predator-
fenced mainland island on the Tawharanui Peninsula (Supplementary Material 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.

The distance between adjacent playback territories was approximately 200 m
(Supplementary Material 1), To test whether stimuli from a playback speaker (SAST PTD6
Loudspeaker, Shenzhen SAST Electronics Co. Ltd, Shenzhen, China) could be detected by a non-
target Tui 200 m from the sound source, we 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 MEG7,
Sennheiser, Old Lyme, CT) attached to a Marantz PMD620 digital recorder (Marantz, Kanagawa,
lapan). 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, we 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 territories to minimise the

chance of Tui from other playback territories detecting and habituating to the playback stimuli.
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Tui are especially territorial in the breeding season and males sing regularly on specific
perches within their territories (Bergquist & Craig 1988). Ringed Tui stayed within their territories
throughout the duration of our playback experiments. We were therefore confident that for
unringed males the same bird was at each territory on subsequent days. We 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.

Of the 12 territories, four of the territorial male Tui were ringed and eight unringed. One
was ringed in 2011 and three in 2013. The breeding stages 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: 11, 14 and 18 December 2014).

Stimuli

The stimuli used for the playbacks were: 1) complex broadcast male Tui song; 2) simple broadcast
Tui song; and, 3) 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-song complexity
of stimuli were: 1) number of syllables (the total number of syllables within each song, Boogert et al.
2008), where a syllable is defined as either a continuous tracing on the spectrogram, or a tight group
of identical sound units (we considered a syllable as such, if it was separated from other syllables by
a visible temporal interval 2 90 ms); 2) syllable diversity (number of different syllables within each
song, Garamszegi & Meller 2003, Boogert et al. 2008), where 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
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beginning of the first syllable to the end of the terminal syllable of each chosen song, Boogert et al.
2008; Supplementary Material 2). Tui songs were assigned to one of two categories: simple or
complex based on these four variables. Within the complex Tui playback songs, the number of
syllables, syllable diversity, syllable transitions, and song duration were all higher than within the
simple Tui playback songs (Supplementary Material 3). In total, there were six different songs within
each stimulus type category (complex, simple, and control; Fig. 1) as per the recommendations in
Kroodsma (1990), but each Tui only heard one song per category (i.e. one complex, one simple and
one control song, i.e. three songs heard per Tui). The mean # standard error syllable diversity (23 +
2) within the complex Tui song stimuli was greater than the mean of the Tawharanui Tui population
(19 £ 9, Hill et al. 2013).

All Tui song stimuli were recorded from a single territorial male (ID code: YG-YM, 123 g). The
stimuli were recorded near Jones Bay, approximately 1.5 km from the nearest focal Tui territory, so
were unlikely to have been familiar to each focal male at each playback territory. 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 unlikely to have been familiar 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 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 minute (90 second song, 90 second silence) at
intervals to simulate natural song as best as possible. Each focal male therefore was exposed to the

same amount of stimuli, whether complex, simple, or control song.
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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 distance from the territory owner. Prior to the
playback experiments, we set out flagging tape at measured distances (2, 5, 10, 15 m) from the
playback speaker in order to aid estimation of distances. We also marked speaker location so the
experiment could be replicated on subsequent days (as per Searcy et ol. 1997). The speaker was
placed approximately 2 m above the ground. We 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 minutes, 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. We 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 stimulated 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 minute pre-stimulus observation period to
confirm focal males were exhibiting normal behaviour (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 minute period of randomised stimulus treatment (complex Tui song, simple Tui song, or

control song), during which eight response variables were recorded (latency of first vocal response,
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latency of first flight or movement, distance from speaker after 30 seconds, distance from speaker
after two minutes, closest distance to speaker, total number of flights towards/over/in response to
stimuli, length of time within 2 m of speaker and total number of songs; Table 1). A three minute
period of post-stimulus observation followed, during which five of the above-mentioned eight
response variables (latency of first vocal response, latency of first flight or movement, distance from
the speaker after 30 seconds, distance from the speaker after two minutes) were recorded from the
focal male. Songs were shuffled and each song assigned a number, There were six songs within each
of the three stimulus type categories (n = 18 songs), so each song was assigned a number 1-18. The
‘Random Number Generator’ app on an iPhone® (Apple, Cupertino, CA) was used to determine
which song was to be played to each male (only one song per category was played to each Tui). We
ensured that three different stimulus types (complex, simple, and control) were played at each
territory across the three playback days. On day two, a random number was generated for each
territory as previously, but if it was a song that had already been played within that territory on day
one, another random number was generated to correspond with an unfamiliar song stimulus. We
did the same on day three to ensure songs from all three stimulus types had been played at each
territory over the three days without any being repeated.

During the playback experiment, we 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 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 agree for that behavioural measure to
be included. We had unanimous between-observer agreement, therefore no behavioural measures
were excluded. Vocal responses of the focal males were simultaneously recorded using the long-

range directional microphone attached to the digital recorder during and post-stimulus.

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
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the playback experiments but cleared within approximately 12 minutes. The playback was paused
and continued once the weather was dry and still again.

For unringed 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.

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, per variable, were entered into the
model as independent data points (complex, simple, and control). Data were non-normally
distributed and so 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. Friedman’s test incorporates
variation in individual males, i.e. it accounts for repeated measures. Where Friedman'’s tests were
significant, post-hoc Wilcoxon matched-pairs signed rank tests with Bonferroni correction were run
on pairs of variables in order to identify significant differences in the aggressiveness of response to
the stimuli for each of the response variables (one at a time). Wilcoxon tests were conducted on the
different combinations of groups (complex, simple and control song). We 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) and permutational multivariate analysis of

variance (PERMANOVA; Clarke 1993, Anderson 2001) both of which perform multiple permutations
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of the data, thereby increasing the robustness of the statistical analysis augmenting the PCA,
Friedman’s and Wilcoxon tests. 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 eight main response variables) differed significantly between the three stimuli. A one-way
PERMANOVA based on Euclidean distance was also used to test whether the strength of responses
differed significantly between the three stimuli types. PERMANOVA compares groups of objects and
tests the null hypothesis that group centroids and dispersion are the same for all groups, based on
the distance measure. PERMANOVA was run on matrices of Euclidean dissimilarity calculated from
raw response variables that were standardised to Z-scores (i.e. normalisation). It 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).

Complexity measures of vocal responses

A single experienced observer 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, we 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.
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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 comparisons. All other statistical procedures were conducted

using SPSS (version 20.0, SPSS, Chicago, IL, USA).

RESULTS

There were 36 playback sessions conducted in total (24 Tui song playbacks and 12 control song
playbacks). 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 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 male 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 2). 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 (y';= 19.5, 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 3). Coupled with the scatterplot (Fig. 2), this also suggests there were differences

in the strength of response of the focal birds to the three different stimuli.
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The PCA eigenvalues suggested all variables except length of time within 2 m of the speaker
were correlated (Table 2). 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. 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. The two variables that contributed the most
to the variation between the different stimuli on PC1 and PC2 respectively were: the closest distance
to speaker, and the total number of songs produced during/post-stimuli (total of six minutes).
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 3).

One-way ANOSIM and PERMANOVA tests showed a significantly stronger response of
territorial males to complex than simple song (ANOSIM N = 12, R = 0.385, P < 0.001; PERMANOVA
Pseudo F, ;,=7.325, P = 0.002) and control song (ANOSIM R = 0,995, P < 0.001; PERMANOVA Pseudo
F;3 12 = 83.35, P < 0.001) suggesting complex song stimuli evoked more aggressive responses from

focal males than simple or control song.

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

Fa, 14 =11.44, P = 0.005; Table 4, Fig. 3). There were no song responses to any of the control stimuli.
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DISCUSSION

As predicted, complex song stimuli from the source male 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 minute 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 our 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, our data suggest
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.
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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 & Jgrgensen 2014), hence rigorous territoriality is often required
to mitigate this risk. It is unclear at present whether Tui produce more complex songs in the
presence of females. However, this could partly explain the more aggressive responses to males of
complex song, which may indicate the presence of a female.

The playback of complex song stimuli during our trials induced a greater extent of physical
aggression between responding males. This gives further support to the role that 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 & Slater 2008), but
also male-male territoriality (McGregor & Horn 1992). Therefore it is expected 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).

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. 2003). 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. 2003), because fighting ability
could reflect overall guality of the male, although the extent to which this occurs in Tui remains
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).
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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 also 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, our results indicated that territorial male Tui responded more strongly to
complex song than simple song stimuli during the breeding season. Complex song was perceived as a
threat and appeared to act as a trigger for aggressive male-male encounters. Our 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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Table 1. 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 (s) During
Latency of first flight or movement (s) During
Distance from speaker after 30 s (m) (for statistical purposes, any During

distance over 15 m was entered as ‘16’ into the statistical program

for all distance-related response variables)

Distance from speaker after 2 minutes (m) During
Closest distance to speaker (m) During and post
Total number of flights towards/over/in response to stimuli (total During and post

number of flights towards or aggressively away from speaker). Hops

from branch to branch were not included in the count

Length of time within 2 m of speaker (s) During and post
Total number of songs During and post
Complexity of vocal response of focal male (using four measures of During and post

complexity) — analysed separately from the other variables

This article is protected by copyright. All rights reserved.
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Table 2. 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 (s) 0.91* 0.30
Latency of first flight or movement towards the speaker (s) 0.91* 0.29
Distance from speaker after 30 s (m) 0.88* -0.06
Distance from speaker after 2 minutes (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 2 m of speaker (s) -0.63 0.71*
Total number of songs during and post-stimuli -0.78* 0.24
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Table 3. 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 scores for each treatment. Note

that only the P values for complex vs simple song are shown,

Variable Control song Complex song Simplesong  Z P
Closest distance 15.1+09 0.3+0.2 6.3+1.6 -2.807 0.005
to speaker (m)

Total number of 10 15+3 7+2 -1.649  0.099
songs during and

post-stimuli

PC1 score 1.2+0.1 -1%0.1 -0.2+0.2 -2.824 0.005
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Table 4 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 Per song Per second

response variable

Persong  Per second

Number of syllables 22+33.2 31044
Syllable diversity 21+3 3.08+0.44
Syllable transitions 19+3 2.79+044
Song duration (s) 6.81+1.34 -

8t2 2.18%1
9t2 245%1
7t2 1.91%1
3.67t081 -
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Figure 1. 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.
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Figure 2. PCA scatterplot with Eigenvalue scales along the axes (circles: complex song, squares:

simple song, crosses: control heterospecific song).
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Figure 3. An exemplar of Tui song responses to complex song and simple song playback.
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Ab lexity is an i beh | trait in g subject o sexual selection. Elucida-
tion of i pecific variation in song plexi mr ide insights into its lnihilaludy.wc'tnmd-
gated song plexi in il (P landiae), a vocally !

New Zealand. Atmsepmmnmmmwmmdcdmkwmmhb[mtypu l'nustrcmnmu

with high habitat complexity, and open habitats with lower habitat 1!
dcneeltmsmmmplmlywuhjshermhmhtbnm Possible expl:
Is results in higher quality, dominant males with more complex songs occupying

-1

d strong evi-

for this di include: (i)

Mmmmmnmmmwmwhmm(u)hmhhmpmmmm

dant resources therefore higher tii densi Iting in more lex songs; and (i) a higher abundance of
fmximdﬂw:fmvﬂhhmwnduunumnmdwmdunng | Iting in full devel of
song nuclei. F these hypoth onﬂtednmofluhute&cuonmimsoompknqnmmwbe
tested.
Key ds: habitat plexity, singing behavi song lexity, songbird, tii.
INTRODUCTION daptati to diverg hahi an il

ific ¢ ication and g phenotypic
In birds, the principal fi of song are terri- mnmnmmugcmnplanty characteristics (Hand-

tmdd’moc(del(mad 2009) and mate attrac-
ton (Briefer et al 20]0} Undmndmg ecological
factors that infl e in sexu-
ally selected traits, suchnumgmmplcnly.cmpm-
vide i
Complcx songs are cmﬂy m produce (Searcy
1992). Evidence suggests song complexity is a proxy
formnkﬁmamdlpmdmofmmlsdecnunand

ition (Sp et al. m.Spcnu:r
&Moc[’ougsll-&ucklemnzﬂll) Varying d of

ford & Nottebohm 1976; Tubaro er al. 1993). How-

m,ﬂm:unomngwndmu:dmoﬂ:rm
such as sy ity and

cunwynrymdﬂn-mlhabrm.

Tai (Prosthemads dandiod) wre: end
New Zealand songbirds within the Mehphapdx
(honeyeaters). They exhibit sexual size di
mdhmh:ﬂlmmupﬂcmtqmemudzms}
Natal patry and i persal also occur in

sonsmpkmywuhundmmﬂucmmakmuing
success (Hasselquist er al. I996) Mllesmrhm
complex songs tend to blish

earlier than males that produce less complex songs
(Alatalo er al. 1986).

Song plexity can be 1 using several
variables such as syllable diversity (Grunst eral
2016), song length (Gil & Gahr 2002) and ill pro-
portion (Leitao er al. 2006). Trills are honest signals
of male quality (Hennin er al. 2009). Both mills and
wnpmlmsamdmodanddmuhnbmu(\ﬁky
1991; Van Dongen & Mulder 2006). A

i (Be gquist 1985; S & Craig 1985). This
species is a good model for investigating intraspecific
mmmmmuﬂmwmmmmm
ous habitat types and prod

(Hill er al. 2013, 2015). menmsmdnufmmdllul
mainland tii songs were more complex than on
remote islands (Hill er al 2013). There is also evi-
dence for differences in tii song phrases at the
microgeographic level (Hill & Ji 2013). However,
whether tn song complexity varies at the microgeo-
graphic level is sull open to speculation. Using i as
a model, within two nature reserves, we compared

lexity within two local habitat types with

“Ccnupmﬂm]lmhx-

7 2016,
Pruul.lddr_ 100A, No. 4 Line, Ashhurst 4884 RD14,
Palmerston North, New Zealand E-mail: S Hilligmassey.ac.nz

© 2017 Ecological Sodiety of A

song

divergent levels of habitat oomplml?'(')nlmfc!m
fragments with more complex plant ¢

(forest); and (ii) habitat zones consisting of pasture
and sporadic trees (open). We predicted higher song
complexity in forest habitats than in open habitats,
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tion.

METHODS

Study sites

“Tui song recordings were collected from both closed forest
mmdounhhm.lmnnﬂnudymum
New Zeal h jonal Park and
wmmmmm
Tawharanui s a 588 ha predator-frec nature reserve
90 km north of central Auckland, New Zealand. The forest
site here, Ecology Bush (36°37'S, 174°84'E; approximatcly
70 ha), consists predominantly of marure coastal forest
remnants. Tree specics include iy food r

Three variables were employed to habitat com-
plexity: () di b the plant d and the
centre of the PCQ, which gave a measure of plant density;
(i) plant specics richness, the toml number of specics
recorded during the PCQ survey at cach habitar (Gorelli &
Colwell 2010) and (iii) DBH, measured for each individual
ree, whlch is an DMnr of wee size and mltlrmy
N I habitat plexity data were lized using a
Z-score transformation. ﬂwmmcm
tional analysis of varance (PERMANOVA) (Andcrson
2001) using Buclidean distance and 9999 permutations was
conducted to cxamine differences in habitat  density
between the forest and open habitat zones at both nature
fescrves.

hm{egmﬁmhnw,mmm

£
%
H
2|
B
?
g

Sound recordings

patches or isolated trees. Important food plant species for
Mmsknpmhmmﬁmm{cghuh.

A M M Kanag: Japan) PMD620 solid-
state digital recorder was used to record songs along with a
Scnnhcw(&mnhcw:r Wlm,("l‘.'l.l&\)MBb?dm—
gun long-range ul Ulirads

tional microg arc over idircctional
icroph for ding focal individ as they permit
mmdwmmm

karo P and k heral noise. All songs were recorded at a sampling fre-
am).mdmmnﬂuﬂmmtﬁyhmx qlmyﬂﬂlﬂlx.mdu-mnhmn(ﬂ-hn.mﬁt—
swdeessi). quency response range of the long-range microphone was
Wenderholm is a 134 ha predator-controlled nar 40 Hz 10 20 kHz
ml&hnnw!hdmmrﬂﬁm&md.Nm?xllﬂd. For cach habitat, we recorded adult male songs over a
The park sits b “hrm“u“u‘a!“w%mwu*‘. full day during i bieoding seson Gn Ouober 2002)
hilly f d headland. The two sampled habitats st Wen- between 0550 b (1 h before official sunrise) and 2100 h
mmwumw The forest arca (Ihlﬁudﬂnﬂmﬂu)ﬂtﬂbﬂmmmhm
[36°54'S, 174°71'E) f food spe- and dry cl ﬂ,dmwmdnndnd
mﬁrmnﬂuhmm(ﬂopmm). into three scp 3h iy dawn
(wm)ndlmwm) The open mmdulhbcﬁmnﬁcﬂmmﬂ!haﬂcroﬁuﬂ
habitat [36°53%'S, 174°71'E]) pred ins (i ¥ solar noon ding 1.5 h before official

Mmmum-m(mhw
res), karo and pohurukawa.

Data analysis
Habitat complexity
To ify habitar plexity, we 4

structure and plant diversity. At cach site we conducted
mwuhm{xlﬂmmlmw

ap uxing the point-
mncdqummm((:um&&mlm).
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
cach quarter, the tree or shrub with a diameter at breast
height (DBH, 1 m 35 cm) of >7.85 cm (2.5 = am, mca-
sured using diameter tape) closest to the centre PCQ point
was scl d to Established forestry p | statcs
that trees <7.85 em are considered saplings (e Vargas-
Rodrigucz e al. 2005). The plant specics, DBH and the
distance from the quarier to the centre point of the tree
were recorded.

doi:10.1111/aec. 12477

w&mmﬂl.ihdaeﬁcﬂﬂrmﬂ)lﬂdm
(starting recording 2 h before official sunsct until 1 h afier
official sunsct). This ensured a standardized 9 h of record-
ing effort in cach habitat. During recording scssions, terri-
torial v were located along a pre-determined 150 m line
in cach habitat. This line bisected the habitat survey tran-
al:ﬂlm:ldmihcdlhﬂw Wknnmlwhﬂiﬂl.wau-
tiated g was i  when the
umdmmummmm During cach
recording the location, time, unique band combination (if
applicable), behaviour and song type of mi were docu-
ally were recorded more than once throughout cach day.
Dm'ms lhehm-ﬂin;mdm i rigorously defend
nests, breeding p and fl ing plants, males have a
propensity to be bound to their territorics (Hill e al 2015).
Observations of colour-banded il suggest some individual
males will occupy the same territorics for at least three suc-
cessive breeding scasons (S, llill, personal  obscrvation,
2015; 8. Wells, p I ion, 2015). T ;

were identified 1o the best of our ability. Resident males
actively expelled intruding males from their territorics.
Although the possibility of male i moving berween

© 2017 Ecological Society of A li
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sampling locations during the breeding scason cannot be
excluded, we expect the likelihood 1o be low.

The recordings were made at a distance of between 2 m
and 10 m from cach focal bird. A song was defined as a
continuous singing sequence with a silent period of >3 5
before and afier another singing sequence (c.g. Woolley &
Rubel 1997). Only song recordings with good signal-to-
noisc ratios were analysed (=10 db). If significant back-
ground noise from vocalizations, climatic factors or other
SOUrCCS WCTC Prescni on 8 Song spoctrogram, it was not
included in the analysis. Furthermore, low-frequency back-
ground noise (<0.4 kllz) was excluded from cvery song
aulpcd.mw-dmnwhm‘chmmbcdhud’s
signal on the i fore, no song

d in the lysis. The song were digi-
tized and variables measured using the Raven Pro 1.4 Beta
software (Comell Lab of Omithology, 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 we 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
encrgy detector’ function.

were affected). A:Tnhn-:m,m:d:&rmuhnhdnd
were recorded in Ecology Bush and seven st Jones Bay (16
in total). At Wenderholm, six il were ded in the

ﬁwmomwlcwymnhluﬂd*!.ﬁ;.l)m

Wenderholm forested arca and five in the Wenderholm
open habitat (11 in towml) (Table 1).

Twelve of the 16 ded v ar Tawh i were
uniquely colour-banded. In total, 625 i songs were
included in the analyscs across the wo nalure rescrves
{Tablcl}.llmhmliennd.kmderi&m.mm
U?clnl"ulg.l‘indr hwdmmvmudﬁwnm
clevated singing post 10 no obvi ific

Mwmwmﬂmm
Pro. We aged song variables for cach individual i for
dawn, solar noon and dusk songs. Three individuals pro-
duced songs at two times of day (two individuals during
dawn and dusk; and one individual during solar noon and
dm,mdmmummmurd-ynzm-
wdmk).mluncinmmwmmwm
combinations, We used a of p

(Hill er al 2013). Secondly, mwlhlllcplw
duced when another 1 is in proximity. Malc 11 broadcast
song is the most frequent song type producced and can gen-
erally be recorded for every singing male. Female and male

&anﬁlndutmw

I song
nﬁumlomu:mmmﬁwhmand
open habitats. The CAP was run in PRIMER v.6 (Clarke &
Gorley 2006) using the 30 l\u‘od valucs (described

interactive songs on the other hand are significantly less fre- shove), A ‘leave-onc-out’ cross d the
qul:lulndm ily be pled during ", fiscrimi ‘anlhmﬂw:mdihkm
There is cvid that broad and & 3t lidation results by ng a single indi-

songs also structurally differ (S. Hill, unpublished data,
2016). Conscquently, only male broadcast songs were

vidual-by-time averaged song from the data, and classifying
its habitat using only its song complexity characteristics. We

Table 1. The number of recorded birds, the number of songs recorded (625 songs in total), mean songs recorded per
individual and the sampling cffort in cach 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
Mcan songs per individual (+ SE) 18+ 3 36+ 9 17+5 21 4 4
Totl recording cffort (hr) 9 9 9 9
Table 2. Variables employed in this study 1o measure song complexity
Variable Definition References
Syllable diversity Number of diffcrent syllables per song Grunst e al (2016)
Song duration (s) The length of song Gil and Gahr (2002)
Trill length (s) and ‘The length, and proportion, of song that contains high-frequency Brumm and Slater (2006)
il percentage il syllables

Entropy A unitless of song disord bility. Tt Charif et al. (2010)

spectral complexity. Wcmu,h’mpkhulhd:mﬂvpy

scorc, a purc tonc has a low entropy

score Hyg = ’é {qu,(k))
© 2017 Ecol l Society of A li doi:10.1111/aec. 12477
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Frequency (kHz)

Trills

Song duration (s)

Fig. 1. A di ic rep

repeated this process for every song and the proportion of
songs that were misclassified was calculated.

We used a onc-way PERMANOVA using the BEuclidean
distance measure 1o test if there was cvidence of a differ-
ence in song complexity between the forest and open habi-
tats, using the same five song complexity mcasurcs. Valucs
for cach 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.
PERMANOVA tests in this study were conducted using
the PERMANOVA+ add-on package for PRIMER.

Habitat complexity

‘The three variables of habitat plexity: di of
nearest tree or shrub from PCQ, plant species rich-
ness and DBH at each PCQ, were significantly dis-
similar between forest habitats and open habitats at
both Tawt i and W (PERMANOVA:
Ppowess ™ SN2, Nopey = 512; Pseudo Fyozo,1024 = 128.9;
P < 0.001). Overall, habitat structure was more com-
plex in the forest habitats including a higher density

v

in this study 10 measure song complexity in .

Song complexity
For both Tawt i and Wenderholm, the overall
misclassification error was 6.7%. This means the

CAP model chose the correct habitat in 93.3% of
SONgs ana!yud ('l"r.g. 2) 'I'hu strongly implied that
song I the two habi

existed at both nature reserves. Song complexity was
significantly higher in the forest habitats at both loca-
tions using all five song complexity variables (PER-

MANOVA:  Pseudo  Fay oz ~ 8417, P~ 0.002)
(Table 4).
DISCUSSION

We have presented strong evidence of tii song com-
plexity variation between two different local habitat

types. Ci with the hypoth in forest habi-
tats with a more plex plant , tui sylla-
ble 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 com-

of plants with a DBH > 7.85 cm, and greater plant plexity lating with syllable diversity and entropy
species richness than the open habitats (Table 3). in .
Table 3. The habitat lexity d i of two habitats at Tawk i and Wenderholm. The ber of trees
mmhnmhﬂmmwcﬁm“ﬂnmld
Measurcment Ecology Bush Jones Bay Wenderholm forest  Wenderholm open
Mean distance (+ SE) from PCQ 439.71 + 41.5 1263.12 £ 50.12 4093 + 19.16 1443.02 + 41.5
to nearest irec/shrub (cm)
Totwl plant species richness 24 8 24 9
Mean (+ SE) DBH of trec (cm) 3832 4+ 584 9.64 & 1.57 2324 & 242 50.35 4 5.49
Number of trees with a DBH > 7.35 em within - 113 64 128 69
20 m from cach PCQ
Total number of trees and shrubs within 20 m 236 142 256 137
from cach PCQ (toal: 256)
doi:10.1111/aec. 12477 © 2017 Ecological Sodiety of A i
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& Wendertoim
¥ Tawharana
Open - A AV A VuW rw
Forest+ ¥ Y sawvex w
04 -02 0 02 04
Caroncal avs
Fig. 2. Awmﬂmmhwww at both Tawh i, and Wenderholm e the finst canoni-
cal axis. The CAFP plot chooscs an axis that best Ihclong lexity data and plots the data on thar 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.

Table 4. The descriptive statistics of the five variabl ing song plexity in two i subpopulati at Tawh
Regional Park and Wenderholm Regional Park
Mean + SE Mean + SE

Variable Eeology Bush Jones Bay ‘Wenderholm forest Wenderholm open
Syllable diversity 18.85 + 0.91 16.1 + 0.52 19.67 + 1.33 17.1 4 093
Song duration (s) 11.36 + 0.78 623 + 0.27 8.28 + 0.78 6,68 + 052
Trill length (s) 3.20 + 0.21 1.45 £ 0.07 2.38 + 1.79 1.76 + 1.11
Trill percentage 31.19 4 1.79 24.39 & 1.1 32.33 + 118 3043 + 113
Entropy (average) 343 £ 035 313 £ 029 3.89 & 0.47 3.30 + 0.24
Longer song duration in forest habitats is consis- 1 ific ition hypoth
tent with previous research (Handford & Lougheed betwemm!emfwbmodmgmtnrymumm
1991; Van Dongen & Mulder 2006). Birds occupy- more pying forest habi-
ing territories with denser understoreys sing longer lnnmlhmmmmdmtﬁxxlrmmwmdnm
songs (Van Dongen & Mulder 2006). This suggests ptim ing sites. Evid i male
habitat variation contributes to intraspecific ongbirds with higher ph pic quality will have
in song. Song length increases in more complex habi- WWWM(&& mdlda_f-mu)-
tats are iated with i in the number of Furt plexity generally :
syllables produced (Van Dongen & Mulder 2006). with both a mlleu holdi
Trill length increases in closed, dense forest habi- (Grava et al. MIJ),m-lm(Spumnd
tats observed in tiii is also consistent with previous m;wm@tmawuy{qu&_Num
mwchfwncy 1991) and likely relate to acoustic 2005). When individuals vary in abil-

ion. Birds prod longer trills to mitigate nv.adupoucdumbumn lulybemdmt.
reverberations in closed habitats that have numerous where d habi-
scattering surfaces such as leaves and branches ““'ﬂdkﬂmmﬁm“ﬂlﬂduﬂklﬂﬂﬂmm
fTubuo&SqmlM) “This ‘transmission fidelity' Blﬂl‘lhlblﬂﬁﬂ‘tﬂkfmlz)'
helps explain i | intraspecific diff in (ii) Neighbour cffect hypott better quality habi-

-5 3 d in diverg habitat struc- mwﬂhmmtwmﬂmm
tures (Bertelli & Tubaro 2002; Nemeth e al. 2006). nesting sites support higher densities of i
Mﬂmw’pﬂmwcxp]mfw;hc ﬂml'unmdmduabwillluveamcrum
observed song and ber of neight Current und indi-
habitat complexity in tii. We propose the following cates that high-quality habitats, attracting higher
hypotheses: legrees of immigration, arc positively iated
© 2017 Ecological Society of A Ii doi:10.111Vaec. 12477
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with song rcpertoire size (Fayet eral 2014).
H!ghunmwumnwulddmhghermngmm-

Anderson M. ]. (2001) A new method for non-parametric
multivariate analysis of variance. Awwral Feol 26, 32-46.
And: M. | & Willis T. J. (2003) Canonical analysis of

principal coordinates: a useful method of constrained
ordination for ccology. Feology 84, 511-25.

|>ic:nut)nntl'|cieLL due to i intra-

i rth group size is a
ﬁmdlmmﬂlmmurtofsocul mplexity and
can infl song complexity. Specifically, birds
in larger social groups may produce higher
| of song 1 (Frecberg 2006). We

diduotwalumtﬁpapuhﬁmdmspcnﬁultr
however, considering this in future could reveal
it a contributory factor to differences in song

Eter T hahi

(iii) Develog I ad hypothesis: forest habi-
mnwﬂebﬂmhodmmmmm-
tl:l'null'l'.l:lon Tlnlmsullxmnmmhldﬂy

1 . " the high
vmlmm ('HVC}.mhudsmuwngfum:
habitats. Nutrition durmg juvenile mmmon
can affect HVC and song devel (N

Bergquist C. A. L. (1985) Movements of groups of tui
(Prosthemadera novanedandias) in winter and settlement of
juvenile ti in summer. N. Z F. Zool. 12, 569-71,

Berielli S. & Tubaro P. L. (2002) Body mass and habitat

lates of song in a primitive group of binds.
Biol. §. Linncan. Soc. 77, 423-30.

Bricfer E., Osicjuk T. S., Ryback F. & Aubin T. (2010) Are

hdmmhqﬂmmwbym
3 An i theory and
J. Theor. Biol. 262, 151-64.

Brumm H. & Slaer P. ]. B. (2006) Ambient noise, motor
fatigue and scrial redundancy in chaffinch song. Behao.
Ecol. Sociobiol. 60, 475-81.

Buchanan K. L. (2011) The devel ] stress hypothesis: a
special case of the jon of ition-d dent sexual
traits. Hehav, Ecol 22, 12-13.

et al. 2002). Previous studies indicate that in
habitats with lower food availability, young song-
birds are more likely o suffer nuinitional stress.
‘This impairs HVC devel (Buch et al.
2003; MacDougall-Shackl 2009; Buck
2011}, and subsequently reduces song complex-
ity (Schmidt er al. 2014).”

‘This study does not provide definitive conclusions

on which of the above hypotheses apply. Further

studies are y to fully und d the mecha-

mﬂummﬂmi{%ahmm
Proc. R. Soc. Lond. [Riol). 271, 2381-6.

Charif R. A., Wasck A. M. & Strickman 1. M. (2010) Raven
Pro 1.4 User's Mamual. Comell Lab of Omithology, Ithaca,
NY, USA.

Clarke K. R. & Gorley R. N. (2006) PRIMER vf: User
MarualTutorial. PRIMER-E, Plymouth.

Cottam G. & Curtis J. J. (1956) The usc of distance mcasurcs

rm.n.l.. lm;a mkﬁ&mn (2014)
! di d i of cultural

nisms of habitat effects on tii vocal compl
These should incorporate experimental design testing
the effect of (i) varying population density and dis-
persion; (i) individual genotypic and phenotypic vani-
ation and (iii) juvenile developmental variation, on
tii song complexity. Such research will help clanify
causality between habitat type and song complexity
variation.
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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 Reference
frequency
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* 55 Hoffman et al. 2010
Turdus migratorius 53 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 37 Richardson & Burke 1999
Passerina cyanea 36.37 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*

Phylloscopus trochilus

Wilsonia pusilla

Empidonax virescens

Hirundo rustica

Junco hyemalis

Setophaga citrina
Melozone crissalis*
Nectarinia osea

Agelaius phoeniceus (M, P)
Melospiza melodia

Progne subis

Setophaga caerulescens™
Geothlypis trichas*
Luscinia svecica

Sialia Mexicana*

Delichon urbica

Calcarius ornatus
Euplectes orix*
Fringilla coelebs
Turdus merula
Spizella pusilla
Ficedula albicollis
Dolichonyx oryzivorus
Panurus biarmicus
Carduelis tristis
Zonotrichia albicollis
Parus cristatus

Parus caeruleus
Sayornis phoebe
Cardinalis cardinalis (occ. P)

Ficedula hypoleuca (M, P)

33
32

30
28.8

27
26.7

26

26

20

20

19

17.64

14.6

14.4

14.3

12.8

12.4

12.03

11.84

11

Yezerinac & Weatherhead
1997

Gyllensten et al. 1990
Petrie & Kempenaers
1998

Woolfenden et al. 2005
Moller & Tegelstrom
1997; Saino et al. 1997
Gerlach et al. 2012
Stutchbury et al. 1994

Benedict 2008
Zilberman et al. 1999
Westneat 1993

Hill et al. 2011
Wagner et al. 1996a,b
Webster et al. 2001
Garvin et al. 2006
Krokene et al. 1996
Dickinson 2001

Whittingham & Lifjeld
1995
Hill & Gould 1997

Friedl & Klump 2002
Sheldon & Burke 1994
Garamszegi et al. 2004
Carey et al. 1994
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
Ritchison et al. 1994

Canal et al. 2012
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Oenanthe oenanthe
Passer domesticus
Parus major
Passer montanus
Parus atricapillus

Sturnus vulgaris (M, P)

Troglodytes aedon

Acrocephalus schoenobaenus
Haemorhous mexicanus

Mimus polyglottos

Acrocephalus vaughni taiti* **
Acanthiza pusilla

Lanius collurio

Anthus spinoletta

Carduelis flammea

Emberiza calandra

Locustella luscinioides™®
Erithacus rubecula
Acrocephalus arundinaceus (M, P)
Acrocephalus palustris

Vireo solitarius

Taeniopygia guttata
Campylorhynchus nuchalis
Parus montanus

Calcarius pictus

Prunella modularis

11

11

9.63

9.06

5.23

4.5

45

4.1

2.7

24

1.4

0.96

0.9

0.8

Currie et al. 1999
Stewart et al. 2006
Otter et al. 2001
Cordero et al. 2002
Otter et al. 1998

Smith & von Schantz
1993

Soukup & Thompson
1997

Marshall et al. 2007
Hill et al. 1994

Derrickson & Breitwisch

1992

Brooke & Hartley 1995
Green et al. 2002
Fornasari et al. 1994
Reyer et al. 1997
Angst 1998

Hartley et al. 1993, 1996
Neto et al. 2010
Tobias 1996
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 & Mgller (2004) nor Soma & Garamszegi (2011).

**Only one male recording available.
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Abstract

Song plays a fundamental role in intraspecific communication in songbirds. The temporal and
structural components of songs can vary in different habitats. These include urban habitats
where anthropogenic sounds and alteration of habitat structure can significantly affect
songbird vocal behavior. Urban-rural variations in song complexity, song length and syllable
rate are not fully understood. In this study, using the oriental magpie-robin (Copsychus
saularis) as a model, we investigated urban-rural variation in song complexity, song length,
syllable rate, syllable length and inter-syllable interval. Comparing urban and rural songs
from 7 countries across its natural Asiatic range (Bangladesh, India, Malaysia, Nepal,
Singapore, Sr1 Lanka and Thailand), we found no significant differences in oriental magpie-
robin song complexity. However, we found significant differences in temporal song vanables
between urban and rural sites. Longer songs and inter-syllable intervals in addition to slower
syllable rates within urban sites contributed the most to this variance. This indicates that the
urban environment may have driven production of longer and slower songs to maximize

efficient transmission of important song information in urban habitats.
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INTRODUCTION

Song plays a fundamental role in mate selection and territory defence in songbirds
(Kroodsma & Miller 1996; Catchpole & Slater 2008). The acoustic adaptation hypothesis
suggests some species adjust vocal signals to minimize sound degradation during propagati
within different habitats, thereby affecting song characteristics (Boncoraglio & Saino 2007;
Hill er al. 2013; Smith et al. 2013). For example, songs in open habitats are shorter than in
forested areas (Handford & Lougheed 1991), furthermore in closed habitats there 1s lower

note repetition, fewer frequency modulations, and narrower bandwidths (Tubaro & Segura
1995; Brumm & Naguib 2009; Ey & Fischer 2009; Tobias et al. 2010).

Rapid adaptations to extensive habitat changes and increased noise levels that often
characterize progressing urbanization increase songbird survival and breeding success in
urban habitats (Dominoni e al. 2013; Dowling et al. 2013). Urbanization can affect songbird
vocal cc ication by introducing structural changes to habitat and anthropogenic noise

which alters the acoustic properties of the environment, in turn masking acoustic avian
signals (Kight & Swaddle 2015). Investigations on the effect of urbanization on song have
focused heavily on song frequency changes (Wood & Yezerinac 2006; Seger et al. 2010;
Dowling et al. 2013; Slabbekoorn 2013; Swaddle et al. 2015; Derryberry et al. 2016;
Narango & Rodewald 2016; Roca et al. 2016). For example, the dominant frequency (the
frequency that has the highest amplitude) of the second ‘bee’ note of mountain chickadee
(Poecile gambeli) song was higher-pitched in urban individuals (Lazerte et al. 2017). In
addition, upward minimum frequency shifts have been reported to occur in the presence of
urban noise (Nemeth et al. 2013). These vocal alterations function partly to reduce signal
masking by ambient low frequency anthropogenic noise such as rush-hour traffic (Warren et
al. 2006; Dowling et al. 2013). However, evidence suggests that spectrogram analysis may be
an unreliable method for measuring frequencies in noisy areas (Grace & Anderson 2015).
The associated amplitude increases make visible, previously unseen softer renditions of the
same spectral information, which may lead to frequency measurement errors (Zollinger et al.
2012).
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One lly-selected comp of bird song is song complexity (Ballentine et al. 2003).

There is evidence that complex songs are energetically and physiologically-costly signals
(Nottebohm et al. 1981; Otter er al. 1997). Complex songs may function as ‘honest signals’
indicating male quality (Spencer et al. 2003). Therefore, song complexity in songbirds is
critical in mate choice and reproductive fitness (Briefer et al. 2010). The song complexity of
an individual can be reflected in repertoire size, number of fundamental sound units
(syllables), and the number of transitions from 1 syllable type to another (Boogert et al. 2008;
Sasahara et al. 2012). Although syllable transition quantification can also be considered as a
variable measuring song structure (Honda & Okanoya 1999).

The plasticity of a behavioral trait can potentially allow an individual to adapt rapidly and
reversibly to environmental changes (Duckworth & Kruuk 2009) such as habitat
modifications. However, plasticity integration, or correlations of component plasticity (see
Schlichting 1989), can lead to the reduction in sexually-selected trait elaboration such as song
complexity in terms of syllable diversity (Montague et al. 2013). Aside from syllable
diversity however, little is known how urban noise and infrastructure affect other song
complexity parameters such as the number of syllables per song and the number of syllable
transitions. Such information is important for understanding the behavioral adaptation of
songbirds to modified habitats.

Another important aspect of avian song is song length (Sakata et a/. 2008), measured from
the start of the first note to the end of the last note or syllable of a song. Song length may
indicate a male’s energy reserves, therefore is a key song component in female mate choice
(Nolan & Hill 2004). Song length in males is also important in a territorial context. However,
findings in studies examining effects of song length on rival response are inconsistent. Nelson
& Poesel (2010) found shorter songs elicit more aggressive responses, while Linhart et al.
(2012) showed that longer songs can stimulate more aggressive responses from rival males.
Research examining the effect of urbanization on song length has also vielded mixed
findings. For example, song length was not significantly affected by urbanization in

Thus article is protected by copyright. All rights reserved.
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silvereyes (Zosterops lateralis, Potvin et al. 2011), while songs in noisy urban areas were
shorter than in rural areas in red-winged blackbirds (dgelaius phoeniceus, Rios-Chelén et al.
2015) and house finches (Carpodacus mexicanus, Fernandez-Juricic et al. 2005). Yet songs
were longer in noisy urban areas than in quieter rural areas in vermilion flycatchers
(Pyrocephalus rubinus) (Rios-Chelén et al. 2013), and great tits (Parus major, Hamao et al.
2011). One possibility for increased song length in urban areas is that tall urban buildings
cause sound reverberation and consequently syllable degradation. Birds may subsequently
alter or adapt vocal communication patterns by producing longer intervals between syllables
to reduce sound reverberation thereby maximising efficient sound transmission. This in turn
will increase the length of songs (Potvin er al. 2011). Syllable rate (the number of syllables
per second in each song), is another song trait related to male songbird aggression and male
quality (Podos 1996; Linhart et al. 2013; Funghi et al. 2015). Syllable rate was found to be
lower in urban areas (Potvin et al. 2011) which is likely to be associated with longer inter-

syllable intervals observed in urban areas.

In this study, we investigated urban-rural variation of both song complexity and temporal
song variables in a vocally complex Asiatic songbird, the oriental magpie-robin ("OMR. from
herein, Copsychus saularis). OMR are small omnivorous songbirds in the Old World
flycatcher family (Muscicapidae) with a natural geographic distribution spanning South and
South-East Asia (Sheldon er al. 2009). Males have highly varied and complex songs used for
territory establishment (Bhatt er a/ 2000; Kumar & Bhatt 2001) and their song exhibits some
geographical dialectal variations (Dunmak & Sitasuwan 2007). Females sing short, low
amplitude songs in the presence of males (Kumar & Bhatt 2002). A study on a Nepalese
OMR population suggested songs are comprized of between 5 to 10 syllables displayed in a
frequency range spanning 2.5 to 6 kHz. The mean OMR syllable repertoire size is 7.4 ranging
from 5 to 10. Individuals have a maximum of 2 songs within their repertoire meaning much
repetition of the same song (Bhattacharya et al. 2007). OMR are common in both urban and
natural areas (Prakash & Manasvili 2013) which makes this species a good model for
studying the effect of urbanization on songbird vocal behavior.

Thus article is protected by copyright. All rights reserved.
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We compared OMR song complexity (measured by the number of syllables per song, syllable
diversity and syllable transitions) in addition to temporal variables (inter-syllable interval,
song and syllable length in addition to syllable rate) between urban and rural areas in 7
different countries within OMR’s natural range (Bangladesh, India, Malaysia, Nepal,
Singapore, Sri Lanka and Thailand). We predicted song complexity would be lower in urban
areas and songs longer due to plasticity integration and to reduce sound degradation
respectively. We also predicted that increased song length would be combined with slower
syllable rate and longer inter-syllable in urban areas to help reduce reverberation as certain
large man-made structures can cause sound degradation. We also predicted longer syllable
length which could increase the probability of signal detection in noise, as longer signals are
generally easier to detect in noise (Pohl er al. 2013). OMR songs were analyzed in different
cities and nearby natural areas within Asia to test whether urbanization had a common effect
on song characteristics. Studies examining urban-rural song variations in mainland Asia have
been scarce, therefore this study provides important baseline data contributing to avian
behavioral adaptations to urban habitats in this geographic region.
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MATERIAL AND METHODS

Data collection

Song data were obtained from both the wild and online resources. Data were attained from
both urban and rural areas in each country where possible. Recordings of male OMR
territorial songs from Bangladesh, India, Malaysia, Nepal, Singapore (urban only), Sri Lanka,
and Thailand were extracted from the Comell Lab of Omithology's Macaulay Library archive
of wildlife sounds and videos (Cornell University; www.macaulaylibrary.org), the Xeno-
Canto citizen science project website (www.xeno-canto.org), and Michigan State
University's Project AvoCet (www.avocet.zoology.msu.edu) (Table 1). In South-East Asia,
the OMR breeding season spans January to June (Dunmak & Sitasuwan 2007). Recordings
obtained online from this area were conducted during this period where recording date was
available. OMR breeding season in India commences from March to August (Bhatt e al.
2014). In Sri Lanka, breeding proceeds year-round but is the least active in October (Clement
& Rose 2015) and recordings from here were made in March. Supplementary to the online
collection of recordings, field recordings from male OMR were obtained from 3 locations in
Nepal: Sauraha, Chitwan (urban); Hotel Billabong, Barahi Tole, Lakeside, Pokhara (urban);
and Khudi, Lamjung District, Gandaki Zone (rural). A Marantz PMD620 solid-state digital
recorder (Marantz, Kanagawa, Japan), paired with a Sennheiser ME67 shotgun long-range
directional microphone (Sennheiser, Old Lyme, CT) were used to obtain these recordings
from Nepal. These recordings were conducted immediately prior to breeding season in mid-
February 2014 when males establish and defend territories. Other OMR recordings from
Nepal were conducted during breeding season, March to August (Kumar & Bhatt, 2002;
Bhattacharya et al. 2007; Van Riessen 2011). In total, all but 2 recordings used within this
study (16/18) were made before 1430 h, where time of recording 1s known.

Thus article is protected by copyright. All rights reserved.
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Only songs from high quality recordings with good signal-to-noise ratios (=10 db) were used
for analysis (all 3 of the above archives have stringent quality ratings for each recording, and
only recordings with the top 2 quality ratings were used in the analysis). There was generally
only 1 recording available from each exact location, including the field recordings conducted
in Nepal, except for Singapore Botanical Gardens and Teman Nagara National Park, Pahang,
Malaysia, where 2 were available. In both cases, each separate recording was from a different
individual, identified by the recordist as such (the recordist was the same at both locations).
Available OMR recordings were limited but were chosen at random from each country where
there were enough to facilitate randomness and so long as they did not violate the signal-to-
noise and quality rating criteria mentioned above. For each male OMR song, information on
location (geographical coordinates), habitat, behavioral context, recording date, recording
time (except for 4 recordings of which time was not recorded), distance from bird, and
recording equipment used were also extracted from the database. The same data was also
noted for the Nepal field recordings. Each sound file was considered to be from the same
individual unless stated on the recording. As a general rule, each OMR. song was followed by
a natural extended interval of silence (of approximately 2.5-3 s), therefore we considered that
a new song had started when a new series of syllables began, following this period of silence
(Fig. 1).

Urban/rural habitat selection criteria

A song was considered to originate from an urban area if the recording location was within
the confines of a densely built-up area, and the recording was coupled with anthropogenic
noise such as traffic sound. Nevertheless, if urban noise overwhelmed the recording, the song
would not be analysed as per the signal-to-noise ratio criteria. It was considered rural if the
recording location predominantly consisted of pasture and/or forest land (i.e. within a rural
reserve, national or forest park), with no nearby densely built-up areas nor anthropogenic
noise. Google Maps (Mountain View, California) was used to confirm the urban or rural
status of each recording using location information given in the recording.

Thus article is protected by copyright. All rights reserved.
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Data extraction

All 238 recordings were sampled at 44100 Hz at a resolution of 24-bits. Audio files from the
Macaulay Library and AvoCet, and field recordings from Nepal, were all written and
recorded as lossless uncompressed wav files. The 6 recordings taken from the online audio
archive Xeno-Canto were mp3 files which were converted to wav files. The analytical
software (Raven Pro 1.4 Beta Version, Comell Lab of Orithology, Ithaca, NY, USA) only
reads wav files. The sampling rate was changed to 44100 Hz, and bit resolution changed to
24-bits using Online Convert (www.online-convert.com). The Xeno-Canto archive has been
used to provide compressed sound files in other studies analysing and examining avian song
structure (e.g. Weir & Wheatcroft 2011; Greig et al. 2013) without having any significant
impact on song structural integrity. There is evidence that file compression has no effect on
sound quality (Rempel er al. 2005). However, it is suggested that song structural features
such as minimum and maximum frequencies can be affected by file compression of bird
recordings (Stowell & Plumbley 2014) although these were not measured in this study. We
acknowledge that the recording quality on these files may have been marginally lower than
for the other sound samples used in this study. We are however confident that this had a
negligible effect on the variables employed within our study.

The song spectrograms were digitized and parameters measured using Raven Pro. 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 emploved and the
bandwidth was set at 3 dB. To investigate the variation in song complexity and temporal song
parameters of male OMR between urban and rural locations, we used Raven Pro to extract 3
song complexity variables: number of syllables, syllable diversity, and syllable transitions;
and 4 temporal parameters: inter-syllable interval, song length, syllable length, and syllable
rate (Fig. 2; refer to Table 2 for definitions).
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Statistical analysis

After normalizing all song variables, we used a non-metric multidimensional scaling plot
(NMDS) (using a Euclidean resemblance measure) to provide a visual summary of the
patterns of Euclidean values among the samples. Since no direct inferences were made using
the NMDS, we plotted all songs (labeled by bird). However, given that each bird sang
multiple songs, we averaged all variables for each individual bird (i.e. after averaging, the
song data consisted of 23 rows which were considered independent datapoints).

Using the averaged data, permutational analysis of variance (PERMANOVA) was used to
test the differences in song variables between urban and rural areas, with ‘site’ as a fixed
factor (urban or rural) and ‘country’ a random factor controlling for effects on song across
countries which could confound any variance observed. We ran 1 PERMANOVA test for
song complexity and 1 for temporal variables using the PERMANOVA+ add-on package for
PRIMER (Anderson et al. 2001). The PERMANOVA resemblance matrices were based on

Euclidean distances.

We also used the averaged data to run 2 canonical analysis of principal coordinates tests
(CAP, Anderson & Willis 2003): 1 for song complexity variables and 1 for the temporal
variables to determine whether the song variables were sufficient to discriminate between
songs from urban and rural habitats. Leave-one-out cross-validation was used to assess the
discriminatory power of the CAP model (Stone 1974). All multivariate hypothesis tests were
run in PRIMER v.6 (Clarke & Gorley 2006).
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RESULTS

o Firstly, PERMANOVA tests suggested there were no evidence of any differences in OMR
ﬁ song complexity (Pseudo Fig 13 = 0.6807; P = 0.654; 999 permutations) or temporal song
o variables (Pseudo Fig 13 = 1.4733; P =0.223; 999 permutations) between countries.

L

A PERMANOVA test also revealed there was no evidence of a difference in song complexity
between urban and rural areas (Pseudo Fyg 33 = 0.9235; P =0.365; 999 permutations, Table
3). A CAP analysis showed 13/23 songs (56.52%) were correctly assigned to urban or rural

songs.

@ There were however significant differences in temporal song variables between urban and
rural areas in OMR (Pseudo Fig 23 = 3.4014; P = 0.026; 999 permutations, Table 3). A CAP
analysis showed 17/23 songs (72.73%) were correctly assigned to urban or rural songs. The

H NMDS (Fig. 3) indicated that the difference in the positions of urban and rural songs was
primarily along the vertical axis. This axis was most strongly correlated with the 4 temporal
variables (inter-syllable interval, song length, syllable length, syllable rate). Inter-syllable
interval and song length were significantly longer in urban areas than rural areas. In contrast,

o the complexity variables correlate with the horizontal axis, which does not discriminate

O

strongly between urban and rural songs.
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DISCUSSION

We tested for song complexity variation between urban and rural habitats in an Asiatic
songbird, OMR, using multiple song complexity measures. Our results suggest song
complexity was not significantly different between urban and rural areas. Nonetheless, the
general pattern of urban-rural disparity in components of song complexity appears to be
consistent across other songbird species. For example, Eurasian blackbirds (Turdus merula)
produced fewer notes per song in cities (Nemeth & Brumm 2009) and although urban
silvereves had similar syllable repertoires than rural individuals, they sang fewer syllable
types per song (Potvin & Parris 2013). This 1s concordant with studies in the European robin
where syllable diversity was markedly lower in urban areas due at least partly to increased
plasticity integration influenced by the presence of background anthropogenic noise
(Montague et al. 2013). Furthermore, in a cross-urban habitat analysis of tui (Prosthemadera
novaeseelandiae) vocalizations, lower syllable diversity was discovered in those inhabiting
areas situated closer to ambient motorway noise (Ludbrook 2015). We cannot rule out
however that the lack of significant differences in OMR song complexity in our study may be
partly explained by the presence of some site interactions. For example, in 2 countries
(Bangladesh and Thailand), song complexity metrics such as syllable diversity were
marginally higher in rural areas which is somewhat consistent with previous research
mentioned above (Montague et al. 2013). Our study provides important baseline data for
future studies with large sample sizes at each site, which would allow us to refine our
understanding of the general effects of urbanization on song complexity. Future studies on
collecting recordings with planned design, enabling the direct testing of hypotheses and full
control of multiple environmental factors such as noise level, structure of environment and,

for example, dialectal variations.

Contrary to song complexity, we found a significant difference between urban and rural areas
for temporal song variables. Our results suggested that OMR songs in urban habitats were
longer than those from rural habitats. The slower syllable rates found in urban areas in our
study have also previously been reported for example in urban silvereyes (Potvin ef al. 2011).
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In our study, slower syllable rates were coupled with significantly longer inter-syllable
intervals in urban areas. High syllable rates are energetically-expensive to maintain
(Oberweger et al. 2001) therefore, individuals may reduce this energy cost and increase the
effectiveness of their vocal communication by slowing songs down. This would help transmit
critical information more effectively to conspecifics, such as the complexity of their syllable
structures (Potvin et al. 2011). Evidence indicates that the physical characteristics of urban
environments such as buildings affect the physics of vocal communication. Specifically,
buildings are sound-reflective objects which distort and degrade song, causing repeated
syllables to merge or be masked (Potvin et al. 2011). By lengthening inter-syllable intervals,
songbirds maximize efficient sound transmission by reducing sound degradation (Potvin et
al. 2011). These longer intervals are subsequently likely to give rise to longer songs. Our
results provide further evidence suggesting that urbanization may affect vocal behavior in
songbirds, not merely in terms of frequency shifts but in temporal song characteristics.

Intraspecific song divergence may be driven by marked differences in ambient noise levels
between urban and rural environments. This may also be due to specific environmental or
habitat characteristics (Ryan & Brenowitz 1985). For example, evidence suggests that urban
environment structures such as tall buildings force birds into adapting to produce longer
songs to combat environmental constraints on song transmission (Potvin et al. 2011). Large
buildings may deflect and degrade song, causing syllables to overlap, become distorted, or be
masked entirely (Potvin et al. 2011). Our study did not test whether temporal song
characteristics are altered due to noise levels or urban buildings. Changes in song temporal
patterns are likely to be due to a combination of both factors. Recent evidence suggests urban
structures have strong and profound effects on both spectral and temporal vocal
characteristics in some species (Job et al. 2016). For example, trills, which are rapidly
repeated syllables, may be degraded due to the sound reflections from reflecting surfaces
such as buildings (Naguib 2003). Other recent evidence suggests that increased
anthropogenic noise reduces the effectivity of conspecific signaling, impairs signal
discrimination (Kleist et al. 2016), and reduces song performance (Davidson et al. 2017).
These factors may subsequently have detrimental long term effects on fitness and
reproductive success in songbirds.
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Longer songs in urban areas have been noted in previous studies in vermilion flycatchers
(Rios-Chelén er al. 2013). Increased song length may make songs easier to be heard by
conspecifics (Pohl e al. 2013). Song length is an important signal in female mate choice due
to its association with male energy reserves (Funghi et al. 2015). Longer songs therefore may
be important signals advertising a male’s ability to withstand the higher stress demands
associated with urban inhabitation (Mikula 2014). Song length is also positively associated
with the volume of the HVC, a telencephalic nucleus in the brain that controls song learning,
the production of complex vocal signals and song perception in songbirds (Nottebohm 1999;
Gil & Gahr 2002; Buchanan et al. 2004). It remains unclear however whether increased song
length in urban OMR is a result of selection on the size of HVC or a plastic behavioral
response to urban noise or a combination of factors. A recent study in zebra finches
(Taeniopygia guttata) suggests exposure to strong traffic noise during development
negatively impacts the volume of not only the HVC but also Area X, another region of the
brain strongly associated with song leamning (Potvin et al. 2016). Furthermore, there is
evidence successful urban songbird species are more likely to have a large relative brain size
and more likely to belong to large-brained taxonomic families (Maklakov et al. 2011).
However, it remains unclear whether possessing a large brain has been the key to behavioral
plasticity in songbirds successfully adapting to urban areas, though it is an area warranting

extensive future efforts.

Evidence suggests conspecific density can also affect song behavior. For example, in the
presence of a larger conspecific density, northern cardinals (Cardinalis cardinalis) sang
longer and faster songs (Narango & Rodewald 2016). Furthermore, studies in great tits
(Parus major) suggested that higher densities, thus intensified male-male competition, were
associated with both increased minimum frequency and song phrase production (Hamao et al.
2011). These suggest density may be a driver of specific song feature production in such
areas. Future studies examining urban-rural variation in songbird song complexity should
therefore also consider conspecific density as a potential influence. This would provide a
clearer picture as to localized contributory factors to song variation between urban and rural
areas, rather than attributing these changes solely to urbanization. Understanding intraspecific
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song variation in different habitats can yield important insights into the evolution of avian
communication in terms of acoustic adaptation (Ryan & Brenowitz 1983), cultural evolution
(Luther & Baptista 2010) and dialectal vanations (Lijtmaer & Tubaro 2007).
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Country  Site:whban  Recording location Geographical coordinates Numberof Timeofday Bresding (B)or
(U) or ruzal songs (and  (b) pre-'post-breeding
®) individuals) seascn (PB)

analysed

B v 1 I8N, 908 E 3 Urlmown B

Savar, Dhala
India v Thiruvananthapuram, Kerala B8N, 7695'E 00 1430 B
India v Uttaranchal Wildlife Institute 3028'N, 7T9T'E 1Mo 0440 B
of India, Chandraban:,
Debradun, Uttarakhand
Malysia U Petaling Jaya, Selangor, Kuala 12N, 101%62E 15Q) 0759 B
Lumpur
Kulop township, Johor

Malaysa U 1933N, 10345°E 7(1) 0900 B

Nepal U Sauraha, Chitwan ITSN, M E 1300 1730 PB

Nepal U Hotel Billabong, Barahi Tole, 28°12'N, 83%T'E 1301 0730 PB

Lakeside, Pokhara
Smgapore® U Singapore Botanic Gardens 1732'N, 101°62°E (1) Unlmown B
Smgapore® U Singapore Botanic Gardens 1%31'N, 103'81'E (M Unlmown B
Snlamka U Grand Hotel, Nuwana Eliva E96'N, 80*76'E (0 0630 B
Srlala U Kinkini Hotel, Bibile, TN, 8I"13'E 19(1) 1430 B
Monaragaly

Thailand®** U Pakarung Guest House, Muang 13*75°N, 100°53'E 120 0730 B
Phetchaburi

Bangladesh R Madk Jungle National 24%68'N, 90" 12°E E1¢)] Unknown B
Park, Tangail
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Evergreen forest, Kihum,

Lulout Mangrove Forest, Negen
Sembilan

Petaling Jaya, Sarangor

Teman Nagara Naticaal Park

Khudi Lamiung Distri
Gandala Zone

Keaki Tappu Wildlife Reserve,

Terai

Five miles north of Mugling

Wear Gal Oya National Park,
Insinivazala. M I
Hellfire Pass, Kanchamaburi

Hellfire Pass, Kanchanabun

18'44°N, T296'E

T36'N, 12727E

4"TI'N, 102°33'E

407N, 10246'E

14°35°N, 9892'E

26%03'N, 86'83°E

193N, 34"S8'E

TN, SI91'E

14°29'N, 99°00°E

14°37'N, 93*95'E

1801

()

na

1o

11y

5

M

18(D

ElO]

EA0)]

0750

0710

0715

1030

0915

1607

130

*As Singapore was an urban site only we subsequently added an extra rural site from neighbouring Malaysia (Lulost Mangrove Forest,

Negeri Sembilan, approxumately 159 miles (256 km) from Singapore, using the great circle formula)

**Subspecies: Copryehus soularis erimelas
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Table 2 Complexity and temporal variabl, ployed in this study to measure variation between urban and rural habitats in song complexity
Vanable Defiration Type of song variable References
Nuzmber of syllables Total sumber of mp mp Mason et al. (2014)
(syllables) per song
Syllable daverssty Number of diffiren sound unt Complexity Catchpole (1980); Caramszeq & Moller

complexes (ryllable types) per somg.

Syllable transitions Number of transitions from cne Complexty
syllable type 1o another within 2 song

Inter-syllable interval (3) Dhwratica from the end of cae syllsble Temporal
o the beginning of the next (svenaged
per song)

Song length (s) Time from the beginning of the firn Temporal
syllable to the end of the termmal
syllable of each scng.

Syllable besugth (5) The duration of as entire syllable Temporal
{averaged per song}

Syllable rate (per 5) The mumber of syllables produced per Temporal
mcoed

(2003); Boogert et al. (2008); Hill et al
013}

Sasahara etal (2012)

Cardoso & Mota 2007)

Giel & Gahe (2002)

Potvin etal. 2011

Birumm (2004); Cardoso & Mota (2007)

‘This article has been accepted for publication and undergone full peer review but has not been through the

copyediting, fypesefting. pagination
proofreading process, which may lead to differences between this version and the Version of Record. Plaunlednsmckamnmuml

Thus article 1s protected by copynght. All nghts reserved.
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Table 3 The descriptive statistics of the 3 song complexity and 4 temporal variables used to
measure song differences between urban and rural populations of oriental magpie-robin. The

mean values for each variable are averages of the sum of all individuals within their

respective category (urban or rural)
Variable Mean = SD
Urban Rural

Number of syllables per song 8.08£237 7.9+3.02
Syllable diversity per song 732+£193 635247
Syllable transitions per song 6.54=2.09 58+239
Inter-syllable interval* (s) 0.12+0.02 0.09 £0.04
Song length** (s) 232058 172046
Syllable length (s) 021£0.17 0.16=0.14
Syllable rate (per s) 358026 455034

Thus article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:

10.1111/1749-4877.2017.

This article 1s protected by copyright. All rights reserved.
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*Univanate Student’s t-test: r=-2.75; P=0.012

**Univariate Mann-Whitney-Wilcoxon test: = 98; P=0037

Thus article is protected by copyright. All rights reserved.
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Figure 1 An example of the general pattern of oriental magpie-robin vocalizations. Each
song (a consecutive series of syllables) is followed by an interval of silence before the next

song begins.

Accepted Article

Thus article is protected by copyright. All rights reserved.
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Figure 2 An oriental magpie-robin song spectrogram showing how the number of syllables,
syllable diversity, and the number of syllable transitions of each song was calculated. Song
length was calculated by the time axis. The (mean) inter-syllable interval length of each song
was calculated by dividing the total duration of intervals in the song by the total number of
intervals in the song. Similarly, the mean syllable length of each song was calculated by
dividing the total duration of syllables by the total number of syllables in the song.

Thus article is protected by copyright. All rights reserved.
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ess 005
ucidean distance on Normalized data 2

Figure 3 A NMDS biplot visualizing the relative differences of urban and rural songs (all
238 songs, labeled per bird) using all 7 variables emploved in this study. The inset unit circle

shows the Pearson rank correlations of song variables with each of the axes.

Accepted Article

Thus article is protected by copyright. All rights reserved.
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Seasonal variation in the song structure of tui (Prosthemadera novaeseelandiae)

Samuel D. Hill*, Christophe Amiot, Miriam R. Ludbrook and Weihong Ji
Human-Wildlife Interactions Research Group, Institute of Natural and Mathematical Sciences, Massey University, North Shore

Mail Centre, Private Bag 102904, Auckland 1131, New Zealand

*Author for correspondence (Email: S Hill@massey.ac.nz)
Published online: 28 July 2014

Abstract: Birdsong has evolved to help individual birds attract mates and defend territories. The breeding
season is a critical period in the life history of many songbird species and previous studies indicate that bird
vocal behaviour changes at the onset of breeding season. In this md) we compued the complex songs of

a seasonal-breeding New Zealand honey

, the tui (P
and non- btwdmsuum“efomdltnma]es songs in the breeding season contamed s
of trill d with songs in the non-breeding season. Trill rate and consistency

h ) breeding
guificantly greater

ma} benhudwmdu:chulquaht) ;;dﬂ:etefmmggmngnaitomaismdpomalmmmequhq of the
singer. This is the first study to show the differences in singing behaviour of tui between seasons and provides
a basis for future studies to explore the drivers of this seasonal vaniation in song behaviour.

Keywords: birdsong, breeding season, non-t di
Introduction
Sougplnyu\‘mlmle inc ication in songbirds and is

primarily fort ial defence and mate attraction (Catchpole
& Slater 2008). Some species of birds, particularly in the
tropics, may have year-round breeding, and may also sing
throughoutthe year (Kunkel 1974; Stutchbury & Morton 2008).
Other species, however, have more well-defined breeding
seasons and so their song outputs may be confined to these
times (Langmore 1998) — a critical period in the life history of
many species (Johnston & Odum 1956). Altmﬁve]y. some

g season, trills

song repertoires (Searcy 1992). In pied flycatchers (Ficedula
hypoleuca) early arriving-males also sang more complex
songs than later-arriving males (Alatalo et al. 1986; Lampe
& Espmark 1994); suggesting that song complexity may be
an mdicator of male quality.

In some species, birds also produce songs in the non-
breeding season. However, songs during this time may be
d:ﬁ'umtﬁomthn:emgdmmgmeheemngmm(eg
quieter, in song sp Mel dia, Maddison et al.
2012). The difference in souga between bfeedmg and non-
breeding season may be dmwhomomﬂy medmed :hanges

species also sing throughout the year despite not breeding,
but change their song p tive and
non-reproductive penod: “For example, the songs of wild
male island canaries (Serinus canaria) were longer and had
more syllable repetition in summer than in the non-breeding
season (Leitneretal. 2001). Specﬁca!.l},adecﬂaumwhmle-
type syllables and : in rapid, freq

syllables was detected (known as trill syllables) {‘Lmneret al.
2001). Evidence suggests that male songs with more rapid
rates of trill production are more sexually attractive to female
canaries than songs with low trill rates and induce more female
copulatory displays (reviewed in Podos et al. 2004). Trills
are likely to be costly to produce and therefore may provide
honest signals of physical and genetic quality of the singer

m y (Riters etal. 2000) For p
in song can be attributed to the 1 ofmg atrol
nuclei,mhuthehjgh\‘ocalcmm(m'c) in songbird brains
(Catchpole & Slater 2008). The volume of the HVC !us becn
observedtochange seasonall
dmngr.be‘ di HE season he volume
of the song auclei ( (Ball et al. 2004) This in tum impacts the
muscles of the syrinx (e.g. DeVoogd 199I) and snhsequenﬂ)
birds’ vocal behaviour. These
neurcendocrinology ph}'akwwlemﬂxaasmldlﬁuum
of their song production (Ball et al. 2004).
Om«wngparmemapm&omuﬁhma}'ﬂsobesubjm
to sexual sel and therefore may vary b
For ! i fr

y, and inc . els

p ¥ (Faz) and frequency of

(Hennin etal. 2009). Moreover, trill or VY
is 2 vocal characteristic that has been linked with extra-pair
success in male house wrens (Troglodytes aedon) (Cramer
2013). Therefore, trill p and y are likely
to be sexuvally selected, and so should be produced at higher
rates by individuals during the bteedmgmson.

In many sp song ! ( d by the
number of different syllables produced Boogert et al. 2008)
15 related to male mnctn‘ene:s to females (Badyaev et al.
2002). M 2 may reflecty lability,
reproductive aut:ess. and overall male quahr) (Buchanan
& Catchpole 2000, Woodgate et al. 2011, 2012; Soma &
Garamszegi 2011). For example, female common grackles
(Quiscalus quiscula) prefer to breed with malesthathave large

plitud (‘Fl\-l.%) have both beea shown to be

lated with ductive and genetic quality in
rock sparrows (Parmnfa petronia) (Nemeth et al. 2012) and
zebra finches (Jaeniopygia guttata) (Woodgate et al. 2012).
Therefore, male songbirds may display seasonal variation
in these traits in order to stimulate females to breed, and

to i their ductive Although |
changes in bird aongs have been found in many species, few
studies have g ively v

structure.

Bctgqulst (1939) ﬁouﬂd thut winter songs of male tif

), a specm that has haghl}
1 i 1t d of a series of
phrues that were repeaned Durmg the breeding season male

New Zealand Journal of Ecology (2015) 39(1): 110-115 © New Zealand Ecological Society.
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songs were comprised of sequences of many loud phrases
sung repeatedly, but with pauses, sporadic clicks, and whistles
between phrases. Although these differences are noticeable
to the human ear, there has been no detailed quantitative
analysis of the seasonal vanation of ti1 songs. In this study,
we ined the ct istics of tif songs at the population
level during breeding season and compared them tothose inthe
non-breeding season. We predicted there would be asignificant
difference in song structure between seasons. Spec:ﬁca]]),
we predicted that tii would produce a greater proportion of
trills, a higher F,,, syllable diversity, and higher FMA in
the breeding uamt!uuiathembtudiug season (after
Woodgate et al. 2012, see above). Trills are costly to produce
and may, therefore, be used to signal male quality during the
breeding season.

Methods

Study species and site

TOf are honeyeaters endemic to New Zealand. They are
common throughout the three main islands, but are scarce
on the east coast of the South Island (Gill et al. 2010). Tai
are also found in the subantarctic Auckland Islands and the
subtropical Kermadec Islands (Gill et al. 2010). Breeding
begins in September and finishes in February. Upon pairing
the female starts building a nest (Heather & Robertson 2005).
There are also extremely high levels of extra-pair paternity in
this species (S. J. Wells, unpubl. data).

Male songs change noticeably at the start of the breeding
season. From high vantage points tii produce long-range-
broadcast songs, which may function for territorial defence
and mate attraction. Long.mge ti!l songs are oomplex and
there is significant geog among p
(Hilletal 2013), ndbﬂweenm(Bagqmstl%?) Tofalso
produce short-range songs that often have aggressive contexts
(Hill 2011), but long-range-song bouts in tif are significantly
longer than these shonmge bouts {SDH mpubl dm)

QOur study was Jucted at T g2
(36“22' S, 1?4“50' E), a 583-ha predator-free sanr:hur)
d on the T: i Peninsula, 90 km north of central

Auckland, New Zealand. Tamkaﬂnul Regional Park consists

of predominantly grazed p with patches of reg ti
ménuka (Leptospermum scoparium)  bush and some areas
of mature coastal forest remnants (ARC 2009) The cmpy
tree species in these forest i pdh
(Metrosideros excelsa), kaun (Agathis australis) and pnnn
(Vitex lucens) (ARC 2009). Recordings were made at four
locations within the park: Jones Bay, Anchor Bay, Ecology
Bush, and M3ori Bay (Fig. 1).

Recording procedure
We recorded t01 broadcast songs during the breeding season
(October 2010 — January 2011) and non-breeding season
(July-August 2010; Avgust 2012 and May 2013). Songs were
recotdecl between 0800 and 1500 hours in both seasons to
ling times and ing effort. We sampled
tii songs by na!.l:mg:lm\l) glongmnkedmks in one
direction to locate tiii. We started a recording session when we
located a singing male and ended it when the tO] either ceased
singing or flew away. Wemodbetum-tuﬂlﬂm&oma
bird when we ded it. For each ding, we noted the
time, the bird's 1 1on, band bi (l'.fitwas' ded),
behaviour, and song type.

In order to minimise the chances of recording the same
individual more than once in the same season, we recorded
only one bird per location. Male tif are highly territorial
during the breeding season and sing largely within their
own territories during this time. Therefore, recording birds
mmﬁﬂuemlocmmmuunhhel) mmultmmmdmgthe
same bird twice. The mi recording
locations was 300 m.

We recorded t07 songs using a Sony MZ-NHFS800
Portable High-Definition MiniDisc Recorder (Soay, Park
Ridge, NJI) or a Marantz PMD620 solid-state digital recorder
(Mmutz, Kanagawa, Japan), which were both pmmd w:ﬂi a

I ME67 shotgun long. tional
(Sennheiser, Old Lyme, CT). Al.l songs were secorded ata
sampling frequency of 44.1 kHz at a resolution of 16 bits.
The frequency response range of the long-range microphone
was 40 Hz to 20 kHz. MiniDisc sound files were converted
to wave (.wav) files using the software ‘Sonic Stage’ (Sony

Corporation, Tokyo, Japan).

Figure 1. Map of Tawharamu
Rtgmml Park with the four

» Jones Bay, E,r.r.-l‘:'f Bush,
Exz Miori Bay, mdo?mm;l a

map of New Zealand's North
I.sland showing the location
of Tawharanui in relation to
Auckland City.
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Comparison of spectral characteristics between seasons

One representative long-range song with a clean, high quality
recording was analysed per individual. The song spectrograms
were digitised and parameters measured using Raven Pro 1.4
Beta Version software (Comnell Lab of O:nitholog}', Ithaca,
NY, USA). For all recordings, spectrograms were created by
Discrete Fourier Transform (DFT) with a Hann window. The

Analysis

For each season, we tested whether there was a difference
between morning and afternoon song, using a one-
way permutational multivariate analysis of variance
(PERMANOVA) (Anderson 2001). PERMANOVA 15 a
non-parametric distance-based analysis of variance that uses

frame length was set at 256 points. Additionally, a 50% frame
overlap with 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. To investigate the variation of song spectral
characteristics of male t3f between seasons, we used Raven
Proto extract 10 variables fonnal)m (Table 1; Fag 2) Thm
variables have been empl for

in bird songs in preuous studies (Mennill & R.ogm 2006
Heanin et al. 2009).

procedures to test hypotheses. In this case, the
Euclidean distance measure was used. In order to remove
skewness, we used a In(x) + 0.01 transformation for five
variables: ber of notes, song duration, trill duration, FMA,
and syllable d: ity. The 10 iables from the breeding
and non-breeding seasons were examined using one-way
PERMANOVA to detect whether song structure between
seasons was significantly dissimilar. PERMANOVA was also
used to detect any significant differences between moming
song (0800-1200 hours) and aftemoon song (1200-1500

Table 1. Definition of the 10 variables employed to compare songs of tii between seasons.

Song variable Definition

Number of notes

Number of indvidual notes (fundamental sound units) per song. A note alone without a repeat is

considered a syllable. Multiple notes repeated consecutively are considered one syllable

Song duration (seconds)

Time from the beginning of the first note to the end of the terminal note of each chosen song

Trill duration (seconds) Cumulative total length of repeated, high-fr dulation p per song
Trill percentage ?mmgeafm;ongmmmd,med.m@-&equm)maﬂmmm
g ion with the amount of time (. ds) trills arep within
a:ong
Frequ of maximum Frequency of the time point within the song that contains the highest level of energy
amplitude (FMA) (Hz)
Syllable diversity Number of different sound unit complexes (syllables) per song. Syllables can be comprised of
several notes
Maximum frequency (kHz) The highest pitch produced in a song
Minimum frequency (kHz) The lowest pitch produced in a song
Mean frequency (kHz) Overall average pitch of sounds per song
Bandwidth (kHz) The difference b i and mini freq
Syllables
b Trills

Frequency (kHz)

Song duration (s)

) Ledions

Figure 2. A spectrogram of the long-range song of amainland
in this study.

le 35 (Prosth
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hours) and within the same season (breeding season:
September—February; non-breeding season: March—August).
This allowed us to assess whether all data from the same
season could be pooled for further analysis. Th vative

Within-season variation in (i song structure
Results from a one-way PERMANOVA test (9999
p d _,_lﬁcmdaﬁummmgmmn

for multiple testing was used for all
multivariate analyses. PERMANOVA was performed using
PAST software (version 2.17b) (Hammer et al. 2001).
Four variables— I:nllpmentage Fay, syllable diversity
and FMA - were pared between These four
variables were chosen as these song characteristics have
been linked with reproductive success in other songbird
species. Weused non-parametric Mann—Whitney-

-Wilcoxon
tests, as the data were non-normally distributed, to test our
hypotheses that t3if would produce a (1) greater proportion
oftrills, (I)Iuglm'l’m(B)h;glm'ayilabledumlty md (C)]
lug,herFMAm the breeding season than in the

b songs ded in the and those in the
ft for both the breeding (n=6,8; Pseudo Fy ;4=
0.5314, P=0.743) and non-breeding season (n=9, 4; Pseudo
F; 13 =0.589, P=0.612). Therefore the data obtained from
the mornings and afternoons were pooled for further analysis.

The PERMANOVA test (9999 permutations) showed
no significant difference in song structure within seasons for
either the breeding season (1 = 14; Pseudo Fy 4= 0473, P=
0.982) or non-breeding season (n = 13; Pseudo F; ;; = 1.42,
P = 0.257). Therefore the data within a season were pooled
for further analysis.

season. These tests were conducted using SPSS (v ersion
20.0; SPSS, Chicago, IL, USA). All statistical tests were
two-tailed and P values <0.05 were interpreted as significant.

Results

In total, 27 birds were recorded (14 in the breeding season
and 13 in the non-breeding season). Five of the birds we
recorded during the breeding season were banded, while
only a single banded bird was ded in the non-breeding
season.

B season variation in tii song structure
Aone-way PERMANOVA testrevealed asignificant difference
in the ranked distance in t01 song structure (using all ten
variables) between the breeding season and the non-breeding
season (n = 14, 13, Pseudo Fg3; = 2.856, P = 0.044, 9999
permutations). This suggested thattiif alter their song structure
at the onset of the breeding season.

The results of the Mann—Whitney-Wilcoxon tests showed
that there was a significantly greater proportion of trills in
breeding season songs compared tonon-breeding season songs
(W =098, P=0.001) (Table 2; Fig. 3). However, there were
no ngmﬁmt differences between seasons in Fp,y, syllable
diversity, and FMA (Table 2).

Table 2. Descriptive statistics of four t0f song variables between seasons at Tiwharanui.

Vanable Median; Interquartile Range Statistical values
range from Mann—Whitney
~Wilcoxon tests
Breeding Non-breeding Breeding Non-breeding w P
season season season season
Proportion of 56; 39-75 24;7-38 18,93 0,61 98 0.001
FMA (kHz) 1.60; 1.47-1.72 1.54;1.31-1.55 1.37, 1.86 1.03,1.72 98 0.069
Syllable diversity 18; 16-26 15.5,6-28 14, 56 2,31 156.5 0.220
Faux (Hz) 15.11;12.41-1890 15.36; 11.16-18.46 11.50, 19.96 4.95,19.84 193.5 0.905
I":gmtlTﬂ.lipuceulage(P ODOImengsofmaloiﬂ
(Pr in the b o 4
with the non-breed: mu'ﬂuhrmiegmal B
Park. Onu'uagr, the trills g at twic g
season songs than in non-breeding-season songs. bl —
! o .
E © —
E 4
o
méu-n !hn-bruﬁ"‘u-n
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Discussion

We found a significantly greater proportion of trills i male
tiili songs in the breeding season than the non-breeding season,
which is 1 with our hypothesis, but no difference in
FMA, syllable diversity or Fyy between seasons (Table 2). That
males produced a higher proportion of trills in the breeding
season suggests this song characteristic may be sexually
selected. Trills are complex, rapidly repeneds}lhblenha‘lm
costly to produce (Suthers & Goller 1998), and are

potential and mate choice. However, we encourage further
studies to investigate the adaptive significance of seasonal
variations in ti songs.
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Abstract: Vocalisati 1 for territorial mate ion, and gnition in many

songbirds. Comparative :md:es on the songs of birds between islands and mnm]and populations provide

insight into the evoluti

of vocal c

ication in terms of both ecological and so:u.l fz:m: We compared

Jine)

the vocal of tui (P;

), an from

New Zealand's mainland, with those ofa subspecies from the remote Chatham Islands (P n. chathamensis).
Song spectral variables of male long-range ‘broadcasting’ songs differed between mainland and Chatham [sland

tui populations. Songs
produced a higher p

ded from five mainland populations had significantly greater syllable diversity and
ge of trills than those from the Chatham Islands, These characteristics have been

revealed in past studies as being sexually selected traits positively correlated with male genetic diversity. The
acoustic adaptation hypothesis could also hzlp to ehmdm the presence of a significantly higher percentage

of trill components in the songs of the mai pop

as the mainl

d study sites in general contained

more areas of open vegetation, where trills transmit more effectively than in dense forest, which d.omumed

the sampling ntu ontheChnhamI:land.s Future
top laty lati
fwthumng!umhnh‘ tw

selective p

h into the of tui song in

and habitat structure between dlﬁerml mainland sites would provide
and vocal compl

Keywords: diversity; island; song; syllable; trill; variation

Introduction

Geographical variation in bird song is common in many
species (Marler & Tamura 1962; Baker & Cunningham 1985).
These differ can be on a microgeographic (Payne 1978;
Leader et al. 2000) or phic scale (Benedict &
Bowie 2009 Pitocchelli 201 l) Gcoguphacal differences in

bird vocalisations consist of in syllable (sound unit)
and song structure (the pamms of song delivery), similar to
| dialects or inh s (Krood 2005) In

pre\‘:ous v orv

beenobserved inawider nmbtfcf:pe:m su:hn:wng:pmcu

(Melospiza melodia) (Peters et al. 2000), white-crowned
(Z: ichia h hrys) (Derryberry 2011), blue

that sing local dialect, thereby promoting assortative mating
(Baptista & Morton 1982).

The "acoustic adaptation hypothesis' proposes that birds
inhabiting areas with similar vegetation type will share
common song features (Date & Lemon 1993) Thishypothesis
suggests that the evolution of the ies of bird
songs has been shaped by selxumﬂntudepen&m!npon
habitat structure (Boncoraglio & Saino 2007). It predicts
that songs that have on average lower frequency, narrower
bandwidths, low-frequency whistles, long syllables, and long
mm-ty!.lablemtm‘alsmmmhhﬂ) to be produced inclosed
habitats such as rainfi that in dense and complex
vegetation (Nemeth et al. 2006). A more frequent production
of high-frequencies, broader bandwidths, high-frequency

dulations (trills), short syllables, and short inter-syllable

tit (Parus caeruleus) (Doutrelant et al. 1999), and E
nuthatch (Sitta ewropaea) (White 2012). New Zealand avian
specsesime aisobeeushownwexhlbuugmw \mahonm

intervals are expected to be produced in areas that are more
opm@emeﬁletal 2006), in order to maximise the effective

of sound.

their vocali (bellbird Anthorni: a, Br
2008; hihi or mchbud .\.’oﬂomnb c}m‘m Ranjard 2010;
Norrﬂ:lsland ddlet TS al Puhe:etl]_

2012; kékako Callaeas cfmua, Brown et al. 2004 Rowe &
Bell 2007; and kea Nestor notabilis, Bond & Diamond 2005).

Several hypotheses have been proposed to explain the
evolution of regional song variation. These include the ‘local
adaptation hypothesis’, which suggests females gain fitness
advantages by breeding with birds from their natal regions
rather than with birds from regions further away (Podos &
Warren 2007). Dialects may function to induce birds to breed
close to their natal areas as females are more attracted to males

The ‘social adaptation hypothesis’ predicts that males
gain fitness advantages by leaming songs from dominant
local males to maximise their chances of mating and breeding
success (Payne et al. 2000). For example, young males of the
I:ughh ptmwcuousuﬂagemd:gobu’d(ﬂdmckabbm)\wu
mimic rhe songs of the older, domi and ively

! male neighb in order to attract female birds
(Payne et al. 2000).

Vocal properties may vary within different habitat types

across regions, which in turn may coincide with changes in
P TRy that underpin bird

F & F
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song production, such as beak size and syrinx mass (Podos
& Warren 2007). This phmot}'pa: plasticity ultimately can
of sp

ibute to the div (Slabbek & Smith
2002).

Vi in avian vocalisati hualmbeenprﬁmusl}
bkl land and isolated island popul

singing honeyeaters (Lichenostomus vtm’ccm) {Bakef et ;L
2002), hwamei(Garrulax canorus) (Tu & Severinghaus 2004)
and bush warblers (Cettia diphone) (Hamao & Ueda 2000).
Island populations tend to have structurally simpler and less
complex songs than their mainland mngm due to facm
such as weaker selection p

& Morris 2006). It is not known whether there are any

behavioural diffe b nland and Chath
Island tiif, including their vocalisations. It was predicted that
the larger overall mass of the Chatham Island subspeci
might result in the production of lower fi sounds

(Pijanowski et al. 2011).
Theaimoflhis mdywaswh\'esﬁgm diﬁuuces i.nvocal

Island tii. Additionally, we p ulm‘ﬁs}"' bi
in Chatham Island tii, resulting from geographic mlatmn,
which presents 10T with a lesser scope for immigration and

for the acquisition ofbtudm,g partners md.wlugh quaht)
territories (Hamao & Ueda 2000). L d song

g uueﬂulwu!ﬂdsufmﬂemmwe
1 p icted differences in fin qr
inl ‘M"ﬁmrubspec:.es dueto morpholognca] disparities

in island subspecies might also be caused by fmmdereﬂecn,
leading toreduced song diversity, Itofanew pop

being established by a small number of founders from alarger
population (Baker & Moeed 1987; Baker 1996; Parker et al.
2012). Indeed, evidence for a founder effect in song (cultural
founder effect) has been observed in the Chatham Island
population of chaffinch (Fringilla coelebs), an introduced
Emopean pnsgrme (Baher & Jenkins 1987).

1y selec 'trmh"" i 1

rw mnm defenc
songbn'ds (Brieferetal. 20[0) S; lllblenpu'wm size (sy ll.lim:
diversity), the length of song, or the production of complex
syllables can all be used to measure song complexity in birds
(Boogert et al. 2008). Eud.ence suggests that this complexity
15 d within max ions due to greater levels
ofmakcvmpcuumfwmowm food, and mates than their
island counterparts (Craig & Jenkins 1982). Complexity of
vocalisations has also been positively correlated wmﬁpamtai
ability (Buchanan & Catchpole 2000), reproductive
(Woodgate et al. 2012) and overall male quality (Buchanan
& Cuchpcle 2000 Soma & Gaﬂmmg! 2010).
geographical variati ofﬂuh@ﬂymplex
vocalisats Fonmial Jm.(u 5 &
landiae) and an i d subsp . the Chath
Island t5i (2 n. :M.!antm!:)_ The tiii is a honeyeater species
in the Order Passeniformes, Suborder Oscine, and the Famuly
Meliphagidae. There are only two members of Meliphagidae
endemic to New Zealand, the bellbird and the t3 (Driskell
etal. 2007), the t3 being the larger and more dominant of the
two species (Stewart & Craig 1985; Bergquist 1989).
Although common throughout the North Island, South
Island, and Stewart Island of New Zealand, tiiiare scarce onthe
uncoutoﬂhesmnhlstmdtﬁﬁlchl 2010). Tufare also found
btropical K L R tic Auckland
Islmd.s (Gl.l.! et al. 2010). The endangered Chatham Island
subspecies (Miskelly et al. 2008) has been subject to recent
translocation efforts that have resulted in the
of Chatham Island tdionto the main Chatham Island (Bell etal.
2013). Very few mcents‘md:e:hn\'efocmedontmbeha\‘wurﬂ
ecology, including their vocali One previous :tudy

and gr fclosed habitats within the Chatham Islands.

mmue‘_'meory dicts a greater p ge of

trills would be produced by tif on the mainland where there
openareas of veg, compared with the Chatl

Islmdutud)sm

Methods

Seven sites, two in the Chatham Island group and five on the
mainland, were included in this study. Location sizes, ahabitat
description, and a list of dominant plant species is provided
for each in Table 1.

Chatham Islands

Thetw dy si the Chatham [sland i habited
mdpmdaw ﬁuZlgmmamhhnd.orSou&EmI.ﬂmd
(44°34' S, 176°17' E), and the 40-ha predator-proof-fenced
EIImElinbethmeceComm‘:ﬁoqumnt(Cmqumh;
44°28'S 176°17" E) (Table 1; Fig. 1a) on the east coast of Pitt
Island. On both Rangatira and Pitt islands, flax (Phormium
fenax), on which the tOi primarily feed during late spring
md early summer, was flowering during the period ofdau

This d tGi were abund

45% of Rangatira, approximately 98 ha, is covered by forest
(Nilssonetal. 1994). AtCaravan Bush, allintroduced mammals
have been eradicated from the covenant apart from mice (Mus
musculus).

Mainland sites

Sample sizes are reflective of the deasity of tiii at each of the
five mainland sites (Table 1; Fig. 1b), at the time of recording.
Sampling effort varied according to the size of each site, in
order to record as many different individuals at each site as
possible.

Tawharanui Regional Park

Tawharanui Regional Park, 90 km north of central Auckland,

'New Zea]and is 2 588-ha ‘mainland island’ located on the
Peninsula. A fence was installed to exclude

however, suggened that tiii song exhibits sexual,
behavioural, and individual variation (Bergquist 1989)

mammal predators and the coastal park became virtually
d free in 2004, except for the presence of mice,

The Chatham Islands are a volcanic archipel
justhl.l]l.ony!mago(Sﬁ]uell& Consoli 2012), situated
800 km east of Chnistchurch, New Zealand. The islands are
subject to high levels of endemism with 16 bird species being

demic to the Chatt Islands (Aikman et al. 2001).

Chatham Island t07 are larger and heavier, have paler
feathers and longer white throat feathers compared with
mamland 137 (Dilks & Kearvell 1996; Dilks 2004; Ballance

fellw-\ngasucceuﬁal g and trapping progr

(Brunton et al. 2008). Tawh i Regional Park ists of
predominantly grazed p (Auckland Council 2009). At
least 50% of the tdi population were banded between 2009

and 2012 (8. J. Wells unpubl. data 2013).
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Table 1. A broad description of the tif vocalisation study sites including habitat plexity and d

Site name Size (ha) Predator status  Habutat Dominant species
complexity
Rangatira Island 219 Predator-free High Pho tenax, Mueh Nilsson et al. 1994;
island australis, Pteridium esculentum, Dilks 2004; Roberts
Plag regius ch etal. 2007
Afyoporum laetum, Olearia traversii,
1 hathamica, Cop
et Voli bty
w:w,w
Caravan Bush, 40 Predator-proof ~ High Rhop viis sapida, Ph Miskelly & Emt
Pitt island fence “cmm‘m-’k,}‘ .la;p 2008
chathamicus, Conynocarpus igatus,
Corokia macrocarpa
Tawharanu 588 Predator-proof ~ High Leptospermum scoparium, Metrosideros  Auckland Council
fence excelsa, Agathis qustralis, Vitex lucens, 2009, S. D. Hill pers.
Betlschmiedia tarairi, Rhopalostylt ote
sapida
Wenderholm 134 Pred. Meds Metrosideros excelsa, Beilschmiedi James & Clout 1996;
controlled tarairi, Kwiea ericoides, Sophora Lovegrove et al. 2002
nicrophyila, Cor pus A
z palostyls sapida
Ask in the Park, 1100 Predator- High Dacrydium cupress i, Agathis Fraser & Hauber 2008;
Waitakere controlled australis, Metrosideros robusta, Derraik 2009
Podocarpus totara, Dacrycarpus
dacrydioides, Dicksonia spp., Kwzea
ericoides
Maungatautari 65 Predator- High Dacrydium cupressinum, Beilschmiedia  Watts et al. 2011
Southem proof fence tawa, Ixerba brexioides, Weinmannia
Enclosure racemosa, Quintinia serrata
Pcohangina Wetlands 7.2 Predator- Low c dacrydioides, Podocarpus  S. D. Hill pers. obs
controlled mmmmmm, Cordyline
australis, Clianthus puniceus
Totara Reserve, 340 Predator- Medivm Podocarpus totara, Dacrydium S.D. Hill pers. obs
Pohangina controlled ¢ ,“W"m busta,
Prumnopitys taxifolia, Dacrycarpus
&,Rhnpa.'arr_v.’hw
® -
- — Tawharaan (WIS, 17059T)
DI, 1Tr O
- -~ 5179 %)
W mtakers Ranger
OFws, 1"

Figure 1. Map showi umort:mummm S, 176°17 E)m(
d:gDepuﬁM:;t i Teland show

s & (s

Conservation) and a map of New Zealand's North

FPobingaas
IR, ITSVE MUY, 1T T

ﬁ'om“rallsaal (2000).vmh penmission from

loc fall of

d tii study sites (b).
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Wenderholm Regional Park

\\seudu'hohnkegwna] Park 46 kmnorthofAuckland, 1sa134-
ve. T‘heparku ded by twotidal estuaries

and consists of an 80-ha hilly f d headland. Wenderhol

alsoconsistsofapartly fotmd:pﬂofopenmunlpamuelmd

and ¢ lidated sands and wetland dering one of the

sur ding ies (Lovegrove et al. 2002).

Ark in the Park, Waitakere Ranges Regional Park

Ark in the Park, within the Waitakere Ranges Regional Park,
approximately 30 km west of Auckland, is a conservation area
consisting of 1100 ha of forest.

.’-(mga.rmaﬂ Ecofogfcaf Island

logical Island, 37 km south-east of
Har.m]ton, Waikm New Zealand, 15 a 3400-ha mainland
island and an extinct andesitic volcanic cone. The Southern
Encl of M i is 65 ha and is where recording
took place. The reserve is surrounded by farmland.

Pohangina, Manawatu

Two sites in the Pohangina Valley, 30 km north-east of
Palmerston North, M: , were chosen. The first was
the Pohangina Wetlands, a 7.2-ha nature reserve surrounded
by farmland. The second site was the 340-ha Totara Reserve
Regional Park located adjacent to large areas of farmland.

Sound recordings

Data collection of tiif songs on both the Chatham Islands and
the mainland was carried out during the tii breeding season
(October-Janvary). This occurred in 2010/11 (both sites)
and 2012/13 (mainland only). During sampling sessions we
walked slowly one way along marked tracks to locate tiii, and
at all sites we attempted to cover as much area as possible.
When a tf was located, recording was initiated and ended
when the ti either ceased singing or flew away. During each
recording, the location, time, the band combination of the i

Syllable

(if applicable), behaviour, and song type were also recorded.

Recordings were collected from banded t3i whenever
possible. Forunbanded birds, only one individual wasrecorded
at any one time to avoid recording the same bird twice in any
given sampling location, hence no individual was used more

thuoncemsong Dunngthe ding season, when
both lmngguuded male tiiwill
remain strictly “Mniheumpecmetummu which helped
avoid pseud , the highly territorial

and habitual nature of tif (Le individual males only singing
on particular perches, S, D. Hill pers. obs.) also minimised
the chances of pseudoreplication. All songs included in the
analysis were recorded between 0800 and 1400 hours at a
distance of between 2 m and 5 m from the bird.

A Sony Portable High-Definition MiniDisc Recorder
(Soay, Park Ridge, NJ, USA) and a Marantz PMD620 Solid-
State Digital Recorder (Marantz, Kanagawa, Japan) were used
to record songs, along with a Sennheiser ME67 shotgun long-
range directional microphone (Sennheiser, Old Lyme, CT).
The uncompressed MiniDisc sound files were converted to
wave files using Sony SonicStage softu are (Sony, NJ, USA).
All songs were ded at 2 sampling yof44.1 KHz
and at a resolution of 16-bits. The frequency rtsponse range
ofthe long-range smcmplwae was 50 to 20 000 Hz. The song

were digitised and song variables measured
usmg the Raven Pro 1.4 Beta Version software (Cormnell Lab
of Ornithology, Ithaca, NY, USA) (discrete fourier transform
(DFT) = 256, Hann window, 2.9 ms, 50% frame overlap,
bandwidth = 3dB).

Song variables

To pare the 1 ch of tii v

t inland sites and Chatham [sland t01, eight song
variables were extracted from each tiii song for analysis (Table
2; m.nn\‘aru'bles are depinrd inFig. 2). These variables have
been d in pre for characterising bird songs
(\{enml.l & Rogers 2006 Hennin et al. 2009).

ahad

Trill

\

S" : 'l!l: =

2| MWE|

g HE

z 1 Wil

o N

Song duration (s)

Figure 2. Di ic representation of the variables employed in this study. The spectrogram presented here is part of a mainland
male long-range il song.
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Table 2. A summary and definition of the eight variables employed in this study to compare vocalisations b inland
and Chatham Island t31 (Prosthemadera spp.).

Song variable Definition

Number of notes The number of individual notes (fundamental sound units) per song

Song duration (seconds) Time from the beginning of the first note to the end of the terminal note of each chosen song

Trill duration (seconds) Cumulative total length of high-frequency modulation portions per song

Trill percentage Percentage of each song that contains high-frequency modulation notes

Syllable diversity The number of different sound unit complexes (syllables) per song. Syllables can be comprised of

several notes

Maximum frequency (KHz) — The highest pitch produced m a song
Orverall average pitch of sounds per song
The difference between maximum and minimum frequency

Mean frequency (KHz)
Bandwidth (KHz)

Comparison of song variables between mainland and
Chatham Island tai

Song variables described above were extracted from male
long- -range (b:osdcmng from a perch in a tree) songs and
wer “pnnctpd p analy m (PCA) vmh
VARIMAX orth 1 This

There was a significant difference in the ranked distance
between mainland tif and the Chatham Island p
(ANOSIM, n=61,44;R=0.131,P<0.001 mpumumons}

s blee b o

and

Comparison of song v
Chatham Island i

designed to simplify the interpretation of calculated fumﬂ

by changing the factor loadmgs, which represent :ml«mm
ofeachﬁcto:wnhrhe i iabl

lated with eachy ip !

i ible, withthe
total amount of variance explamd by the factors femaining
uachanged (Hanson et al. 2002). Three vanables, one from
each principal comp t with factor loadings greater than
0.8, were selected for further Mann—Whitney—~Wilcoxen
tests, as the data distribution was not normal. The variable
‘syllable diversity’ was selected for further testing based on its
:Lgn:ﬂum noted by pu\wus research (Boogert et al. 2008).

were d to visualise the data. Statistical tests
were performed using SPSS software (version 20.0; SPSS,
Chicago, IL, USA). All statistical tests were two-tailed and
P values < 0.05 were interpreted as significant.

Analysis of similarity b 11,
Island tii
The variables described above were examined for normality
and the following were transformed to In(x) + 0.01 to remove
skewness: number of notes, song duration, trill duration, trill
percentage, syllable diversity, and maximum frequency. The
variables from the mainland and the Chatham Islands were
thenenmnedb) analysis orrsmu]anq. (ANOSIM, 9999

) fi to z-scores (:e

d and Chath

nomauum), ANOSIM is a non-p
test based on, in this instance, Euclidean distance measure,

Principal component analysis with VARIMAX rotation was
performed in male long-range songs between all mainland
mes dehaﬂl.u.m Island tii (n = 61, 44, Table I; Fug 3) The

m:tuuv: P ’pCS, L el}r P
94.59% of the vari b the mainland and Chatt
Ishnd popmtmm PC1 was lated with

v, mean fr y, and bandwidth. PC2 wascorrelated

with the number of notes, song duration and syllable diversity,
and PC3 with trill du and trill p ge (Table 3).

The mean frequency of songs did not differ between
the mainland and Chatham Island pog (P = 0.885).
However, mainland t3f had a significantly greater syllable
diversity (P = 0.038) and contained a higher percentage of
trills (P = 0.009) than the Chatham Island population (Table
4;Fig. 4).

Discussion

Song variation

Consistent with our prediction, song iables of

male long-range broadcashng songs dtﬂ’eud between the
land and Chatt Island t0f p

Chatham Island tif had a s:g,mﬁmﬁ} nnll.ler percentage of
song that contained trills inaddition to a lower syllable diversity
r.h.m their mainland conspecifics. These v ariables have been

using the rank order of dissimilarity values to test wheth
the overall song structure differed between the mainland and
Chatham Island populations. ANOSIM was performed using
PAST software (version 2.17b) (Hammer et al. 2001).

Results

Comparisonof llsong b % sites
There was no significant difference in the ranked distance
within mainland sites (ANOSIM, n = 61; R = —0.155, P =
0.982, 9999 permutations) allowing data from all mainland
mslobepoolod(l'awharmul n=3T, chduholm n=14;

n=73; M; 'n-3. gina: n = 4;
Total: n=61).

e

d as being {ly selected traits linked to male
genetic diversity (van Buskirk 1997, Nowicki et al. 1998;
Ballentine et al. 2004). With greater geographic isolation,
Chatham Island t01 experi a lesser degree of emigration
and immigration than mainland t3f (Dilks & Kearvell 1996;
Depment ofCon:enmmanl) Thehmmedoppmtnnmes
i I in the Chath Island pecies may have
:oumbmedwlow«gm:d:\‘um}:mobsm‘oddtﬁ'm
in song characteristics from this population may be areflection
ofﬂnu Hwe\ er, further studies ongenetn: diversity in tii are
d to confirm such a relati
Comnr} to our pmdu:horn, thue were no significant
duffe i fr P ﬂ:e pop 1
qu-&oqueu}shﬂ ibutabletohabi logical
differences (Pijanowski et al. 2011) have beenshown mpm
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w Table 3. Eigenvalues, variance explained and factor
loadings of the eight variables following principal
i I"‘"""" lysis formale long-range songs between
— o + Ut Iuisnds ﬂ:emlmlmddehnhmhlmdm(n-ﬁl 44). Those
variables with factor loading values greater than 0.8 are
* ocee 2.5 shown in bold.
& °° PC1 PC2 PC3
Sl - 8 og Eigenvalue 293 290 174
H - Lo e " % of variance 3664 622 2173
gy . o, W8P Number of notes 008 0.3 0.8
5 ¥ d Song duration 0.18 091 0.09
T TR e, Trill duration 0.11 0.54 082
. ° Trill percentage 0.01 0.06 0.99
2 e Syllable diversity 0.16 091 0.17
. Maximum frequency 0.96 017 0.09
3 20000~ 1 yr—tiy Mean frequency 0.99 0.12 0.02
406099 -1,66990 -2 0000 -1 06009 CC09D L 0CCHY 2 D000K s
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Figure 3, VARIMAX-rotated PCA (principal component analysis) i 4. Boxpl bles with 1t
scattesplots (PC1 and PC2 (2); PC1 and PC3 (b); PC2 and PC3 E" . the  aad Chatinn 0
(c)), showing the component scores for each individual populations inmale, long-range songs. Syllable diversity (a), and
%wﬁﬁwmmmwml PC2and P tage of song g trills (b).
, obtai m
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Table 4. The descriptive statistics and Mann—Whitney—Wilcoxon test results on the three tested song variables of tif

populations on the mainland and on the Chatham Islands.
Vanable Mean= SD Range Statistical values from Mann—
Whitney—Wilcoxon Test
Mainland Chatham Islands Mainland Chatham Islands df w P
Percentage ot‘suu,g 41=24 31=28 91 93 103 1793 0.009
containing trills Min: 2 Min: 3
Max: 93 Max: 96
Syllable diversity 199 167 50 35 103 1875.5 0.038
Min: 6 Min: 1
Max: 56 Max: 36
Mean frequency 82 82 9 10 103 31505 0885
(KHz) Min: 2 Min: 1
Max: 11 Max: 11

research; however, in vocal studies across a wide range of
habitats in chaffinches (Williams & Slater 1993) and orange-
tufted smbm:l.s (\’umr.lnm oseq) (Leader et al. 2008), the
i3 has not been supported.
I-'rtqumy c.hual:tmcs. such as bandwidth, may be stable
of t0f vocali across their wide geognp!u:ai
range, or perhaps in t01, social ad; i
Future studies focusing on &equenc) variation across a larger
suite of geographical areas and habitat types are needed to
confirm this,
Songs on the mainland contained a significantly greater
pmmgeofmllsthanmthe@uhmlshnds u'h.lchcould,u

1982), both of which may apply to the mainland populations.
Another possible reason for a lowered song complexity

in island subspecies is the founder effect. A reduced degree
of genetic vanation as a result of a new population being
iblished by a small number of individuals has beenrecorded
(Baker & Moeed 1987). Indeed, evidence for founder effect
in song (cu.!ma!. founder effect), where simpler songs and
are | d by young birds and ultimately
passeddmnthmughgenuahon: has been observed in North
Island saddlebacks, as a result of serial translocations (Parker
et al. 2012). Founder effect has also been demonstrated in
the Chatham Island chaffinch (Baker & Jenkins 1987). The
volcani Chaihamhlandsha\tbemsepmndﬁommaiﬂand

leastinpart, be explained by the
Across the manland sites the habitat, in genml, Ccontained
3 :arge proportion of open, mainly agricultural pastureland
ling sites on the Chatham Islands were largely

covered by dense- vegetation (Roberts et al. 2007).
Complex trill notes are highly oostl)' to produce and may

be a femal 1, A stthat inds. _lﬂyrn 1.
et al. 2004; Nowicki & Searcy 2004). Evidence also suggests
that females will use 1c cues such as trills to select males

that are more suited to the particular habitat (Slabbekoom &
Smith 2002). The observed differences in song structure may
also bea result ofph)stologu:a] and anatomical differences

d populations. Astudy
ofLincoln’s s (Melospizalincol "hnmgge:r.edm
altumommhllmorpbolog) candirectly affectthe production
mdnhecftnllcmpmem (Sockman ZOOD)mmg Future

New Zealand for approximately 60 000 years (Worthy &
Holdm ay 2002) giving rise to isolation and thus limiting the

of avian sp . The small ber of founders for

the Chath island t1 p may have also contributed
to t.heu' limited sy fiable npmoin

h into variation of the pl of tii song in

1 t 1 density, habitat , and individual

hreedmgmcess bemeendlﬂ’uutmmjmdsm , would give

further insight into links t andvocal

complexity. Future studies mwpmuug phylogenetic data
across the Meliphagidae family will provide deeper insight
into the effect of population insularity on vocal complexity.
Furthermore, mm studies will help to investigate the genetic
and eav ibutions to song evol

The differences found in 1i of tiT betw

inland and Chatham Island populations further indicates the

:euatdl is d to investig
gical variabl and song s‘n'ucmre and

4
il

complexity mrzﬂi.

Syllable diversity
S:gmﬁcmﬂy greater s;llabn: diversity per song, another

for song {'Boogm et al. 2008) was
identified in the mainland popul as predi This
result is consistent with 10us study on the

a prev
smgmghoue)eatu(Bak«euL 2002) aphylogencuc relative
of the tif. Isolated island p ¥

were found to have a lower s}liabu: dl\m:'q than mainland

divergence of these two sub ,' ies and confirms the Chath
Island tii7 as an ecologically sigaificant unit for conservation

using mainland t37 should not be carried cut. In some areas
on the mainland, tﬂuuermudsuhjmwpoptdaﬁon
reintroduction. Although no differences were found in song
spectral variables 2 mainland t3fpopul diffe
Y mL‘n

mating by mgdulmuuobsmtdmhwthlslandhﬁhko
translocated from different source populations (Rowe & Bell
200?), wh:chcanpmmll) reduce the breeding potential of

insyllablesand (dialect)

and other less 1solated island populations (Baker et al. 2002).
Greater song complexity in terms of number ofs}lhbls has
been previously found to be correlated with larger p

density (Hamao & Ueda 2000) and greater lev els of male
competition for resources, food, and mates (Craig & Jenkins

g popul (Brownetal. 2004). Further studies
ong hical variation of tGf si and the role
ofmng in their mate choice should pxm'lde more information
mmafuhng\wﬂcmmmm“wmtwthe

consery portant

:
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