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Thesis Summary

Songbirds (oscine passerines), the largest Order of birds, have intrigued humans for
centuries given their capacity to learn complex vocalisations and produce complex
songs. Despite the fact that female songbirds also sing, the vast majority of research
into song learning, as well as the functions of song, has come from studies on male
birds. My thesis asks and answers some fundamental questions about whether there
are differences in song learning in sons and daughters when both parents produce
complex solo song, and if there are gender-specific differences in the costs of adult
song. I use a model Australian songbird system with male and female song, the
superb fairy-wren (Malurus cyaneus). Using observational and experimental cross-
fostering approaches, my thesis shows that male and female fledglings produced
songs of comparable complexity and sang song element types of (foster) social
mothers and fathers. I conclude that both adult males and females were vocal tutors
for young birds. Given that offspring learned the vocal elements of both parents, I
tested if the male-centric hypothesis for mate choice by females explains pairing
patterns whereby females with complex song should be paired with males with
complex song. While this was rejected I instead found assortative pairing for element
type (not complexity) whereby females with complex song were paired with males
with many shared element types. Finally, there were gender differences in the costs
of singing. Females that produced many chatter songs inside the nest had higher nest
predation compared with males with high song rate close to the nest. Therefore, this
thesis identifies singing as costly for females, but also shows that female singing
behaviour plays a role to vocally tutor fledged young. I suggest that females may
increase their fitness by selecting males with a shared vocal repertoire, to enhance

the efficacy of territory defence. The outcomes of the thesis raise new theoretical

Vi



frameworks for sexual selection linked with shared territory defence (commonly
referred to as social selection), as well as new ideas to test the function of female
song for ontogenetic patterns when both sexes sing as adults and both sexes learn

song during development.
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Chapter 1: Introduction

Chapter 1

General Introduction

Female song — an overlooked biological phenomenon

Bird song has been regarded as a sexually selected trait since Darwin (1871)
proposed the idea. However, empirical evidence and experimental tests to support
the seminal idea that (male) bird song could be a sexually selected trait (via female
choice) only emerged in the second half of the twentieth century (Searcy and
Yasukawa, 1996; Catchpole and Slater, 2008). It is now well established that male
songbirds sing to repel rival males and attract and stimulate females (Catchpole and
Slater, 2008). In order for a trait to confer its chooser with direct or indirect fitness,
the trait must honestly signal quality (Andersson, 1994). This was a key missing link
in understanding how song could be the target of sexual selection, as it was unclear
how song signalled quality. Experimental studies have shown that a range of song
characteristics honestly signal male quality, in part because song development is
influenced by early rearing conditions (Nowicki et al., 2002; Spencer et al., 2003;
Buchanan et al., 2003; reviewed in Gil and Gahr, 2002). Males that developed under
good rearing conditions had a larger song repertoire and more complex song as
adults (Spencer et al., 2003, 2005; Buchanan et a., 2004). Males with these song
parameters are often more successful at holding territories and attracting females
(Catchpole, 1980; Hiebert et al., 1989; Spencer et al., 2005). These findings provided
compelling support for the idea that song in male songbirds is an example of a
behavioural trait shaped by sexual selection. Over the past decade — and hence very

recently in the history of thought regarding the occurrence and function of song -



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47
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female song has emerged as an understudied but phylogenetically widespread
phenomenon (Odom et al., 2014). There is little theoretical framework to interpret its
ontogeny or function, because cases of male choice for female mates based on song
(a line of enquiry that would satisfy the theory of sexually selected traits shaped by
mate choice) appear to be almost non-existent. The global prevalence of female song
highlights the need to re-evaluate its biological significance. This thesis takes up the
challenge of examining female song in relation to pair male song, and also asks if

sons and daughters learn from their maternal vocal tutors.

Most ornithological research has been done in the Northern Hemisphere, where
female song has long been regarded as a rare trait (Morton, 1996; Slater and Mann,
2004). When female song did occur, it was considered an accidental outcome of
genetic correlations with males or due to hormonal imbalances (Lande, 1980;
Amundsen, 2000; Byers and King, 2000; Catchpole and Slater, 2008). As research
on songbirds expanded into tropical and southern temperate regions, female song
was increasingly observed and found to be common in these regions (Robinson,
1949), yet often remained ignored in birdsong literature (Riebel, 2003; Riebel et al.,
2005). The recent study of Odom and colleagues (2014) showed that female song
was most likely present in the ancestor of songbirds, and females sing in 71% of
extant species across 32 families. Consequently, common perceptions about song
behaviour and the evolution of song in oscine passerines are currently being
questioned in light of these findings. There is now a growing research focus on the
occurrence and functions of female song as well as the underlying causal
mechanisms and its development, with emerging examples from ancient lineages in

the Southern Hemisphere.
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Male and female song learning

In contrast to males, it was previously thought that females were incapable of
learning and producing complex song. Vocal learning has been studied extensively in
male songbirds, and has additionally been inspired because of the parallels between
the development of birdsong and human speech. This vast body of work has shown
that there are fundamental differences in the song control system of the brain in male
and female songbirds, and that males generally learn and produce more complex
songs than females (MacDougall-Shackleton and Ball, 1999; Catchpole and Slater,
2008). Males often have larger song nuclei volumes than females, and this is most
apparent in systems with male-only song production, like the model species for the
study of bird song: the zebra finch (Taeniopygia guttata; Nottebohm and Arnold,
1976; MacDougall-Shackleton and Ball, 1999; Garamszegi et al., 2005). Thus, this
male-biased sexual dimorphism in the volume of the song control system of the brain
was associated with the rarity of complex song in females (Nottebohm and Arnold,
1976; Arnold 1992). However, we now know that adult females can produce
complex solo song, and can coordinate their songs to produce duets with their partner
(Levin, 1996; Langmore, 1998; Riebel, 2003; Brunton and Li, 2006; Pilowsky and
Rubenstein, 2013; Illes, 2015; Schwabl et al., 2015). In some species, male and
female song can be similar in spite of male-biased sexual dimorphism of song nuclei
volume (Lobato et al., 2015; Schwabl et al., 2015). Sex differences or similarities in
song may also arise from the age at which song is learned. Furthermore, males and
females may show sex-specific differences in song learning and vocal tutor
preferences that contribute to sex differences in adult song production. This thesis
addresses the research gap in song learning in species with male and female song

production.
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Females as vocal tutors

Young birds require exposure to singing birds that act as vocal tutors during a
sensitive phase of song development, since song is at least partially acquired by
imitation (Catchpole and Slater, 2008). Young male songbirds may copy and learn
from adult males that they socially interact with, such as their fathers, or territorial
neighbours (Bohner, 1983; Grant and Grant 1996; Roper and Zann, 2006). Often,
males learn and imitate songs from several adult males to develop a larger song
repertoire or more complex song. Previously, females were seldom recognised as
having an active role in song learning since female song was considered rare.
Subsequently, the role of females as vocal tutors in systems with male and female
song production has been understudied, and it is unclear whether young birds learn
from same-sex vocal tutors, opposite-sex vocal tutors, or both (Riebel, 2003, 2016).
Research on captive Northern cardinals (Cardinalis cardinalis) and blue-capped
cordon-bleus (Uraeginthus cyanocephalus) suggests that males and females are
capable of learning from both sexes and produce similar songs as juveniles, despite
sex differences in adult song (Yamaguchi, 2001; Geberzahn and Gahr, 2013).
Emerging research shows that females are important vocal tutors for young fairy-
wrens (Colombelli-Négrel et al., 2012; 2016; Kleindorfer et al., 2014a; Dowling et
al., 2016), yet further work is required to understand sex differences in song
development and vocal tutor preferences. I examine the role of females (and males)

as vocal tutors for song acquisition in songs and daughters.

A new framework for testing functions of female song

The conceptual framework for understanding the evolution of female song remains a

complex issue because different selection processes may govern female song in
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comparison to male song. In order to understand the selection processes acting on
bird song in general, I firstly define natural, sexual and social selection. Natural
selection is the differential survival and reproduction of individuals based on
heritable phenotypic differences that arise from environmental selective pressures,
and hence drive adaptive change across generations (Darwin, 1859; Grant, 1991).
Sexual selection is a mode of natural selection that acts on secondary sexual traits
that affect an individual’s reproductive success, which arises from mate choice and
intrasexual competition for access to mates (Darwin, 1871; Andersson, 1994). Social
selection involves the selection of phenotypic traits associated with social
competition to gain access to breeding and ecological resources (West-Eberhard,
1979; 1983). Male song is regarded as a classic example of a sexually selected trait
because it is shaped by female choice and male-male competition (Searcy and
Yasukawa, 1996; Gil and Gahr, 2002; Catchpole and Slater, 2008). In contrast, the
function of female song as understood to date, has shown that it plays a role in
female-female competition for resources important for fecundity (mates, nest sites)
and survival (foraging territories) (Langmore, 1998; Cooney and Cockburn, 1995;
Hall and Peters, 2008; Illes and Yunes-Jimenez, 2009; Cain et al., 2015; Dalziell and
Welbergen, 2016). Female song rarely functions for mate attraction (but see
Langmore et al., 1996), which has been explained by the fact that females are
generally the ‘choosy sex’ because they have higher energetic investment into
gametes and parental care than males (Andersson, 1994). For these reasons, sexual
selection is a more unsatisfactory explanation for the evolution of female song than
for male song. To overcome this limitation, social selection theory is often applied to
female song because it is associated with social competition for both sexual and

ecological resources (Odom et al., 2014). The haziness emerges because female song
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may also be under sexual selection when including intrasexual competition for
breeding opportunities or resources that affect fecundity, rather than solely
competition for mating opportunities (Clutton-Brock, 2007). We therefore must
either extend the concept of sexual selection (discussed in Clutton-Brock, 2009) or
apply the broader framework of social selection (West-Eberhard, 1979; 1983) to
understand the evolution of female song, whereby the limitations of these theoretical
frameworks remain unresolved (reviewed in Clutton-Brock, 2009; Tobias et al.,
2012). To shed light on this issue, one can identify the fitness costs and benefits of
female song to understand underlying evolutionary mechanisms of selection. For
male songbirds, recognised fitness costs of singing include the high energetic costs
of production (Eberhardt, 1994), and increased risk of predation (Mgller 2006;
Mopller et al., 2008). Yet males clearly increase their survival and fecundity by
singing. The costs of singing for females must be high since females generally sing
less frequently than males, and produce shorter, less complex songs (Hall et al.,
2015). Alternatively, the benefits of singing for females may be smaller than for
males, which could also lead to sex differences in singing behaviour. This thesis

explores gender differences in potential costs and benefits of song.

Pairing patterns of male and female song

Females show a preference for males that produce complex song or have a large
element or song repertoire (Catchpole and Slater, 2008). There is high individual
variation in these song characteristics, and they are honest signals of quality (Gil and
Gahr, 2002; Nowicki et al., 2002; Buchanan et al., 2003; Spencer et al., 2003). Song
production and complexity have also been associated with measures of fitness in

female songbirds (Langmore et al., 1996; Pavlova et al., 2010; Cain et al., 2015;
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Brunton et al., 2016). Therefore, female song may also reflect individual quality. As
female song mainly functions for resource defence (Langmore, 1998), it suggests

that song complexity in females is driven by female-female competition, rather than
mate choice. However, it is yet to be investigated whether females that sing maintain
a preference for males with complex song, or prefer males that produce similar songs.

I examine assortative pairing for song complexity within paired males and females.

Malurus as a model system for understanding female song and vocal learning

Species in the Malurus genus are characterised by cooperative breeding, sexual
dichromatism, and song production by males and females (Rowley and Russell,
1997). Fairy-wrens are a model system to study female song given their complex
song structure and singing behaviour, and both sexes sing year-round (Rowley and
Russell, 1997). The Malurus genus is one of few genera where male and female song
has been described and the functions of song have been identified for multiple
species, including the superb fairy-wren (M. cyaneus; Langmore and Mulder, 1992;
Cooney and Cockburn, 1995; Kleindorfer et al., 2013b; Cain and Langmore, 2015;
Cain et al., 2015), splendid fairy-wren (M. splendens; Greig and Pruett-Jones, 2008,
2009; Colombelli-Négrel, 2016), variegated fairy-wren (M. lamberti; Colombelli-
Négrel, 2016), purple-crowned fairy-wren (M. coronatus; Hall and Peters, 2008), and
red-backed fairy-wren (M. melanocephalus; Dowling and Webster, 2013; Schwabl et
al., 2015; Dowling et al., 2016; Baldassare et al., 2016). Therefore, a comparative
approach can be taken to examine patterns of singing behaviour and vocal learning.
Male and female fairy-wren songs (solo song and duets) are mainly used for
territorial defence and during dawn chorus displays (Langmore and Mulder, 1992;

Rowley and Russell, 1997; Dalziell and Cockburn, 2008; Greig and Pruett-Jones,
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2008, 2009; Hall and Peters, 2008; Dowling and Webster, 2013; Baldassare et al.,
2016; Colombelli-Négrel, 2016). Recent research on vocal learning and production
in Malurus species showed that sex-specific song learning occurs in splendid fairy-
wrens (Greig et al., 2012), and red-backed fairy-wren adult offspring produce the
song elements acquired from their mother (Dowling et al., 2016). Superb and red-
backed fairy-wren females vocally tutor their young because they produce a specific
call to eggs and nestlings that young birds learn and produce in their begging call
(Colombelli-Négrel et al., 2012; Colombelli-Négrel et al., 2016; Dowling et al.,
2016). Together, this research highlights the importance of fairy-wrens as a model

system for male and female vocal learning and song production.

The superb fairy-wren is one of few species where female song has been investigated
in detail, and is the best-studied fairy-wren and Australian bird in general. Like all
fairy-wrens, it is a highly vocal species and there are eight described superb fairy-
wren vocalisations (Rowley, 1965; Kleindorfer et al., 2013b). I study chatter song
(Type I song) because it is the most common song produced by males and female
year-round for resource defence (Langmore and Mulder, 1992; Cooney and
Cockburn, 1995; Kleindorfer et al., 2013b; Cain and Langmore, 2015). Female
chatter song and singing behaviour have recently been associated with body
condition (Mahr et al., 2016) and reproductive success (Cain et al., 2015), suggesting
that female song reflects individual quality. However, it is not known how chatter
song develops in males and females in this species, or how female song attributes
predict mate choice for a male partner that also sings. Furthermore, it remains
untested whether there are sex differences in singing behaviour and how these

differences reflect predation costs of singing behaviour. To address these questions,
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we monitored wild populations of superb fairy-wrens in South Australia over three
years. Superb fairy-wrens live in a complex and variable social environment, which
would be difficult to replicate in captivity. Despite the necessity to study animals in
the wild as many cannot be realistically or ethically held in captivity, the study of
wild populations can be very challenging and has many limitations. There are many
variables that influence behaviour that cannot be measured or controlled for, in
addition to the high predation of young and adults, the challenge to make quality
recordings of identifiable individuals, and the influence of neighbours on individual
behaviour. Nonetheless, field studies are vital for providing insights into behaviour
and survival, and to improve our understanding of complex social and acoustic
environments in other species. My thesis provides insights into how young fairy-
wrens develop their song and the costs and benefits singing adult fairy-wrens face in

their natural environment.

Thesis scope and objectives

This study investigates song development of male and female superb fairy-wren
fledglings, and fitness consequences of adult male and female song behaviour.
Specifically, this thesis aims to (1) examine whether young males and female
produce song element types of both sexes, (2) uncover how element types are
acquired by fledglings, (3) explore patterns of song complexity in social pairs, and

(4) identify gender-specific differences in costs of adult singing behaviour.
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Organisation of this thesis

This thesis consists of a series of manuscripts that are published, or in preparation for
publication in peer-reviewed scientific journals. There is some repetition of content
because each chapter is presented as a separate manuscript. The chapters are

presented in the following order:

1. General Introduction

2. Evans, C., and Kleindorfer, S. (2016). Superb fairy-wren (Malurus cyaneus) sons
and daughters acquire song element types of social mothers and fathers. Frontiers in

Ecology and Evolution. 4: 9.

3. Evans, C., and Kleindorfer, S. (in preparation). Cross-fostering shows that superb
fairy-wren fledglings acquire song elements through social transmission. Behavioral

Ecology.

4. Evans, C., and Kleindorfer, S. (in preparation). Solo female song within pairs:

assortative pairing for element type. Animal Behaviour.

5. Kleindorfer, S., Evans, C., and Mahr, K. (2016). Female in-nest chatter song

increases predation. Biology Letters. 12: 20150513.

6. Discussion

10
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Chapter 2

Superb fairy-wren (Malurus cyaneus) sons and daughters acquire
song elements of mothers and social fathers

Christine Evans and Sonia Kleindorfer

Frontiers in Ecology and Evolution (2016) 4(9): 181-190

Abstract

Birdsong is regarded as a classic example of a sexually selected trait and has been
primarily studied in systems with male song. Complex solo female song is emerging
from the shadows of overlooked phenomena. In males, rearing conditions affect male
song complexity, and males with complex songs are often more successful at mate
attraction and territorial defence. Little is known about the ontogeny or function of
complex female song. Here, we examine song elements in fledgling superb fairy-
wrens (Malurus cyaneus) in relation to the song elements of adult tutors. Male and
female superb fairy-wrens produce solo song year-round to defend a territory. We
ask if sons and daughters acquire song elements from sex-specific vocal tutors. We
found that sons and daughters produced the song elements of their mothers and
social fathers, and that sons and daughters had comparable song element repertoires
at age 7-10 weeks. We conclude that sons and daughters increase their song element
repertoire when vocally imitating elements from several vocal tutors, and that both

sexes acquire elements from male and female vocal tutors in this system.
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Introduction

Birdsong is widely regarded as a sexually selected trait given ample evidence that
complex male song is more likely to attract females and repel intruder males
(Andersson, 1994; Marler and Slabbekoorn, 2004; Catchpole and Slater, 2008).
There is growing evidence that female song is ‘common’ rather than ‘exceptional’
(Riebel et al., 2005; Garamszegi et al., 2007; Price, 2009; Odom et al., 2014), which
focuses research attention on the role of sexual selection for complex female song
(Price, 2015). Song complexity in females varies greatly across species (Odom et al.,
2014; Price, 2015). As discussed by Price (2015): “Although female song is often
treated as a discrete binary character in comparisons among species, with some
species categorized as having female song and others not (e.g., Garamszegi et al.,
2007; Price, 2009; Odom et al., 2014), evidence suggests that female singing can
vary continuously across taxa in both expression and complexity.” To date, we know

very little about how this complexity in female song arises.

Female song functions for multiple purposes, including territorial defence, mate
attraction, coordination of breeding activities, and female-female competition for
reproductive resources (Langmore, 1998). In the superb fairy-wren (Malurus
cyaneus), female song, similar to male song, has been shown to function in response
to the threat of same-sex conspecific intruders in the territory (Kleindorfer et al.,
2013b; Cain and Langmore 2015). In banded wrens (Thryophilus pleurostictus),

there is support for the function of female song for communicating with their
breeding partner (Hall et al., 2015), whereas the main functions of male song are
mate attraction and stimulation, and territorial advertisement and defence (Kroodsma,

1976; Catchpole and Slater, 2008). Therefore, the evolution of male and female song
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could be under the same or different selection pressures depending on the specific

context (Price, 2015).

Song can be a sexually dimorphic trait. Generally, males sing more complex songs
than females (discussed in Brenowitz and Kroodsma, 1996; Catchpole and Slater,
2008). Some studies have found comparable song structure, complexity, and
repertoire size in males and females (Brunton and Li. 2006; Pilowsky and
Rubenstein, 2013; Schwabl et al. 2015). While females rarely have larger song
repertoires than males, there are exceptions: female stripe-headed sparrows (Peucaea
r. ruficauda) have been shown to have more complex chatter song repertoires than
males (Illes, 2015), and female Australian magpies (Gymnorhina tibicen) had larger
duet repertoires than males (Brown and Farabaugh, 1991). The capacity to learn
complex songs is strongly influenced by the development of the neural song system
(Buchanan et al., 2004). In general, male songbirds have larger high vocal centre
(HVC) nuclei than females (MacDougall-Shackleton and Ball, 1999; Hall et al.,
2010), yet female song can be similar or more complex than male song (Illes, 2015;
Schwabl et al., 2015). This suggests that a smaller HVC in female songbirds is not

necessarily a constraint for learning and developing complex songs.

There is limited knowledge of song learning in females, including how females learn
to sing and from whom (Riebel, 2003; Riebel et al., 2005). In species with male and
female song, whereby the song may be the same or different across the sexes, both
sexes are potential song tutors. When both parents sing, young birds could learn their
song from both parents or from same-sex vocal tutors. Studies on captive birds show
that young male and female songbirds learn primarily from same-sex vocal tutors in

slate-coloured boubous (Laniarius funebris; Wickler and Sonnenschein, 1989),
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stripe-backed wrens (Campylorhynchus nuchalis; Price, 1998), and European
starlings (Sturnus vulgaris; Hausberger et al. 1995). Young birds learn from both
male and female song tutors in Indian Hill mynahs (Gracula religiosa; Bertram,
1970), Northern cardinals (Cardinalis cardinalis; Yamaguchi, 2001) and blue-
capped cordon-bleus (Uraeginthus cyanocephalus; Geberzahn and Gahr, 2013;

Lobato et al., 2015).

Our study species is the superb fairy-wren, a long-lived (up to 11 years) sedentary
and territorial songbird (Rowley and Russell, 1997; Dunn and Cockburn, 1999). Both
males and females sing solo chatter song year-round (Cooney and Cockburn, 1995;
Cain and Langmore, 2015). The chatter song has several proposed functions
including territory defence, mate attraction and within-pair communication (Cooney
and Cockburn, 1995; Cockburn et al., 2009; Cain and Langmore, 2015). Recent
evidence suggests that the primary function of chatter song is intrasexual competition
for resources including social mates and territories (Cooney and Cockburn, 1995;
Cockburn et al., 2009; Kleindorfer et al., 2013b; Cain and Langmore, 2015; Cain et
al., 2015). A secondary function of chatter song may be within-pair communication
because females sing on the nest in response to their social male’s song (Kleindorfer

et al., 2016). It remains untested if males and females pair assortatively for song.

We study song element types in the subsong of fledgling superb fairy-wrens in
relation to the song element types of the social father and mother, and ask if there are
sex-specific vocal tutors. Individual fairy-wrens have different element types per
song (Kleindorfer et al. 2013b); therefore, we predict within-pair differences in
chatter song element types. Within pairs, we predict that the male and female will

have ‘shared’ element types produced by both members of the pair and ‘within-pair
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unique’ (hereafter ‘unique’) element types produced by only the male or female
within the pair (but not necessarily unique to the population). We predict that sons
and daughters sing the ‘shared’ parent element types because irrespective of vocal
tutor type (male or female), the ‘shared’ element types will be present in the vocal
repertoire of the tutor(s). We also predict that sons and daughters produce different
proportions of ‘unique’ elements, whereby sons produce the ‘unique’ element in the
social father’s element repertoire and daughters produce the ‘unique’ element in the
mother’s element repertoire. This prediction rests on the idea that sons and daughters
learn element types that signal their gender because birds acoustically discriminate
sexes and chatter song functions for intrasexual competition (Cockburn et al., 2009;
Kleindorfer et al., 2013b; Cain and Langmore, 2015). Finally, we predict that the
presence of helper males in natal groups will affect element repertoire size in male
and female offspring. If there is sex-specific vocal tutoring, then we predict that the
presence of helper males will increase element repertoire size in the subsong of sons
but not daughters. If, however, the number of vocal tutors (and not their gender per
se) increases element repertoire size in both sons and daughters, then we predict that
the presence of helper males in natal groups increases element repertoire size in the

subsong of sons and daughters.

Materials and Methods

Study sites

This study on song element acquisition in the superb fairy-wren was carried out at
two field sites (1) Cleland Wildlife Sanctuary (34°58’S, 138°41°E) and (2) Scott

Creek Conservation Park (35°05°S, 138°41°E) in the Mount Lofty Ranges, South
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Australia. We recorded adult chatter song and fledgling subsong from 11 family

groups across three field seasons (September — February 2012, 2013, 2014).

Study species

The superb fairy-wren is an insectivorous passerine found in south-eastern Australia,
and is a member of the Maluridae family (Rowley and Russell, 1997). The superb
fairy-wren has a cooperative breeding system with a socially monogamous male and
female pair, often assisted by one or more subordinate males (helpers) that provision
the young and defend the permanent territory (Rowley 1965; Mulder et al., 1994;
Dunn et al., 1995; Rowley and Russell, 1997; Mulder, 1997; Cockburn et al., 2008).
The dominant male is not always the genetic father because most broods (75-95%)
contain young sired by extra-pair males (Mulder et al., 1994; Cockburn et al., 2003;
Colombelli-Négrel et al., 2009). We refer to the dominant male as the social father.
The breeding season occurs between August and February, with 1-3 breeding
attempts per year and 2-3 eggs per nest (Colombelli-Négrel and Kleindorfer, 2009).
The incubation phase has a duration of 12-15 days and the nestling phase is 10-15
days (Colombelli-Négrel and Kleindorfer, 2009). Nest predation is high (e.g. 24-
74%) (discussed in Rowley and Russell, 1997; Colombelli-Négrel and Kleindorfer,
2009) and once fledged, there is the risk of fledgling predation (Rowley, 1965;
Cockburn et al., 2008). Most groups produce one brood of fledglings per year
(Rowley and Russell, 1997). Females are uniparental incubators; all group members
feed nestlings and dependent fledglings (Mulder et al., 1994; Dunn et al., 1995).
Fledglings become independent of adult feeding around four weeks after fledging,
but remain in the natal group for several months (Mulder, 1995; Rowley and Russell,

1997). Males are philopatric, remaining in the natal territory for one or more years as

16
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370 helper males, whereas females disperse in the first year, on average 1-10 km and
371 11.8 territories removed from the natal territory (Rowley, 1965; Cooney and

372 Cockburn, 1995; Mulder, 1995; Cockburn et al., 2003; Double et al., 2005). Adult
373 males and females are sexually dichromatic and can be easily distinguished in the

374 field. Recently fledged young of both sexes resemble adult females (Mulder, 1995).

375 There are eight vocalizations described for the superb fairy-wren (Rowley, 1965;
376 Kleindorfer et al., 2013b). We focus on chatter song (Type I song) because it is the
377 most common song produced year-round by both male and female superb fairy-

378 wrens for territorial and resource defence (Langmore and Mulder, 1992; Cooney and
379 Cockburn, 1995; Kleindorfer et al., 2013b; Cain and Langmore, 2015). The chatter
380 song is a variable, complex song that consists of approximately eight structurally

381 distinct element types produced approximately 50 times per song for a duration of
382 approximately 3 s (Langmore and Mulder, 1992; Kleindorfer et al., 2013b).

383 Fledglings begin singing subsong from four weeks after fledging (Rowley, 1965;
384 Langmore and Mulder, 1992). It is not known when fledgling subsong crystallises,

385 but one-year old birds sing full adult song (Rowley, 1965). Adult males sing longer,

386 more complex songs than females in some populations (Kleindorfer et al., 2013b).
387 Males also have a larger song repertoire than females: males sing chatter song and
388 trill song (Type II song) to attract extra-pair copulations (Langmore and Mulder,

389 1992; Cooney and Cockburn, 1995; Dalziell and Cockburn, 2008; Cockburn et al.,
390 2009; Colombelli-Négrel et al., 2011). There is evidence that male trill song is

391 learned: introductory elements of trill song were more similar between males and
392 their social fathers than males and their genetic fathers; males that dispersed from the

393 natal territory acquired the local trill song dialect (Blackmore, 2002). Furthermore,
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sons have been shown to learn Type II song (similar to superb fairy-wren trill song)
from their social fathers in the splendid fairy-wren (M. splendens), a closely related

Malurus species (Greig et al., 2012).

Nest monitoring

We monitored a total of 125 superb fairy-wren nests over three years. Nests were
monitored every 2-4 days to check the status of the nest (building, eggs, nestlings,
fledged) and nesting outcome (eggs depredated, eggs abandoned, nestlings
depredated, nestlings abandoned, nestlings fledged). Of these 125 nests, 82 were
depredated (65%) and 19 nests produced fledglings (15%). In this study, we analysed
song recordings for 11 nests (49 birds) for which we have recordings of both parental
chatter song (male and female) (N = 22 birds), helper males (N = 9) as well as all
offspring (N = 17). For each nest, we had a minimum of three song recordings per

individual bird (dominant male, dominant female, helper male, fledged young).

Of the 31 adult birds for which we have song recordings, we colour banded and
measured 18 birds using target mist netting. We banded at least one dominant male
or female at 10 nests and six helper males at the five nests with helper males. For
individuals that were not banded, we were certain of their identity based on group
size and composition and the interactions of unbanded birds with banded birds (e.g.
group foraging together, feeding fledglings). Nine out of 11 nests contained a single
unbanded bird; one nest had an unbanded dominant male and female; one nest had an
unbanded dominant female and helper male. Each captured individual was marked

with a unique combination of plastic colour bands and a numbered aluminium band
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provided by the Australian Bird and Bat Banding Scheme (ABBBS). Nestlings were

banded 7-8 days after hatching.

We sexed the fledglings using the standard avian sexing method outlined by Griffiths
et al. (1998), using primers P8 (5'-CTC- CCAAGGATGAGRAAYTG-3'") and P2 (5'-
TCTGCATC- GCTAAATCCTTT-3") with modifications to the protocol as follows.
We carried out PCR amplification in a total volume of 24 ul with PCR reagents in
following final concentrations: 1 X uM MRT buffer, 0.2 uM of each primer, 0.5
units Immolase and between 10-100 ng DNA. PCR conditions were an initial
denaturing step at 94°C for 10 min, followed by 35 cycles of 94°C for 45 s, 48°C for
45 s and 72°C for 45 s. The program was completed with a final run of 72°C for 5

min and 25°C for 2 min. Of the 17 fledglings, eight were male and nine were female.

The research was approved by the Animal Welfare Committee of Flinders University
(permit number E386), which operates under the Animal Welfare Act 1985 (SA).
Permit to undertake scientific research in SA was granted by the SA Department of
Environment, Water and Natural Resources (permit number Z24699-11). All birds
were banded under permit (banding authority number 2601) from the Australian Bird

and Bat Banding Scheme.

Song recordings

We recorded the chatter song of 11 dominant pair males, 11 dominant pair females,
nine helper males, eight sons, and nine daughters, from 11 nests. We recorded adult
birds opportunistically throughout the breeding season. We recorded the song of

fledgling birds at a distance of 5-10 m from the bird every 14 days for eight weeks
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post-fledging. Recordings were made with a Telinga Twin Science parabolic
microphone (Telinga Microphones, Sweden) connected to a portable Sound Device
722 digital audio recorder (Sound Devices, USA). Sound files were recorded as

broadcast wave files (24 bit, 48 kHz).

Acoustical analyses

We transcribed all sound files to a Mac Pro (Apple Inc, USA) for editing with
Amadeus Pro 2.1.2 (HairerSoft, Switzerland) and analysis with Raven Pro 1.5
(Charif et al., 2010). Spectrograms were created for 3-5 songs per individual using
the Hann algorithm (filter bandwidth 270 Hz, size 256 samples, time grid overlap
50%, grid resolution 2.67 ms, 188 Hz, DTF 256 samples). We scored the number of
different element types per song for every bird. We refer to the number of different
element types per bird, summed over the 3-5 songs analysed, as the song element
repertoire. In this study, we did not quantify the absolute element repertoire size.
Using the available data of 3-5 songs per individual, there was no statistical
association between the number of songs analysed per bird and the element
repertoire size. We refer to the combined number of different element types between
two or more individuals (for example, the pair) as song element diversity. We define
an element in the song as a single, continuous trace on a spectrogram. We created an
element library (Figure 2.1) based on the existing element classifications developed
by Langmore and Mulder (1992), Blackmore (2002), Dalziell and Cockburn (2008),
Colombelli-Négrel et al. (2011), and Kleindorfer et al. (2013), and comparing these
classifications of elements to songs of our monitored populations. We identified 10
element types that have previously been classified in different populations (A, F, O,

P,Q,R, T, U, V, W,) and 6 new elements found in our populations (FL, G, K, L, Z,
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ZN). Within pairs, we identified element types that were present in both the male and
the female songs; these element types are referred to as ‘shared’ elements. Within
pairs, we identified element types that were present in either the male or the female;
these element types are referred to as ‘within-pair unique elements’ (hereafter
referred to as ‘unique’; we note that within-pair ‘unique’ elements may occur in
other fairy-wren individuals and hence are not ‘unique’ to the individual but just

within the pair).

We used spectrogram cross-correlation (SPCC) analysis to examine the similarity
between different element types, using five examples from different individuals per
element type (Raven Pro 1.5, Cornell Lab of Ornithology; band-pass filtered from
500 Hz to 12000 Hz). SPCC produces a matrix of similarity (S), which we
transformed into a matrix of distance (D) using the transformation [D = (1 — S) 0.5].
This matrix was evaluated by principal coordination analysis (PCoA) using the R
package for multivariate and spatial analysis, version 4.0 (Casgrain and Legendre,
2001), as outlined in Colombelli-Négrel et al. (2012). The PCoA gives several
coordinate values per element and the first five coordinate values explain most of the
data set, which we used as similarity values (Baker and Logue, 2003). To determine
if the assigned element categories were significantly different from one another, we
averaged the five PCoA coordinate values into a single measure and analysed the
mean coordinate values per element type in a univariate ANOVA using IBM®
SPSS® 22 (SPSS Inc., Chicago, USA). The 16 different element types were
significantly different (Fi4, 60=1.919, P = 0.042). We used these element categories
to classify the different element types per song, and the song element repertoire per

individual (Figure 2.1). We printed spectrograms and assigned element types visually
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according to the library of element categories. This method was chosen because
humans outperform machines for tasks like the visual recognition of element types
(Law and von Ahn, 2011). Three people (two naive assessors and the person who
scored the spectrograms for this study) independently reviewed 20 randomly chosen
spectrograms (identity of bird unknown) and classified the different element types.
The average similarity rate was 95.7% for the scoring of the number of different

element types.

Statistical analyses

We used IBM® SPSS® 22 for statistical analyses (SPSS Inc., Chicago, USA) for
statistical analyses of song element types. We examined the data for normality and
homogeneity of variance. The variables ‘different element types per social father’
and ‘different element types per mother’ were square root transformed, and ‘number
of unique paternal elements’ and ‘number of unique maternal elements’ were reflect

and square root transformed to satisfy requirements of normality for parametric tests.

Results

Song element repertoire of social father and mother pairs

There were 16 different song element types in the repertoire of the 11 males and 11
females that were social parents (Figure 2.1). No element was exclusive to males or
females in the study population, and hence there were no ‘male elements’ versus
‘female elements’. Element repertoire size was statistically comparable between
social fathers (8.5 £ 0.6; mean + se) and mothers (8.5 £ 0.4) for 11 pairs (paired

samples t-test: tjo=0.064, P = 0.950). The element diversity (combined element
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repertoire of social father and mother) between pairs varied (mean: 10.7 + 0.4, range:

9-14).

Within each pair, 60.2 £+ 3.7% of song elements were present in both the social father
and mother song, and these elements are referred to as ‘shared’. The percentage of
elements present in only the social father or mother song was 39.8 + 3.7%, and these
elements are referred to as ‘unique’. The mean number of ‘shared’ element types
within pairs was 6.4 + 0.3 element types. The number of ‘unique’ elements did not
differ significantly between social fathers (2.2 + 0.6) and mothers (2.2 + 0.3) (paired

samples t-test: t;; = 0.530, P = 0.608) (Figure 2.2).

Song element repertoire of the sons and daughters

Song element repertoires were comparable in sons (9.3 £ 0.8) and daughters (10.2 +
0.6) (independent samples t-test per nest: t;» =-0.813, N = 14 birds, P = 0.432)
(Figure 2.2). The average number of different element types per brood varied (mean:
8.9 £ 0.5, range: 6 - 11.5). There was no significant correlation between the element
diversity of the social father and mother, and brood (linear regression: F;9=0.119, r
=0.114, P =0.738) or group (parents + helper male) and brood (linear regression:

Fi19=0.028,r=0.955,P =0.871).

‘Shared’ and ‘unique’ song elements present in sons and daughters

The number of ‘shared’ elements from their social parent vocal tutors was
comparable in sons (5.6 £+ 0.4) and daughters (6.5 = 0.2) (sign test: P > 0.999)
(Figure 2.3). Of the total song elements produced by fledglings, there was no

significant difference between the percentage of ‘unique’ maternal elements (86.0 =
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10.3%) and the percentage of ‘unique’ paternal elements (64.3 + 11.2%) (sign test: P
= 0.125). Fledglings that sang ‘unique’ element types from both the mother and
social father produced a higher number of different element types (10.3 = 0.6) than
fledglings that did not sing ‘unique’ element types from both social parents (7.3 +
0.9) (independent samples t-test: Fjp=0.417,t=-2.915, P=0.015). Looking at each
sex separately (using the average per sex per nest), sons did not differ significantly in
the number of ‘unique’ maternal (1.9 £ 0.2) or paternal (1.3 £ 0.5) elements (sign
test: P =0.289), and daughters did not differ significantly in the number of ‘unique’
maternal (1.2 £+ 0.3) or paternal (1.5 + 0.3) elements (sign test: P> 0.999) (Figure
2.3). Five fledglings had ‘unique’ element types (1.4 + 0.2) not present in the song

repertoire of the social father, mother or helper male.

Song element repertoire of helper male in relation to dominant pair male and female

Of the 11 nests, five nests had helper males (one nest had one helper male and four
nests had two helper males). Among helper males, most element types (56.4% =+ 2.8)
were ‘shared’ with the dominant pair, some elements were the same as the ‘unique’
maternal element types (15.3% + 3.9), some elements were the same as the ‘unique’
paternal element types (13.6% + 3.9), and some were ‘unique’ to the helper male
(14.6% =+ 3.0). Expressed as a number rather than a percentage, helper males had 1.6
+ 0.4 ‘unique’ element types that were different from the ‘unique’ element types in
the pair male and female. The number of different element types produced by all
adult birds (pair + helper males) was not significantly different between nests with

and without helper males (independent samples t-test: to=-1.393, P = 0.197).
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Song element repertoire of sons and daughters in relation to groups with and without

helper males

There was no significant difference between the element repertoire size of fledglings
in groups with helper males (9.6 + 1.0) and without helper males (9.1 = 0.7)
(independent t-test: t;o=-0.372, P = 0.718). Examining each sex separately, the
element repertoire size of sons in groups with helper males was comparable with the
element repertoire size of sons in groups without helper males (independent t-test: t¢
=-0.551, P =0.601); the element repertoire size of daughters in groups with helper
males was comparable with the element repertoire size of daughters in groups
without helper males (Mann-Whitney U test: U = 4.000, z=-0.221, P = 0.825)

(Figure 2.4).

Discussion

The main findings of this study are that (1) the chatter song in nesting pairs of superb
fairy-wrens contained ‘shared’ element types found in both male and female chatter
song as well as ‘unique’ element types produced by only one parent (male or
female); (2) sons and daughters sang ‘shared’ and ‘unique’ song element types of
both social father and mother (parental) vocal tutors; (3) sons and daughters had
comparable song element repertoires at age 7-10 weeks; (4) the presence of helper
males did not increase the element repertoire size of fledglings. These findings
suggest that sons and daughters acquire song element types from both male and
female tutors. Because we did not assess maximum repertoire size in adult or
fledgling birds or examine song element types of neighbouring birds, sons and

daughters may produce vocal elements from individuals outside their social group.
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Within-pair ‘shared’ and ‘unique’ song element types

Males and females within-pairs produced element types that were either present in
the chatter song of both parents, or element types present in only one parent.
Repertoire composition was variable across individuals, with no consistent sex
differences in the presence or absence of particular element types. Other studies have
found both sex-specific and individual-specific element types. Male and female
bellbirds (Anthornis melanura) shared 20% of syllable types but most syllables
(80%) were sex-specific at a population level (Brunton and Li, 2006). In comparison,
male and female Australian magpies rarely shared syllable types for carol songs, and
syllable repertoires were highly individual-specific (Brown and Farabaugh, 1991).
Our study was limited to the comparison of shared and unique elements within pairs
and not at the population level. At the population level, there were sex differences in
the number of particular element types; similar to our study, there were no sex-

specific element types (Kleindorfer et al., 2013b).

Sons and daughters sang element types of mothers and social fathers

Our finding that offspring produced the ‘unique’ maternal and ‘unique’ paternal
element types supports the idea that superb fairy-wren mothers and social fathers
were vocal tutors for sons and daughters. However, we did not compare the parental
element repertoire with neighbouring individuals, so fledglings could also have
learned these element types from individuals other than the social parents. Because
we did not cross-foster clutches, we cannot rule out innate components of element
repertoire emergence in sons and daughters. It is well-established that oscine
passerines learn their songs (Brenowitz, 1991; Brainard and Doupe, 2002; Pfenning

et al., 2014), and previous research has shown vocal imitation in fairy-wrens (Greig
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et al., 2012; Colombelli-Négrel et al., 2012). Therefore, it is reasonable to conclude
that superb fairy-wren fledgling song elements were learned. The finding that sons
and daughters produced ‘unique’ elements from mothers and fathers is an exciting
finding because few studies to date have tested if both sexes may be vocal tutors for
young male and female birds. Yamaguchi (2001) showed that captive Northern
cardinals learn multiple song types from same-sex and opposite-sex vocal tutors, and
Geberzahn and Gahr (2013) found that male and female blue-capped cordon-bleus
also learn song from either sex, irrespective of the fact that males have larger
syllable-type song repertoires than females. This is in contrast to other studies, which
found that young birds showed a preference for learning vocalisations from same-sex

vocal tutors (Wickler and Sonnenschein, 1989; Hausberger et al., 1995; Price, 1998).

Learning from two vocal tutors may increase an individual’s chances of acquiring
complex song. A wealth of research has shown that song complexity is an honest
signal of male quality (Buchanan et al., 2004; Spencer et al., 2005; Schmidt et al.,
2013), important for female mate choice (Catchpole, 1980; reviewed in Byers and
Kroodsma, 2009). In superb fairy-wrens, different male song types predicted extra-
pair fertilisations (Dalziell and Cockburn, 2008), and sexes had different element
complexity (Kleindorfer et al., 2013b). A theoretical framework for functions of
female song complexity mostly focuses on resource defence (Cain and Langmore,
2015; Illes, 2015). Evidence for increased female fitness associated with complex
female song comes from a few studies: older female alpine accentors (Prunella
collaris) that sang more complex songs had larger clutch sizes (Langmore et al.,
1996), and female European starlings with complex song had repeatable reproductive

performance across years (Pavlova et al., 2010). Here, we show that offspring had
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larger song element repertoires when exposed to element types of different vocal
tutors, but we did not examine fledgling song complexity. We expect that fledglings

with greater song complexity will have greater fitness.

The cooperative breeding system of the superb fairy-wren means that young birds
interact with all group members (Mulder, 1995; Rowley and Russell, 1997). Social
interactions with vocal tutors have been shown to facilitate song learning (Baptista
and Petrinovich, 1984, 1986; Beecher et al., 1994; Beecher and Burt, 2004).
Research on zebra finches (Taeniopygia guttata) found that social interactions
influenced song tutor choice: young males preferred male vocal tutors that provided
a greater amount of parental care (Williams, 1990), and chose fathers over unrelated
males (Eales, 1987). The role of social interactions for the attention of young birds
for particular adult vocal tutors remains to be tested in our system. All adults
provisioned all offspring, and fledglings produced ‘shared’ and ‘unique’ parental
element types. Although groups with helper males had on average one more ‘unique’
element type per group, we did not find that fledglings of groups with helper males
had a larger element repertoire than fledglings of groups without helper males.
Helper males tend to be sons from a previous brood, and therefore these males also
(largely) acquire their elements from the mother and social father. Perhaps the
within-family element diversity is maintained rather than enhanced in the presence of

helper males who may act as additional tutors.

Song element repertoire in sons and daughters

Previous research showed higher song complexity in adult males than females

(Kleindorfer et al., 2013b). It is possible that daughters lose element types with age,
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as we did not find sex differences in fledgling element repertoire size. Such a
decrease in repertoire size with age has been found in female blue-capped cordon-
bleus (Lobato et al., 2015). Males may have a longer sensory acquisition phase than
females and acquire more element types over a longer timeframe, which is another
explanation for why adult males have more complex song than females. Such a
process has been proposed for Northern cardinals and blue-capped cordon-bleus
(Yamaguchi, 2001; Geberzahn and Gahr, 2013; Lobato et al., 2015). All we can say
at present is that we found no sex differences in fledgling song element repertoire, so

therefore it is likely that sex differences emerge later in the superb fairy-wren.

Although sons and daughters sang element types of both parents, pairs with higher
element diversity did not always have offspring with higher element diversity. This
suggests that the development of complex song could be influenced by factors other
than the element diversity of parents (Buchanan et al., 2003, 2004; Spencer et al.,
2005; Schmidt et al., 2013). Rearing conditions can influence song learning and
development. There is ample evidence for negative effects of developmental stress
on song learning and complexity in male songbirds. Research into zebra finches
found that developmentally stressed males had smaller HVC nuclei (area of brain
associated with production of complex songs), and therefore lower song complexity
(Buchanan et al., 2004; Spencer et al., 2005). Similarly, swamp sparrows (Melospiza
georgiana) that received less food early in life had poor copy accuracy and a smaller
repertoire size, suggesting that malnutrition affects song learning (Nowicki et al.,
2002). Therefore, the observed variation in the average number of different elements

across broods in this study could be explained by nutritional or environmental stress
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(Nowicki et al., 2002; Buchanan et al., 2004; Spencer et al., 2005), which we did not

measure.

Exposure to song during development may have contributed to differences in the
number of elements between broods. Offspring were exposed to both adult male and
female song (Chapter 3). However, we did not test for differences in song rate
between adult males and females in the presence of fledged young in this study.
Variation in song rates and subsequent exposure to song may influence song learning
and copy accuracy (but see Hultsch et al., 1999). In a separate study of incubation
calling in superb fairy-wrens, Kleindorfer et al. (2014) found that increased call rates
resulted in higher vocal copy accuracy of chicks. Perhaps some of the variation in
whether chatter song elements were produced by young birds is explained by the

song rate of the parental birds (purported vocal tutors).

Conclusion

There is much interest in the function of female song, its complexity, and whether it
is also subject to sexual selection. In this study we focused on the acquisition of song
elements in sons and daughters in a system where both sexes produce solo song year
round as adults. Sons and daughters produced vocal elements that included the same
proportion of ‘shared’ and ‘unique’ elements between the pair male and female
attending the nest. Given that male and female song elements were present in the
song of the sons and daughters, we conclude that the diversity of element types in the
combined ‘parental repertoire’ was copied and produced by the entire brood,
resulting in a ‘family vocal repertoire’. This finding raises several new lines of

inquiry into song patterns within families. We conclude with two exciting questions
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here: (1) Do social partners have assortative pairing for element diversity (‘shared’
and ‘unique’) to increase song complexity in their offspring, and do offspring with
higher vocal complexity have greater fitness? (2) Do social partners have

disassortative pairing for ‘shared’ elements to reduce inbreeding?
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Figure 2.3 The mean percentage of different song element types in the element
repertoires of fledged superb fairy-wren sons (N = 8) and daughters (N = 9). Bars
show the percentage of elements in the songs of sons and daughters that were ‘shared’
with the social father and mother, ‘unique’ to the paternal song, or ‘unique’ to the

maternal song.
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Figure 2.4 The song element repertoire size (number of different element types)
(mean =+ se) in fledged superb fairy-wren sons (N = 8) and daughters (N = 9). Bars
show the element repertoire size in sons and daughters from groups without helper
males (social father, mother and brood) and groups with helper males (social father,

mother, helper males and brood).
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Chapter 3

Cross-fostering shows that superb fairy-wren fledglings acquire
song elements through social transmission

Christine Evans and Sonia Kleindorfer

In preparation to be submitted to Behavioural Ecology

Abstract

Understanding the ontogeny of song learning is important to understand gender
differences in adult song. Male and female superb fairy-wrens (Malurus cyaneus)
produce solo song year round. Here, we use an experimental cross-fostering
approach to test if song acquisition among fledgling male and female fairy-wrens
occurs through social transmission from social parents or via innate mechanisms
from genetic parents. All fledglings produced the ‘unique’ song elements of their
social parents, and no fledglings produced the ‘unique’ song elements of their
genetic parents. There was no correlation between parental song rate and specific
song element types in fledglings. The findings support the general consensus that
songbirds learn song from singing birds that act as vocal tutors; what is novel about
this study is that it uses cross-fostering in wild birds in which both daughters and

sons acquire song elements form their social mothers and fathers.

Introduction

In songbirds, song development involves innate and learned pathways that lead to the
production of species-specific song (Brainard and Doupe, 2002; Beecher and

Brenowitz, 2005; Catchpole and Slater, 2008). Cross-fostering experiments have
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played a pivotal role in disentangling these two ontogenetic pathways. As evidence
of learned song, interspecific cross-fostering studies have shown that male songbirds
can learn and produce heterospecific song elements in some species (Eales, 1987;
Clayton, 1988; Johannessen et al., 2006; Eriksen et al., 2009). However, most
species have an innate predisposition to learn and recognise conspecific song (Marler,
1970; Konishi, 1985; Marler and Peters, 1988). The general consensus is that male
songbirds learn their songs and possess an innate template for the development of
species-specific song. Early developmental conditions and social factors affect male
song learning within species, which has been shown with intraspecific cross-
fostering (Buchanan et al. 2004; Gil et al., 2006). Clearly, cross-fostering is a useful
experimental approach for understanding social influences and genetic control during
song development. However, experimental cross-fostering approaches have not yet
been used to test song learning in systems where males and females sing. We use this
approach in our study to examine song learning in a wild population of superb fairy-

wrens (Malurus cyaneus).

During the 1950s to 1970s, studies of song learning done on male birds often used
‘tape tutor’ experiments that deliberately excluded social factors until it was
discovered that young birds learn better from live tutors than from tape-recorded
song (Thorpe, 1958; Marler, 1970; Todt et al., 1979; Baptista and Petrinovich, 1984,
1986; Marler and Peters, 1988; Beecher, 1996; Beecher and Burt, 2004). There is
now strong support for social factors facilitating song learning and tutor preference
(Immelmann 1969; Payne 1981; Clayton 1987; DeWolfe et al. 1989; Beecher and
Burt, 2004). The parental bond shaped by food provisioning encourages young males

to preferentially learn songs of their social fathers that have fed them (Immelmann,
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1969; Bohner 1983; Eales 1985; Roper and Zann, 2006). These findings suggest that
the social bond between tutor and pupil is a key social influence that affects song
learning. Alternatively, the preference for imitating paternal song could be a
consequence of passive selection of a song tutor from the nearest adult singer, as
paternal song may be the loudest and most frequently heard song (but see Bohner,
1983; Roper and Zann, 2006). However, some species only need limited exposure to
learn and imitate tutor song: nightingales (Luscinia megahynchos) imitated song
phrases heard only 15 times (Hultsch and Todt, 1992), and song sparrows (Melospiza
melodia) can learn song heard only 30 times (Peters et al., 1992). Nonetheless, the
amount of song produced by a potential tutor can influence the pupil’s choice of tutor
and copy accuracy (Kroodsma and Pickert, 1984; Petrinovich, 1985; discussed in
Nelson, 1997). The effect of tutor song rate on song learning in young birds has not
been investigated in species where both sexes sing, and hence where both sexes are

potential vocal tutors.

In light of recent evidence that song is phylogenetically widespread in extant female
songbirds (Odom et al., 2014), there is increasing research focus on the ontogeny of
female song (Riebel, 2003; 2016). Currently, few studies have shown that song is
socially acquired from both sexes; young birds learn song from both male and female
vocal tutors in audio-taped tutored Northern cardinals (Cardinalis cardinalis;
Yamaguchi, 2001) and blue-capped cordon-bleus (Uraeginthus cyanocephalus;
Geberzahn and Gahr, 2013; Lobato et al. 2015). In the superb fairy-wren, sons and
daughters produce a composite song with element types of social mothers and fathers
(Evans and Kleindorfer, 2016). Red-backed fairy-wren (M. melanocephalus)

offspring produce the vocal elements of their mother (Dowling et al., 2016) but it is

38



801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

Chapter 3: Fledglings learn element types

unknown whether song elements are socially or innately acquired. Splendid fairy-
wren (M. splendens) sons learn songs from their social fathers (Greig et al., 2012),

but song transmission in females has not been investigated.

Superb fairy-wren males and females produce solo ‘chatter’ song year round; one
function of the chatter song is resource defence (Cooney and Cockburn, 1995;
Kleindorfer et al. 2013b; Cain and Langmore, 2015). Within pairs, males and
females sing a combination of ‘shared’ element types produced by the male and
female, and “unique’ element types produced by only the male or female within the
pair (Evans and Kleindorfer, 2016). This species lives in social groups whereby all
adults sing and provision to the brood. Social interactions may play a role in the
acquisition of different element types since all group members (social mother, social
father, male helpers) and neighbours are potential vocal tutors (Evans and
Kleindorfer, 2016). Male and female song rates fluctuate throughout the year, and
peak during the start of the breeding season, when individuals are establishing
territories and females are fertile (Cooney and Cockburn, 1995; Kleindorfer et al.,
2016; but see Cain and Langmore, 2015). Song rates vary considerably among
individuals but within pairs, male and female song rates are positively correlated
during the fertile period (Cain and Langmore, 2015; Kleindorfer et al. 2013b;
Kleindorfer et al., 2016). Females sing less frequently than males during incubation
and chick feeding because females that sing near the nest risk attracting nest
predators (Kleindorfer et al., 2016). Therefore, superb fairy-wrens show individual

variation and sex differences in singing behaviour.

We look at the acquisition of song element types by superb fairy-wren fledglings in a

natural, sedentary population where song development and production occur prior to
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dispersal. We use cross-fostering to test if song elements are learned from social
parents or are innately acquired from genetic parents. As song is predominantly
learned via imitation of song from vocal tutor(s) in oscine birds, including species
where males and females sing (Yamaguchi, 2001; Geberzahn and Gahr, 2013;
Lobato et al. 2015), we predict that element types are socially acquired. Given that
sons and daughters produce song element types of both parents (Evans and
Kleindorfer, 2016), and vocal tutor song output can affect song learning (Kroodsma
and Pickert, 1984; Petrinovich, 1985; Nelson, 1997), we also test if the parental
vocal tutor song rate predicts (1) the occurrence of within-pair ‘unique’ song element
types in offspring song and (2) the complexity of offspring song. We predict that
fledglings produce more ‘unique’ element types, and have greater song complexity
when social parents have a high song rate. To our knowledge, this is the first study to
use intraspecific cross-fostering in a natural population to separate innate and learned

pathways for song acquisition in a system with male and female solo song.

Materials and Methods

Study species and field sites

The superb fairy-wren is a sedentary, territorial Southern Hemisphere passerine
(Rowley and Russell, 1997). Either socially monogamous pairs or cooperative social
groups composed of a single breeding female (dominant female), her social mate
(dominant male), and one or more subordinate auxiliary (helper) males occupy a
territory year-round (Rowley, 1965; Mulder et al., 1994; Rowley and Russell, 1997).
All birds provision the brood and defend the permanent territory (Rowley, 1965;
Mulder et al., 1994; Dunn et al., 1995; Rowley and Russell, 1997; Cockburn et al.,

2008). Females seek out copulations with extra-pair males from up to 5 territories
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away, and 75 - 95% of broods contain young sired by extra-pair males (Mulder et al.,
1994; Dunn and Cockburn, 1998; Cockburn et al., 2003; Colombelli-Négrel et al.,
2009). The breeding season is between August and February. Females build a domed
nest and incubate a clutch of 2-3 eggs. Eggs hatch after approximately 14 days of
incubation, and nestlings fledge after approximately 12 days in the nest (Colombelli-
Négrel and Kleindorfer, 2009). Fledglings are dependent for approximately 30 days
but remain in the natal group for several months as independent juveniles (Mulder,
1995; Rowley and Russell, 1997). Males are philopatric and help rear subsequent
broods whereas females disperse 1-10 km from the natal population (Rowley, 1965;
Cooney and Cockburn, 1995; Mulder, 1995; Cockburn et al., 2003; Double et al.,
2005). Nest predation is high (up to 74%) and superb fairy-wrens will have several
breeding attempts (1-5) per year (Rowley and Russell, 1997; Colombelli-Négrel and
Kleindorfer, 2009). Fledglings also suffer from high mortality, resulting in low rates

of reproductive success (Rowley, 1965; Cockburn et al., 2008).

Chatter song (Type I song) is the most commonly produced song of the superb fairy-
wren, which males and female sing throughout the year for intrasexual resource
defence (Cooney and Cockburn, 1995; Kleindorfer et al. 2013; Cain and Langmore,
2015; Cain et al., 2015). The chatter song is a complex song composed of
approximately 8 structurally distinct element types produced approximately 50 times
per song for a duration of approximately 3 seconds (Langmore and Mulder 1992;
Kleindorfer et al., 2013b). The sensitive phase for learning chatter song is unknown;
fledglings begin singing from 3 - 4 weeks after fledgling, and one-year old birds sing
full adult song (Rowley, 1965; Langmore and Mulder, 1992). Here, we study the

ontogeny of chatter song in male and female superb fairy-wren fledglings. We
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observed the chatter song rate of 36 adult birds and recorded chatter song of 45
adults and 22 fledglings from September to January 2012 -2014 at Cleland Wildlife
Park and surrounding Cleland Conservation Park (34°58’S, 138°41°E) in the Mount

Lofty Ranges, South Australia.

Nest Monitoring

For this study, we monitored a total of 136 superb fairy-wren nests over three years
during each breeding season. Nests were monitored every 2-4 days to check the
status of the nest (building, eggs, nestlings, fledged) and nesting outcome (eggs
depredated, eggs abandoned, nestlings depredated, nestlings abandoned, nestlings
fledged). Of these 136 nests, 84 were depredated (62%), and 34 nests produced
fledglings (25%). We cross-fostered 26 clutches; 20 nests were depredated, and six
nests produced nine fledglings. In total, we recorded songs of 22 fledglings from 17
nests (6 cross-fostered nests, 11 natural nests). For 12 of these nests, we also scored
the number of chatter songs per hour (songs scored per hour divided by 60 to
estimate songs per minute) when fledglings were 3-6 weeks old, which is the age
when fledglings begin to sing subsong. Observations were done between 0800 and
1200 hours; observers were approximately 10-20 m from the group. We had multiple
song rate observations for three groups so the average song rate was analysed. The
majority of individual birds were identified by their unique combination of plastic
colour bands. Of the 45 adult birds for which we have song recordings, we colour
banded and measured 28 birds using target mist-netting. Each captured individual
was marked with a unique combination of plastic colour bands and a numbered
aluminium band provided by the Australia Bird and Bat Banding Scheme (banding

authority number 2601). All nestlings were banded 7-8 days after hatching. The
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identity of unbanded birds was determined based on behavioural observations (e.g.
number of adults provisioning young, interactions with banded birds) and weekly
monitoring of group size and composition. No groups contained more than one

unbanded bird of the same sex.

Song recordings and analysis

We recorded and analysed the chatter songs of 67 birds for this study. We recorded
adult birds opportunistically throughout the breeding season. We recorded the
subsong of fledgling birds at a distance of 5-15 m from the bird every 14 days for 8
weeks post-fledging. Recordings were made with a Telinga Twin Science parabolic
microphone (Telinga Microphones, Sweden) connected to a portable Sound Device
722 digital audio recorder (Sound Devices, USA). Sound files were recorded as
broadcast wave files (24 bit, 48 kHz). We transcribed all sound files to a Mac Pro
(Apple Inc, USA) for editing with Amadeus Pro 2.1.2 (HairerSoft, Switzerland) and
analysis with Raven Pro 1.5 (Charif et al., 2010). Spectrograms were created for 3-5
songs per individual using the Hann algorithm (filter bandwidth 270 Hz, size 256
samples, time grid overlap 50%, grid resolution 2.67 ms, 188 Hz, DTF 256 samples).
For each spectrogram, we scored the number of total elements and the number of
different element types. We determined the number of ‘unique’ and ‘shared’ element
types for individuals by comparing the observed song element repertoire of social
mothers and fathers, and social and genetic parents. The observed song element
repertoire was defined as the total number of different element types sung by
individuals across the 3-5 songs recorded and analysed. We refer to the song element
repertoire of individuals as the ‘observed song element repertoire’ rather than full

element repertoire size, which could not be accurately estimated with the number of
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songs available per bird. We defined ‘song complexity’ as the average number of
different element types per song. We identified 16 different song element types in
our study populations in South Australia (Evans and Kleindorfer, 2016). We
categorised the different element types per spectrogram according to the chatter song

element library of Evans and Kleindorfer (2016).

Paternity determination

We carried out the genetic determination of paternity for all fledglings (N = 22) with
song recordings in this study. We did this because of the high rates of extra-pair
paternity in this species and to ensure we did not cross-foster clutches into the nest of

the genetic father. The methodology is outlined in the following steps:

(1) DNA Extraction

In total, 121 samples from 64 males, 28 females and 33 nestlings (complete broods
sampled for the 17 nests) were collected for DNA extraction for this study. Blood
samples (5 ul) were collected from the brachial vein of each bird and stored on FTA*
card (Smith and Burgoyne, 2004). DNA was extracted from blood following a
modified version of method 4 for nucleated erythrocytes for use in polymerase chain
reaction (PCR) (Smith and Burgoyne, 2004). Specifically, discs of 2 mm? were cut
from the FTA card, washed for 30 min in 200 ul of FTA lysis buffer (100 mM Tris,
0.1% SDS), then washed for 10 min in 200 ul of DNAzol". Next, discs were washed
3 times for 5 min with 200 ul of H,O, then washed for 10 min with 200 ul of 95%
ethanol, discarding the solutions after each wash. Samples were dried at room

temperature then eluted with 50 ul of TLE buffer, incubated at 90°C for 5 min.
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(2) Microsatellite amplification and genotyping

121 individuals were genotyped at nine polymorphic microsatellite loci using
primers previously developed for M. cyaneus (Mcyu3, Mcyu4, Mcyu5, Mcyu6,
Mcyu7, Mcyu8) (Double et al. 2005) and M. splendens (Msp4, Msp6, Msp10)
(Webster et al. 2004). The full genotyping and parentage analysis protocols used here
and in superb fairy-wrens in general have been described in detail elsewhere (Double
et al., 1997; Double and Cockburn, 2000, 2003; Beck et al., 2003). We used the
multiplex-ready technology (MRT) method to fluorescently label primers during
PCR. We used four 5’ labelled fluorescent tags: FAM (GeneWorks); NED, PET, or
VIC (Applied Biosystems). We performed PCR amplification (in 12 ul volumes)
with PCR reagents in following final concentrations: 1 x uM MRT buffer, 0.2 uM of
each primer, 10 uM reverse primer, 10 uM tag forward primer, 0.5 units Immolase,
and between 10 and 100 ng DNA. PCR conditions were an initial denaturing step at
95°C for 10 min, followed by 5 cycles of 92°C for 60 s, 50°C for 90 s, 72°C for 60 s,
then 20 cycles of 92°C for 30 s, 63°C for 90 s, 72°C for 60 s, and then 40 cycles of
92°C for 15 s, 54°C for 60 s, 72°C for 60 s. The program was completed with a final
run of 72°C for 10 min, then terminated at 25°C. The PCR products were pooled,
and capillary electrophoresis (ABI 3770 automated sequencer; Applied Biosystems)
was used to separate and analyse PCR multiplexes at the Australian Genome
Research Facility Ltd, Adelaide. Each 96-well plate contained one column of 8
repeated individuals to account for potential genotyping error. Genotypes were
scored using GeneMapper” Software 4.0 (Applied Biosystems) with manual editing

by C. E. under the supervision of M. G.
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(3) Locus characteristics

We tested each locus for sex linkage using CERVUS version 3.0.3 (Field Genetics
Ltd); Hardy-Weinberg Equilibrium (HWE) and linkage equilibrium using GenePop
version 4.2 (Raymond and Rousset, 1995). The presence of null alleles, scoring
errors, and large-allele drop out was assessed using Micro-Checker version 2.2.3
(Van Oosterhout et al., 2004). No loci consistently showed evidence of scoring errors,
stuttering or large-allele dropout. Tests of HWE showed that two loci (Mcyu3,
Mcyu6) showed significant departure from HWE for three temporal populations
(2012, 2013, 2014; Table 3.1). The remaining six loci conformed to HWE for the
three temporal populations, except for four loci (Mcyu4, Mcyu7, Mcyu8, Msp10),
which significantly deviated in one temporal population (2013). Tests for linkage
disequilibrium showed that two loci (Mcyu6 and Msp10) were significantly linked
for the three temporal populations. The locus Mcyu3 showed evidence of null alleles.
There were no sex-linked loci. Given that when we analysed maternity of offspring
with known mothers, the inclusion of all nine loci produced the lowest error rate and
that the loci have been used successfully for South Australian populations of superb
fairy-wrens in previous studies (Colombelli-Négrel et al., 2009; Dudaniec et al.,
2011), we proceeded with data analysis using all nine loci. The number of alleles per
locus across all individuals ranged from 9 - 34 (mean 16.67 = 2.73 SE), expected
heterozygosity ranged from 2.13 — 6.54 (mean 3.81 = 0.50 SE). Missing data were 0
- 10% across loci, which was calculated using GenAlEx 6.5 (Peakall and Smouse,

20006).

(4) Paternity assignment
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Paternity determination was assessed using CERVUS version 3.0.3 (Field Genetics
Ltd). We set a minimum confidence level of correctly assigning paternity to 80% and
used a likelihood-based approach to analyse the genotypic data (Marshall et al.,

1998; Colombelli-Négrel et al., 2009). The natural logarithm of the likelihood ratio is
termed the LOD score. The simulation program within CERVUS was used to
estimate the critical difference in LOD scores. For the simulations of maternity and
paternity, we calculated that 97% of loci were typed and assumed 1% rate of typing
error. For each offspring, we analysed parentage based on all candidate parents with
positive LOD scores. First we assigned maternity of all offspring to confirm the
identity of genetic mothers. We then analysed the paternity of offspring with known
mothers (see Colombelli-Négrel et al., 2009). In this study, we only included
fledglings where the genetic father could be confidently assigned based on the LOD

SCOI€CS.

Paternity determination of young from cross-fostered clutches and natural nests

None of the fledglings (N = 9) from the six cross-fostered clutches were the genetic
offspring of the ‘foster’ male. Therefore, the possible sample size for related and
unrelated adults that could have affected song in the 9 fledglings was 12 unrelated
foster parents (from the 6 cross-fostered clutches) and 15 genetic parents (from the 6
source nests plus 3 males that were the extra-pair fathers for some of the offspring).
At natural nests, 5/11 nests had an extra-pair fledgling sired by a male that was not
the social father; these nests were excluded from analysis because of possible
conflicts between genetic and social effects on song development. Six natural nests
had fledglings that were the genetic offspring of the social male; these nests were

included in the analysis that compared the element types produced by fledglings of
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1013 unrelated cross-fostered nests versus natural nests where both social parents were
1014 also the genetic parents.
1015 Statistical analyses

1016 We used IBM"® SPSS® 22 for statistical analyses (SPSS Inc., Chicago, USA). We

1017 examined the data for normality and homogeneity of variance. The variable

1018 ‘percentage of within-pair female unique element types produced by fledglings from
1019 cross-fostered nests’ was not normally distributed so the non-parametric alternative
1020 was used. The variable ‘within-pair unique element types’ for social fathers and
1021 genetic fathers was square-root transformed to satisfy the Shapiro-Wilk test (P >

1022 0.05) for normality.

1023 Results

1024 Are song element types socially or genetically acquired by fledglings?

1025 Song characteristics in foster versus genetic parents of cross-fostered nests

1026 Foster parents (N = 12) shared 7.78 + 0.49 element types with genetic parents (N =

1027 15). Foster parents and genetic parents had 4.22 + 0.62 unshared element types,
1028 which were ‘unique’ to either the foster parents or the genetic parents.

1029 ‘Unique’ parental element types at natural and cross-fostered nests

1030 The number of within-pair ‘unique’ element types was comparable in attending

1031 females at natural (2.00 £ 0.52, N = 6) and cross-fostered (3.17 + 1.08, N = 6) nests
1032 (independent samples t-test: t;o = -0.976, P = 0.352). Similarly, the number of

1033 within-pair ‘unique’ element types was comparable in attending males at natural
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(2.33 £0.24) and cross-fostered (1.17 + 0.35) nests (independent samples t-test: tjp =

1.637, P =0.133).

Fledglings acquire ‘unique’ song elements from attending parents

In support of the idea that fledglings acquire song through social learning, all
fledglings acquired ‘unique’ song elements from their social mothers and fathers and
not from their genetic parents. Of the six cross-fostered clutches, all fledglings (N =
9) produced 1.17 £ 0.35 ‘unique’ elements from the foster parent and zero ‘unique’

elements from the genetic parents (% (1) = 11.455, P =0.002).

Fledgling song contained a comparable number of ‘unique’ elements from the
attending female at natural (1.83 + 0.40. N= 6) and cross-fostered (2.17 = 0.87, N =
6) nests (Mann-Whitney U-test: U = 17.500, z = -0.084, P = 0.937; Figure 3.1).
Fledgling song contained a comparable number of ‘unique’ elements from the
attending male at natural (1.42 £ 0.58) and cross-fostered (0.83 + 0.40) nests (Mann-

Whitney U-test: U = 13.500, Z = -0.744, P = 0.485; Figure 3.1).

Does song rate predict the percentage of social mother and social father ‘unique’

song element types, and fledgling song complexity?

Song rates of the social mother and the social father

Song rates (songs per minute) of social mothers (0.23 + 0.04) and fathers (0.25 =
0.04) were comparable when fledglings were 3-6 weeks old (paired samples t-test: t,
=0.425, P = 0.678). There was no significant correlation between male and female

song rates within pairs (pearson correlation: r = 0.224, N =12, P =0.461).
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Associations between parental song rate and fledgling song complexity

Parental song rate did not covary with the presence of ‘unique’ song elements in the
fledglings’ songs. There was no significant correlation between the song rates of
social mothers and the percentage of social mother ‘unique’ element types produced
by broods (pearson correlation: r = 0.052, P = 0.867), or between the song rates of
social fathers and the percentage of social father ‘unique’ element types produced by
broods (pearson correlation: r = 0.480, P = 0.160). There was also no significant
correlation between the song rate of the social mother, social father, or combined
parental song rate, and the song complexity of fledglings (pearson correlation: all P >

0.05).

Discussion

Using cross-fostering, we showed that fledgling fairy-wrens produced song element
types ‘unique’ to the songs of their social parents rather than their genetic parents.
Furthermore, parental song output did not predict the percentage of “‘unique’ element
types produced by fledglings, nor did parental song output influence fledgling song
complexity at natural and cross-fostered nests. These findings show that (1) song
element types are socially acquired rather than innately acquired, and (2) that
parental song output may not be a key social factor for learning complex song in the
superb fairy-wren. To our knowledge, this is the first study using an intraspecific
cross-fostering design to show that male and female song elements are acquired

through social transmission in a wild population.

Our results are in accordance with the large body of research on male songbirds

demonstrating that the majority of species socially acquire song by imitating songs of
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vocal tutors (Baptista, 1996; Catchpole and Slater, 2008). These findings also
corroborate similar patterns found in the few other studies that examine song
learning in systems where both sexes sing. Geberzahn and Gahr (2013) showed that
juvenile blue-capped cordon-bleus exposed to live tutors of both sexes learned song
from both adult male and female tutors. Northern cardinals exposed to tape recorded
male and female song also learned song from both sexes (Yamaguchi, 2001).
Although we show that song elements were socially acquired, we cannot confirm
that fledglings learned song elements solely from their social parents because other
individuals such as auxiliary helpers or neighbours may have also been vocal tutors.
For instance, helpers of the natal group sing the same element types as the social
parents (Evans and Kleindorfer, 2016). Also, social parents may share element types
with neighbours (Colombelli-Négrel, 2016), so fledglings may have learned from

neighbouring birds and helpers too.

Social parents are likely to be the primary vocal tutors for song learning in fledglings
because fledglings sing whilst still nutritionally dependent on the parents/natal group
and remain within close proximity of them during this phase. Therefore, social
parents are the nearest available tutors during this period. In other Malurus species,
adult males learned song characteristics from their social fathers in the splendid
fairy-wren (Greig et al., 2012) and adult offspring produced vocal element types of
their mother in their crystallised song in the red-backed fairy-wren (Dowling et al.,
2016). The biological fitness derived from learning vocal elements from parents,
including their element similarity, may inform testable hypotheses for cues used in
kin recognition and inbreeding avoidance, as suggested by Evans and Kleindorfer

(2016). In a system with high extra-pair paternity, so prevalent in this system,
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females in particular may benefit from aurally detecting dissimilar elements that

would be a cue for unrelated birds.

When closely related birds have a high proportion of shared song elements or high
copy accuracy such as in the red-backed fairy-wren (Dowling et al., 2016), element
or call matching may function for kin recognition (e.g. Sharp et al., 2005; Sharp and
Hatchwell, 2005; 2006), and inbreeding avoidance. This is in line with innate calls
acting as vocal cues of kinship in Bell miners (Manorina melanophrys; McDonald
and Wright, 2011). Therefore, song element sharing could be a cue used for mate
choice, so it could be important for females (and males) to learn song (elements) of
their natal group or population prior to dispersal. To optimise outbreeding, females
should choose a mate who sings a different song or disassortatively pair for element
types so that pairs share few element types (Evans and Kleindorfer 2016; but see
Chapter 4). However, females may also learn new element types after dispersal from

their natal area, during interactions with territory neighbours or during pair formation.

Song output by adult males and females was not identified as a mechanism for the
acquisition of element types by fledglings. This has also been shown for zebra
finches (Taeniopygia guttata; Bohner, 1983; Mann and Slater, 1995), and song
sparrows (Peters et al., 1992). Song output may be constrained because of the high
predation risk associated with singing (Kleindorfer et al. 2016). Singing is costly for
the signal producer because it exposes adults (Meller et al., 2005; 2008) and nest
contents (Kleindorfer et al., 2014b; Kleindorfer et al., 2016) to elevated predation
risk. In systems where both sexes produce solo song, males and females share
predation risk associated with singing (but males may still have higher potential risk

because of conspicuous plumage colouration). Despite individual risk being
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associated with producing solo song, there are potential benefits for offspring: both
sexes are potential vocal tutors and hence, offspring are exposed to songs and
element types from multiple potential vocal tutors. Given that there is assortative
pairing for shared element types in this system (Chapter 4), and the fact that song
rate per se by a parent or members of the pair did not predict fledgling song
complexity (this study), it is possible that costs and benefits of singing vary in
relation to the similarity of parental song repertoire when both sexes are (potential)
vocal tutors. Alternatively, parental song output may still be a factor for song
learning but young birds may only require exposure to a small number of songs for

learning, which remains to be tested.

Identifying mechanisms that facilitate song learning remain largely unknown in
systems with male and female song production. The Malurus genus is a model
system to examine patterns of male and female song production and learning because
it contains species that sing solo songs, duets and choruses (Cooney and Cockburn,
1995; Rowley and Russell, 1997; Hall and Peters, 2008; Greig and Pruett-Jones,
2008; Greig et al., 2013; Dowling and Webster, 2013; 2016). M. coronatus and M.
melanocephalus males and females sing duets in which non-identical songs overlap
in time and frequency (Hall and Peters, 2008; Dowling and Webster, 2013). Males
and females are more likely to sing when another group member sings to form a duet
than to sing solo song (Dowling and Webster, 2013). There may be lower individual
predation risk when singing in a duet rather than alone yet this may adversely affect
song learning because there is less overall exposure to song across time. Song
learning has been shown in M. cyaneus (this study) and M. splendens (Greig et al.,

2012), call learning has been shown in M. cyaneus (Colombelli-Négrel et al., 2012),
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and call and song imitation has been shown in M. melanocephalus (Colombelli-
Négrel et al., 2016; Dowling et al., 2016). This study provides another important
piece to the puzzle by showing that song learning occurs via social acquisition in this
acoustically diverse family — though much remains to be learned about the social and
ecological context that may influence the efficacy of copy accuracy, which was not

tested.

Conclusion

This study provides the first experimental cross-fostering test of song acquisition in
sons and daughters when social mothers and fathers are (potential) vocal tutors. The
fact that cross-fostered sons and daughters produced the unique song elements of
their social parents and not their genetic parents is evidence that social song
acquisition is a mechanism for vocal repertoire composition in wild birds with male

and female solo song.
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1177 Tables

1178 Table 3.1 Allele frequencies for nine loci across three sampling periods (2012, 2013,
1179 2014). N = sample size; Na = number of alleles; Ho = expected heterozygosity, He =
1180 observed heterozygosity. Loci that depart significantly from Hardy-Weinberg

1181 equilibrium are indicated in bold. * = indicates there was evidence for null alleles at

1182 this locus (GenePop 4.2; Micro-Checker 2.2.3; GenAIEx 6.5).

Year Locus N Na Ho He

2012 Mcyu3* 63 14.000 0.476 0.886
Mcyu4 69 17.000 0.884 0.887
Mcyu5 69 11.000 0.841 0.852
Mcyu6* 68 20.000 0.941 0.919
Mcyu7* 69 18.000 0.826 0.901
Mcyu8 66 12.000 0.742 0.852
Msp4 70 7.000 0.871 0.810
Msp6 70 8.000 0.786 0.774
Msp10 70 8.000 0.857 0.793

2013 Mcyu3 65 13.000 0.692 0.857
Mcyu4 64 12.000 0.906 0.860
Mcyu5 66 11.000 0.803 0.861
Mcyu6 65 15.000 0.938 0.905
Mcyu7 64 21.000 0.766 0.919
Mcyu8 62 11.000 0.758 0.851
Msp4 63 8.000 0.825 0.814
Msp6 64 8.000 0.703 0.739
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Msp10 65 8.000 0.800 0.789
2014 Mcyu3 46 10.000 0.630 0.847
Mcyu4 47 11.000 0.979 0.888
Mcyu5 47 12.000 0.787 0.828
Mcyu6 47 16.000 1.000 0.899
Mcyu7 47 20.000 0.936 0.927
Mcyu8 42 12.000 0.714 0.824
Msp4 43 7.000 0.744 0.804
Msp6 46 7.000 0.783 0.732
Msp10 46 7.000 0.848 0.760

1183

57



1184

1185

1186

1187

1188

1189

1190

Chapter 3: Fledglings learn element types

Figures
100 -
HE Cross-fostered nests
[ Natural nests
() i
b 80
o
2
E 60 4
(4]
£
Q°
Q
o 40 4
c
o
(7]
X 20
0

Social father Social mother

Unique song elements within pairs

Figure 3.1 The percentage of song elements in fledgling subsong that were also
present as ‘unique’ song elements in song by the social mother and social father. The
study was done on superb fairy-wren (Malurus cyaneus) fledglings from cross-
fostered nests (N = 6) and natural nests (N = 6). Fledgling subsong at cross-fostered

nests had zero unique elements from their genetic parents (see Results).
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Chapter 4

Solo female song within pairs: assortative pairing for element type

Christine Evans and Sonia Kleindorfer

In preparation to be submitted to Animal Behaviour

Abstract

Our knowledge of birdsong as a sexually selected trait mostly stems from systems
with male song. In male songbirds, song complexity and repertoire size are honest
reflections of individual quality and females have been shown to prefer males with
complex song or a large vocal repertoire. We know little about age-effects on song or
assortative pairing for song traits in systems with male and female solo song, which
we examine in wild superb fairy-wrens (Malurus cyaneus). In our study of colour-
banded birds across years, there was no difference in song complexity or observed
element repertoire size with age. We found significant patterns for song traits within
pairs (N = 31): females with a larger observed element repertoire size did not pair
with males with a larger observed element repertoire size; rather, these females
paired with males that had many shared elements with the female. Females with a
smaller observed repertoire size paired with males that produced vocal elements
unique to the male. These findings are discussed in relation to possible costs and
benefits of pairing for a shared vocal repertoire. We propose that females pair with
males with a shared vocal repertoire to minimise predation costs of singing, and

maximise benefits associated with fledgling song learning and territory defence.
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Chapter 4: Assortative pairing for element types

Introduction

Male songbirds sing to compete with rival males and to attract females (Catchpole
and Slater, 2008). Learned features of song can be honest signals of individual
phenotypic and genetic quality because song learning and production are constrained
by multiple factors (reviewed in Gil and Gahr, 2002). For example, early
developmental stress can negatively affect learning and production of complex song
(Buchanan et al., 2003; Spencer et al., 2003), because it affects the neural
development of the song system, which underpins song learning in passerines
(Nowicki et al., 2002; Buchanan et al., 2004). Consequently, females use male song
for mate choice because it is a reliable signal of male quality (Gil and Gahr, 2002).
Females often prefer males with high song rate (Collins et al., 1994), long song
(Kempenaers et al., 1997; Neubauer, 1999), large repertoire size (Eens et al., 1991;
Lampe and Seatre, 1995) and complex song (Catchpole, 1980; Mountjoy and Lemon,

1996).

Males with complex song and large repertoire size tend to pair earlier and have
higher reproductive success (Catchpole and Slater, 2008). This has been shown for
both Northern and Southern Hemisphere male songbirds (Clayton and Prove, 1989;
Hiebert et al., 1989; Hasselquist et al., 1996; Buchanan and Catchpole, 1997) but
rarely for female songbirds. There is indirect evidence that females that produce
more complex song have higher individual quality: female alpine accentors (Prunella
collaris) that produced complex song had large clutch sizes (Langmore et al., 1996),
female European starlings with complex song had repeatable reproductive
performance across years (Pavlova et al., 2010), and female New Zealand bellbirds

(Anthornis melanura) that produced complex songs and sung more frequently had
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higher fledgling success (Brunton et al. 2016). Female song mainly functions for
competition between females for resources rather than mate attraction (Langmore,
1998). There is limited knowledge on whether females maintain a preference for
males with longer, more complex song or a large repertoire size, or if females prefer

males with similar songs in species with male and female song production.

Positive assortative mating occurs when there is non-random mating between
individuals with similar phenotypes (Burley, 1983). Birds assortatively pair for
phenotypic traits indicative of individual quality including body size (Delestrade,
2001; Christensen and Kleindorfer, 2007); body condition (Bortolotti and Iko, 1992);
age (Potti, 2000; Komdeur et al., 2005); ornaments including bill and plumage
colouration (Andersson et al., 1998; Jawor et al., 2003); and call similarity (Moravec
et al., 2006). Positive assortative mating may arise by different processes: (1)
preferential mating of individuals of similar phenotype if phenotypes vary along a
continuum (Burley, 1983); (2) mutual mate choice by high quality individuals,
whereby only those of the highest quality can chose mates of similar high quality and
low quality individuals have no option but to mate with individuals of equal low
quality (Johnstone et al., 1996); (3) intrasexual competition for territories by both
sexes in absence of mate choice, if competitive ability is signalled by phenotype and
individuals with similar competitive ability share a territory (Creighton, 2001). There
can also be negative assortative mating where individuals of dissimilar phenotypes
mate more often than expected by chance (Burley, 1983; Houtman and Falls, 1994).
Positive assortative mating for ornamental traits can be an effect of pairing for age if

ornaments are age-related indicators of quality (Komdeur et al., 2005).
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Song is an age-dependent trait when song characteristics change over time. The
positive association between song and age can arise when males add elements or
songs to their repertoire, and produce more complex song with age (Nottebohm and
Nottebohm, 1978; Eens et al., 1992; Lampe and Espmark, 1994; Mountjoy and
Lemon, 1995; Gil et al., 2001). This positive relationship between song and age can
also arise when males that produce longer, more complex songs or have larger
repertoires have higher individual quality and viability, so males that produce short,
simple songs or have small repertoires have reduced viability, and are
underrepresented in older age classes (Hiebert et al., 1989; Zeh and Zeh 1988).
Alternatively, song quality can remain constant across years (Searcy et al., 1985), or
decline with age (Marler and Peters, 1981; 1982; DeWolfe et al., 1989). This
relationship between age and song can be influenced by developmental patterns of
song learning. Passerine species can be close-ended (age-limited) learning species
that have a short sensitive phase for song memorization in the first few months of life
(Marler, 1970; Eales, 1985) to open-ended learning species that learn songs
throughout their lifetimes (McGregor and Krebs, 1989; Espmark and Lampe, 1993;
reviewed in Brenowitz et al., 1997; Beecher and Brenowtiz, 2005; Catchpole and
Slater, 2008). Our understanding of age effects on song learning and song
characteristics are mainly driven by the study of northern temperate species that are
often migratory, short-lived, and predominantly males sing (Catchpole and Slater,
2008). In contrast, southern (tropical and southern temperate) species are sedentary
and long-lived (Martin, 1996; Russell, 2002; Russell et al., 2002). Males and females
sing year-round, and females can produce songs that are equally long, complex, and
have a similar repertoire size as males (Brunton and Li, 2006; Pilowsky and

Rubenstein, 2013; Schwabl et al., 2015).
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We do not yet understand age effects on song in systems with male and female song
production, and whether the occurrence of female song influences mate choice in
these systems, particularly when recent research suggests that female song is also a
reliable signal of individual quality (Langmore et al., 1996; Pavlova et al., 2010;
Brunton et al., 2016), and used for mate attraction (Langmore et al., 1996). Keen and
colleagues (2016) recently found that song motif diversity increased with age for
male and female superb starlings (Lamprotornis superbus), but decreased with
breeding experience. This suggests that female song, like male song, can also change
with age, but it remains unclear if there is assortative pairing for song in species
where both sexes sing. We test this in the territorial and long-lived Southern

Hemisphere species, the superb fairy-wren (Malurus cyaneus).

Male and female superb fairy-wrens produce complex solo chatter song year-round
for intrasexual competition for resources (Cooney and Cockburn, 1995; Kleindorfer
et al., 2013b; Cain and Langmore, 2015). There is evidence that song is a reliable
indicator of individual quality because: (1) females increase song rates and show
aggression towards simulated female intruders (Kleindorfer et al., 2013b; Cain and
Langmore, 2015); (2) female song rate predicts reproductive success (Cain et al.,
2016), (3) female singing behaviour (song rate) is costly due to predation risk
(Kleindorfer et al., 2016), (4) female song length (number of elements per song)
varies greatly and females that produce longer songs have larger body size (Mahr et
al., 2016); and (5) male trill song length increases with age (Langmore and Mulder,
1992; Dalziell and Cockburn, 2008). Furthermore, male song, at least, also functions

for mate attraction (Dalziell and Cockburn, 2008; Cockburn et al., 2009). Therefore
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song may be under sexual and social selection in this species (Dalziell and Cockburn,

2008; Cain et al., 2015; Kleindorfer et al., 2016; Mahr et al., 2016).

In this study we aim to answer three main questions. (1) Do males and females
assortatively pair for repertoire size, song complexity, and song length? (2) Do males
and females assortatively pair for ‘within-pair shared’ element types and ‘within-pair
unique’ element types? (3) Are there age effects on element repertoire size, song
complexity, and song length? We investigate these questions by examining songs of
social pairs of males and females, and yearling and older birds. We predict that males
and females show positive assortative pairing for element repertoire size, song
complexity, and song length. We propose that females pair with males that produce
different element types to the female (‘within-pair unique’ element types) to increase
the element diversity of the pair. Alternatively, males and female may assortatively
pair for ‘within-pair shared’ element types, so that females pair with males that
produce the same element types. We also predict that older birds have a larger

element repertoire size and produce longer, more complex songs than yearling birds.

Materials and Methods

Study species and study site

We monitored a population of superb fairy-wrens at Cleland Wildlife Park and the
surrounding Cleland Conservation Park (34°58’S, 138°41°E), located in the Mount
Lofty Ranges, 12 km SE of Adelaide, South Australia. It is dominated by open
Stringybark woodland with an understory of small trees and shrubs, and areas of
open grasslands. This study was conducted during three breeding periods (September

— December) in 2012, 2013, and 2014. Individual birds sampled in this study were
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captured in mist-nets and banded with an aluminium ring provided by the Australian
Bird and Bat Banding Scheme, and a unique combination of three colour bands for

individual recognition in the field.

The superb fairy-wren is a sexually dichromatic Australian passerine (Rowley and
Russell, 1997). Dominant males and females form socially monogamous pairs that
occupy a year-round territory (Rowley and Russell, 1997). The cooperative breeding
system of this species means that pairs are sometimes aided by up to four subordinate
males known as ‘helpers’ that also provision the brood (Mulder et al., 1994; Rowley
and Russell, 1997; Cockburn et al., 2008). Social pairs often bond for life, but
females may divorce their mate when a better quality territory becomes available or
if a son inherits the natal territory after the death of the dominant male (Cockburn et
al., 2003). Males are philopatric, remaining in the natal territory as helpers (Mulder,
1995). First-year females disperse 1-10 km from the natal territory to obtain a
breeding vacancy (Mulder, 1995; Cockburn et al., 2003). This species is renowned
for high levels of extra-pair mating with up to 95% of broods containing at least one
extra-pair young (Mulder et al., 1994; Cockburn et al., 2003; Colombelli-Négrel et
al., 2009). During the dawn chorus, females seek out males from nearby territories
for copulation, preferring older males with early onset of nuptial plumage and longer
trill song (Mulder and Magrath, 1994; Dalziell and Cockburn, 2008; Cockburn et al.,
2009). In the breeding season, males from neighbouring territories will display their
nuptial plumage to females and may carry a yellow petal during courtship display
(Mulder and Magrath, 1994; Rowley and Russell, 1997). The breeding season occurs
between August and January. Female superb fairy-wrens build the nest and incubate

2- 3 eggs (Colombelli-Négrel and Kleindorfer, 2009). Males help defend the nest and

65



1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

Chapter 4: Assortative pairing for element types

provision the brood (Mulder et al., 1994; Dunn et al., 1995). All individuals defend
the territory from intruders (Mulder and Langmore, 1993; Cooney and Cockburn,

1995).

Song complexity and observed repertoire size

We measured chatter song complexity and observed repertoire size in 31 breeding
pairs. Chatter song (Type I song) is a complex song composed of different elements,
which is produced by males and females year-round (Langmore and Mulder, 1992;
Cooney and Cockburn, 1995; Kleindorfer et al., 2013b). Different populations
produce different element types (Kleindorfer et al., 2013b). Superb fairy-wrens begin
singing chatter song as fledglings, and acquire element types from both sexes via
social transmission (Evans and Kleindorfer, 2016; Chapter 3). To identify song
complexity, we counted the number of different song element types in the song,
which was established by referring to an existing song element library for the study
system (Kleindorfer et al., 2013b; Evans and Kleindorfer, 2016). There are 16
different chatter song element types produced by superb fairy-wrens in the study site
(Evans and Kleindorfer, 2016). Individuals produce different element types per song,
and element types vary between populations (Kleindorfer et al., 2013b; Evans and
Kleindorfer, 2016). Adult males sing more complex songs than females in some
populations (Kleindorfer et al., 2013b). To test for assortative pairing for complexity,
repertoire size, and song length, we examined associations between paired males and
females. We test for assortative pairing and not mating, cognizant of high rates of
extra-pair copulations in this species. Of the 31 pairs of superb fairy-wrens sampled,
six pairs had an unbanded male and eight pairs had an unbanded female, two pairs

had both an unbanded male and female. Social pairs and the status of individual birds
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were identified by behavioural observations throughout the breeding season,

including mate guarding of females and onset of male nuptial plumage.

‘Within-pair unique’ element types and ‘within-pair shared’ element types

Within pairs, unique element types are elements produced by only the male or the
female within the pair, as previously shown by Evans and Kleindorfer (2016). Shared
element types are elements produced by both the male and female within the pair.
Assortative pairing for ‘within-pair unique’ element types was assessed by
comparing the number of element types produced only by the male and only by the
female within the pair. We examined assortative pairing for ‘within-pair shared’
element types by comparing the percentage of shared element types in the male and

female within the pair.

Age and song characteristics

We examined the effect of age on song using individual birds across years, as well as
by comparing song across different age cohorts. The sample size for song recordings
in colour-banded birds across years was 3 males and 6 females. The sample size for
song in different age cohorts was 15 yearling birds compared with 23 birds aged 2 - 3
years. The analysis of song across age cohorts used breeding birds in their first year
of brood rearing (referred to as younger birds) and birds one or two years later with
at least one year of breeding experience (referred to as older). Age effects on song
were examined by comparing element repertoire size, song complexity, and song
length between younger birds (young males: N = §; young females: N = 7) and older

birds (older males: N = 13; older females: N = 10). All 38 individual birds sampled
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for age effects on song were colour-banded. The younger birds had all been colour-

banded during the previous year as chicks, and therefore their age was certain.

Song recordings and analysis

We recorded 326 chatter songs from 74 individual birds. We recorded birds
opportunistically throughout the breeding season using a Telinga Twin Science
parabolic microphone (Telinga Microphones, Sweden) connected to a portable
Sound Device 722 digital audio recorder (Sound Devices, USA). Sound files were
recorded as broadcast wave files (24 bit, 48 kHz). We transcribed all sound files to a
Mac Pro (Apple Inc, USA) for editing with Amadeus Pro 2.1.2 (HairerSoft,
Switzerland) and analysis with Raven Pro 1.5 (Charif et al., 2010). Spectrograms
were created for 3-5 songs per individual using the Hann algorithm (filter bandwidth
270 Hz, size 256 samples, time grid overlap 50%, grid resolution 2.67 ms, 188 Hz,
DTF 256 samples). For each spectrogram, we scored the number of total elements
and the number of different element types. We defined the ‘observed element
repertoire size’ of individuals as the total number of different element types
identified in the songs analysed per individual. We were unable to measure the full
element repertoire size of superb fairy-wrens in this study due to the limited number
of songs analysed per bird. Therefore it is possible that we did not record the
complete repertoire size of individuals, and so we refer to the element repertoire size
of individuals in this study as the ‘observed element repertoire size’. We defined
‘song length’ as the average total number of element types per song, and ‘song
complexity’ as the average number of different element types per song. We
categorised the different element types per spectrogram according to the element

library of Evans and Kleindorfer (2016).
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Statistical analysis

We used IBM® SPSS® 22 for statistical analyses (SPSS Inc., Chicago, USA) for
statistical analyses of song characteristics. We examined data for normality and
homogeneity of variances. We used paired sample t-tests to compare within-pair
male and female observed element repertoire, song complexity, and song length. A
single outlier for the variable ‘song length of paired females’ was included in
analyses because it was a non-extreme outlier. We used Wilcoxon signed-rank tests
to compare ‘within-pair unique’ and ‘within-pair shared’ element types of paired
males and females as the data could not be transformed into a normal distribution.
Correlations between variables were analysed using Pearson’s correlation for
normally distributed data, and Spearman’s rank-order correlation for data that did not
meet assumptions of normality or linearity. We used Kruskall-Wallis H tests to
compare differences in ‘within-pair unique male’ element types and ‘within-pair
shared’ element types between three categorical levels of female song complexity
(low: 5.00 — 6.00, medium: 6:01 — 6.99, high: 7.00 — 8.00) and female observed
element repertoire size (low: 5.00 — 8.00, medium: 9.00 — 10.00, high: 11.00 — 12.00)
because the dependent variables were not normally distributed for all categories. We
used Wilcoxon signed-rank tests to compare song characteristics of birds across age
because there was a single outlier for the variables ‘song length’ and ‘song
complexity’ and three outliers for ‘observed element repertoire size’. These outliers
did not affect the significance of the results and are most likely due to the small
sample size. To compare song characteristics of younger and older birds, we used
independent samples t-tests for normally distributed data that did not contain outliers
(observed element repertoire size of younger and older males, song length of

younger and older females), and Mann-Whitney U tests for data that were not
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normally distributed and contained non-extreme outliers (song length of younger and
older males, song complexity of younger and older males, observed element
repertoire of younger and older females, song complexity of younger and older

females).

Results

Assortative pairing for song complexity and observed repertoire size

There were no sex differences for any song characteristics (all P> 0.1; Table 4.1),
and no significant correlation between either the observed element repertoire size or
song length of paired males and females (element repertoire size: r; = -0.198, N = 31,
P =0.285; song length: ry = 0.129, P = 0.490). However there was a significant
negative correlation between song complexity of paired males and females (r =-0.405,
P =0.024). Females with complex song were paired with males with simple song

(Figure 4.1).

Element type, song complexity and observed repertoire size

Each pair had a different combination of unique and shared element types within the
pair. Within pairs, males produced 1.84 + 0.30 ‘within-pair unique’ element types
and females produced 1.90 + 0.32 “within-pair unique’ element types; the number of
element types did not differ significantly across sexes (Z =-0.072, N=31, P =

0.943). Males and females shared 6.39 + 0.19 element types.

Within each pair, we compared female song complexity and female observed
repertoire size with the number of ‘within-pair unique male’ element types. Females

with high song complexity and large observed element repertoire size were paired

70



1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

1483

1484

1485

1486

1487

1488

1489

1490

1491

1492

Chapter 4: Assortative pairing for element types

with males with fewer unique element types (female song complexity: ry =-0.333, P
= 0.016; female observed repertoire size: 15 = -0.289, P = 0.043). Figure 4.2 shows
these results in graphical form for categorical levels of female song complexity (low,
medium, high) (H, = 7.215, P =0.027). The categorical analysis of female observed
element repertoire size (low, medium, high) and ‘within-pair unique male’ elements
was also statistically significant (H, = 9.218, P = 0.010). Females with low song
complexity were paired with males with many unique elements and females with

high song complexity were paired with males with few unique elements (Figure 4.2).

We examined the association between female song complexity and female observed
repertoire size with ‘within-pair shared male’ element types (analysed as shared
element types of pairs). The association was not statistically significant for female
song complexity (rs = 0.100, P = 0.482), but females with larger observed element
repertoire size shared many element types with their pair male (r; = 0.317, P =0.031;

Figure 4.3).

Age and song

Song characteristics did not change significantly with age. The songs of yearling
birds were the same when they were re-recorded in the subsequent year (observed
element repertoire size: Z = -0.660, P = 0.509; song complexity: z=-0.297, P =
0.767; song length: Z =-0.415, P = 0.678). There were no significant differences

between song characteristics of yearling and older birds (all P > 0.05; Table 4.2).

Discussion
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Solo female song and complex female song are just beginning to be the subject of
intense scrutiny across taxa. Traditionally, complex male song is considered a trait
under sexual selection given the honest signalling function of male song complexity
and hence direct and/or indirect benefits to females exercising mate choice for male
quality. Here, we examined assortative pairing for song complexity in a system with
male and female solo song. In 31 pairs, there was a positive association between
female observed element repertoire size and the proportion of shared elements with
the pair male (pairs had higher element sharing) (Figure 4.3), and negative
assortative pairing for song complexity (females with simple song had males with
more unique elements) (Figure 4.1, 4.2). These findings are discussed below in
relation to possible costs and benefits to females pairing with males with shared or
unique element types. Finally, song did not change with age, which we explored with
a longitudinal data set using the same colour-banded birds recorded across different

years and in a comparison of song characteristics in older versus younger birds.

Costs of female song and benefits of shared vocal repertoire within pairs

One main finding of this study is the pattern of shared element types in pairs with
high female repertoire size. Females with small repertoire size and low complexity
paired with males with five-fold more unique element types. If observed repertoire
size signals individual quality, given previously discussed effects of stressful rearing
environments for number of song elements learned, then our study shows that high
quality females were paired with males with shared element repertoire and not song
complexity per se. We discuss the possible costs and benefits of repertoire sharing,

but acknowledge that in this study, we measured the observed repertoire size of pairs
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and not the full repertoire size, so repertoire sharing may increase or decrease with a

larger sample size.

Singing is costly when song rate increases predation risk (Moller et al., 2005; 2008).
Despite the fact that female song occurs in 32 extant songbird families (71% of
surveyed species; Odom et al., 2014), in general females sing less than males
(Catchpole and Slater, 2008). When females do sing, they may sing less
conspicuously than males. Previous study in superb fairy-wrens has found a cost to
vocalization behaviour by females — due to increased nest predation (Kleindorfer, et
al., 2014b; 2016). However, there are also benefits to female vocalisation rate
including high vocal copy accuracy in offspring in relation to high vocalization rate
by attending females (Kleindorfer et al., 2014a). Perhaps high quality females pair
with males that have the same vocal repertoire to ensure that the female’s memes are
passed to the next generation at a lower cost of producing those memes herself. High
quality females may pass the high cost of singing (and vocal tutoring) to the pair
male. However, our recent work on superb fairy-wren song learning showed that
parental song output did not predict the percentage of ‘within-pair unique’ element
types produced by fledglings (Chapter 3). Instead, fledgling fairy-wrens may have
higher copy accuracy for song elements if the pupil is repeatedly exposed to the
particular song element as a result of multiple tutors producing the same element
types. We found evidence of this: fledglings produced a higher proportion of their
social parent’s ‘within-pair shared’ song elements than ‘within-pair unique’ song
elements (Evans and Kleindorfer, 2016). Therefore, by pairing with males with
shared elements, high quality females could assure that their vocal elements are

passed on to their offspring, perhaps at a lower production cost to themselves.
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Learning shared parental elements may benefit the offspring in the form of acoustic
kin recognition (Sharp et al., 2005). Here, we examined assortative pairing in males
and females that were already paired, and assume that females with complex song
have higher individual quality than females with simple song. It remains to be tested
whether song complexity is a signal of quality in female superb fairy-wrens, and if
high quality females are paired first. It should also be investigated whether females

with complex song sing less than females with simple song.

Increased survival due to a shared vocal repertoire could arise from more effective
territory defence. High quality females may pair with males having shared element
types to better coordinate territorial defence. In several songbird species, males share
song types or element repertoires with neighbours; the song sharing between males
has been shown to be advantageous in male-male competition (Beecher et al., 2000;
Wilson et al., 2000; Burt et al., 2001; Marshall-Ball and Slater, 2004). Song sharing
enables resident males to acoustically discriminate between neighbours and strangers,
and adjust their behavioural response to intruding birds (Wilson et al., 2000; Burt et
al., 2001; Beecher and Campbell, 2005). The proportion of song sharing between
rival males can influence the intensity and patterns of territorial behaviour (Wilson et
al., 2000; Beecher and Campbell, 2005). Several studies have examined song sharing
between male and female songbirds within pairs (Hall, 2006; Hall et al., 2015;
Marshall-Ball and Slater, 2008; Colombelli-Négrel, 2016). We found superb fairy-
wren pairs shared 80% of element types, similar to 84% of shared song types in
banded wren (Thryophilus pleuosticus) pairs (Hall et al. 2015), and 78% of shared
song elements in splendid fairy-wren (M. splendens) pairs (Colombelli-Négrel, 2016).

Of these three species, female territory defence occurs in superb and splendid fairy-
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wrens (Kleindorfer et al., 2013b; Colombelli-Négrel, 2016); females do not
contribute to territory defence in banded wrens (Hall et al. 2015). We have
previously shown that female superb fairy-wrens were the first to respond to female
territory intruders (Kleindorfer et al. 2013b). Colombelli-Négrel (2016) found that
female splendid fairy-wrens also responded first to female intruders whereas female
variegated fairy-wrens (M. lamberti) did not. Of these two species, only female
splendid fairy-wrens shared more song elements with their social partner than any
other male in the population (Colombelli-Négrel, 2016). Both superb fairy-wrens and
splendid fairy-wrens have a within-pair shared vocal repertoire and both had a
differentiated, and therefore perhaps coordinated and efficient response to intruders
(Kleindorfer et al., 2013b; Cain and Langmore, 2015; Colombelli-Négrel, 2016). In
studies of coordinated territorial defence, there has been little explicit definition as to
what a coordinated response looks like. This needs to be addressed in future research.
We suggest that one form of coordinated response is differentiated activity by each
pair member (respond to same-sex intruders), and overall a positive correlated
response between male and female defence behaviour (Kleindorfer et al., 2013b;
Colombelli-Négrel, 2016). Future research could also compare the proportion of
territory intrusions and the cost of territory defence in pairs with different levels of

element sharing, and in relation to element sharing with their neighbours.

Mechanisms for pair formation based on unique element types: costs of dispersal

In contrast to high quality females with complex song, low quality females with
simple song were paired with males that produced more unique element types. We
suggest this pattern could arise from female dispersal. Superb fairy-wren females

avoid breeding with kin by dispersing from the natal territory, mating with extra-pair
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males, and divorcing from social mates when sons inherit the male breeder or senior
helper position (Cockburn et al., 2003). Breeding vacancies are limited so females
disperse up to 10 km to find a breeding position (Mulder, 1995; Cockburn et al.,
2003). Dispersal is costly for females because it is energetically demanding, and
predation risk is high (Pasinelli et al., 2004; Bonte et al., 2012). Low quality females
may need to travel further to obtain a breeding position if there is competition for
breeding positions. One issue that dispersing females face is that different
populations produce different element types (Kleindorfer et al., 2013b), so females
that disperse further are more likely to encounter males with fewer shared element
types. Accordingly, low quality females may be forced to pair with males that sing
fewer shared elements, and hence these females may have a higher cost of song if

low element sharing predicts poor fledgling song learning and poor territory defence.

Chatter song is not age-dependent in males and females

Chatter song characteristics did not change with age for both sexes. Older birds and
yearlings had the same repertoire size and produced songs of similar length and
complexity (Table 4.2). This suggests that chatter song is not an age-dependent trait,
similar to song and repertoire size being independent of age in great tits (Parus
major; McGregor et al., 1981), song sparrows (Melospiza melodia; Searcy et al.,
1985), and Darwin’s small tree finches (Camarhynchus parvulus; Christensen et al.,
2006). Chatter song may not be associated with age because young birds accurately
imitate songs of high quality adults that have successfully reproduced — their social
parents (Evans and Kleindorfer, 2016; see also Greig et al., 2012). Alternatively, the
limited age categories that we used (yearlings and older birds) and the song

characteristics measured may have diluted effects of age on chatter song, but

76



1612

1613

1614

1615

1616

1617

1618

1619

1620

1621

1622

1623

1624

1625

1626

1627

1628

1629

1630

1631

1632

1633

1634

Chapter 4: Assortative pairing for element types

research by Dalziell and Cockburn (2008), who used a larger range of age categories
(from 1 to 7 years) and measured several different song characteristics only found a
positive trend for chatter song duration increasing with age in males. Male superb
fairy-wrens also sing trill song to attract extra-pair females (Langmore and Mulder,
1992; Dalziell and Cockburn, 2008). In contrast to chatter song, male trill song
changes with age. Older males sing songs with a longer trill component, and have
higher extra-pair mating success (Langmore and Mulder, 1992; Dalziell and
Cockburn, 2008). Based on these findings, high quality females may show social
mate choice for males with a shared element repertoire, and show extra-pair mate

choice for males for males with longer trill song and earlier onset of nuptial plumage.

Conclusion

Females with larger observed repertoire size paired with males with many ‘within-
pair shared’ elements. Conversely, females with low observed repertoire size paired
with males with many ‘within-pair unique’ elements, generating a pattern of negative
assortative pairing for song complexity. The findings of this study raise many
questions about the costs and benefits of singing in systems with female solo song,
which are just beginning to be explored. The pattern of high element sharing in high
quality females is consistent with other studies in males that have found benefits of
song and element sharing for improved territory defence. We explore ideas that
females may lower the predation costs associated with high song rate by being paired
with males with shared vocal repertoire, and increase the benefits of shared vocal
repertoire for improved fledgling song learning and better-coordinated territory

defence.
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Tables

Table 4.1 Song characteristics (mean =+ standard error) of pairs (N = 31) of male and
female superb fairy-wrens (Malurus cyaneus). Statistical results are shown for data

that were normally distributed (t-tests) and not normally distributed (Wilcoxon

signed rank tests).
Song Male Female daf t z P
Characteristic
Element 8.23+0.28 8.29 +0.33 30 0.133 0.895
repertoire size
Song length 37.03+ 141 36.00£1.40 30 -0.568 0.574
Song complexity  6.05+0.14 596+0.13 30  -0.407 0.687
# unique element  1.84 + 0.30 1.90 +£0.32 30 -0.072  0.943
types
% shared element 79.73 £3.06  79.66 £3.05 30 0.071 0.943
types
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Table 4.2 Song characteristics (mean = standard error) in relation to age in superb

fairy-wrens for yearling males (N = 8) and females (N = 7), and older males (N= 13)

and females (N = 10). Statistical results are shown for data that were normally

distributed (t-tests) and not normally distributed (Mann-Whitney U-tests).

Sex Song Yearling Older Birds ~ df t z P
Characteristic Birds
Male Element 9.00 £ 0.46 8.23 +£0.28 19 1.580 0.131
repertoire
size
Song 6.25+0.20 5.74+0.13 -1.890 0.064
complexity
Song length 35.18+2.47 3821+2.17 1.232  0.238
Female Element 7.43 £0.92 8.80+0.47 1.777  0.088
repertoire
size
Song 5.344+0.35 6.01 £0.26 1.498 0.161
complexity
Song length 31.19+1.78 36.55+3.64 12.73 -1.324 0.209
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Figure 4.2 The number (mean + se) of unique male element types for three
categorical levels of female song complexity (low: 5.00 — 6.00, medium: 6:01 — 6.99,
high: 7.00 — 8.00) for 31 pairs of superb fairy-wrens. Females with low song
complexity were paired with males with significantly more unique elements (see

Results).
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Figure 4.3 The number (mean + se) of shared element types of paired males and
females for three categorical levels of observed element repertoire size (low: 5.0 —
8.0, medium: 9.0 — 10.0, high: 11.0 — 12.0) in females. Data are from 31 pairs of
superb fairy-wrens. Females with larger vocal repertoire were paired with males with

significantly more shared elements (see Results).
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Chapter 5

Female in-nest chatter song increases predation

Sonia Kleindorfer, Christine Evans and Katharina Mahr

Biology Letters (2016) 12(1): 20150513

Abstract

Female song is an ancestral trait in songbirds, yet extant females generally sing less
than males. Here, we examine sex differences in the predation cost of singing
behaviour. The superb fairy-wren (Malurus cyaneus) is a Southern Hemisphere
songbird; males and females provision the brood and produce solo song year-round.
Both sexes had higher song rate during the fertile period and lower song rate during
incubation and chick feeding. Females were more likely than males to sing close to
or inside the nest. For this reason, female but not male song rate predicted egg and
nestling predation. This study identifies a high fitness cost of song when a parent
bird attends offspring inside a nest and explains gender differences in singing when

there are gender differences in parental care.

Introduction

In songbirds, condition-dependent song is generally considered a sexually selected
trait used by males to repel rivals and attract females (Andersson, 1994; Catchpole
and Slater, 2008). However, there is growing focus on the occurrence (Najar and

Benedict, 2015) and functions of female song (Cain et al., 2015), mostly using the
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perspective of life history and social selection theory. Female song is widespread and
ancestral in songbirds, and females sing across 71% of extant species spanning 32
families (Odom et al., 2014). Many Southern Hemisphere songbirds are sedentary,
and females and their pair males sing solo song year-round to defend the territory
(Cooney and Cockburn, 1995; Brunton and Li, 2006). Females generally sing less
than males. The findings by Odom et al. (2014) raise questions about why some
females have lost or gained song, and why many females currently sing less than
males. Singing is a variable behaviour and not a fixed trait, and therefore a songbird
may increase or decrease its song rate in relation to how it perceives its surroundings,
including social and ecological context (Fontaine and Martin, 2006; Zoratto et al.,
2014). One approach to understand gender differences in singing behaviour is to test

if there are gender differences in the costs of singing, which is the aim of this study.

Our study system is the superb fairy-wren (Malurus cyaneus), a sedentary long-lived
Southern Hemisphere songbird. Male and female fairy-wrens sing solo ‘chatter’ song
across the year (Cooney and Cockburn, 1995), and both sexes defend the territory
against intruders (Kleindorfer et al., 2013b). Male and female superb fairy-wrens
differ in patterns of parental care: the female is a uniparental incubator and both
sexes feed the chicks (Rowley and Russell, 1997). We test if fairy-wren song rate
increases nest predation in relation to nesting phase and primary parental care
provider. (1) During the fertile period, song rate should be high in both sexes given
no nest attendance; (2) during incubation, female song rate should predict egg
predation because females are uniparental incubators; (3) during chick attendance,
pair song rate should predict chick predation because both sexes feed the young. (4)

Both sexes should vocalise away from the nest to reduce predation risk from nest
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conspicuousness. (5) At artificial nests at which we broadcast female song, we
predict higher egg predation when there is a higher rate of song. Prediction (1) could
predict either a low song rate at later stages or (4) that both sexes will sing away
from the nest. If prediction (4) is correct, then (2) and (3) may not follow; that is, if
neither sex sings near the nest, then the song rate of neither sex would matter. If both
sexes have the same song rate at the nest, then there should not be an effect of sex-

specific song rate on predation.

Materials and Methods

We monitored chatter song rate and nesting outcome at 72 wild superb fairy-wren
nests from September to December during 2013 and 2014 at Cleland Wildlife
Sanctuary (34°58’S, 138°41°E) and Newland Head Conservation Park (35°37’S,
138°29’E). One nest was analysed per nesting phase: fertile period (N = 20),
incubation (N = 26), and chick feeding (N = 26). In 2014, we measured egg
predation at 45 artificial domed nests in relation to experimental broadcast of song

rate at Scott Creek Conservation Park (35°05°S, 138°41°E).

Male and female fairy-wrens produce a solo chatter song that consists of
approximately eight different vocal elements produced approximately 50 times per
song for approximately 3 s (Kleindorfer et al., 2013b). Fairy-wrens learn this song as
fledglings and produce the song as adults (Evans and Kleindorfer, 2016; Chapter 3).
We have previously studied incubation calls in this system. Incubation calls are
quieter than chatter songs (approx. 60 dB versus approx. 87 dB at 1 m) and are
produced by incubating females while inside the nest; the incubation call consists of

two vocal elements repeated approximately 5 times for approximately 1 s
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(Colombelli-Négrel et al., 2012; Colombelli-Négrel et al., 2014). In general, songbird
songs are learned, have many elements, and are produced by adults; calls have few

elements and are produced by all age groups (Price, 1979).

Song rate and predation at natural nests

Territories were monitored every 3 days to record date of first egg, hatching success,
predation, and vocalisation behaviour. We scored the number of chatter songs per
nesting phase. The fertile period was considered to begin approximately 5 days
before egg laying and terminate with egg laying; we scored number of chatter songs
per 20 min (multiplied by three to estimate songs per hour) and retrospectively
assigned nests after determining date of first egg. All nest observations were done
between 07.00 to 10.00. Incubation and nestling phase are each approximately 15
days. We scored number of songs per hour during 1 h of nest observation during
either incubation (egg age: 10 - 12 days) or chick feeding (chick age: 2 - 4 days). At
12 nests in 2014, we recorded minimum distance (m) of singer to nest and the
proportion of nests at which the female produced chatter song inside the nest. For
nest observations, the observer was hidden in vegetation (approx. 15 m from the
nest). Given the estimate error for birds singing from vegetation near the nest, we
used ‘minimum distance of the singer to the nest’ for statistical analysis. We noted
egg and chick predation when nest contents were missing during 3-day nest checks;

chicks that survived to 10 days were considered to have fledged.

Song rate and predation at artificial nests

From 20 September to 5 October 2014, we experimentally tested the effect of female

song rate on egg predation. Artificial domed nests each baited with one quail egg
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were placed every 30 m along three transects; each transect was separated by 500 m.
For 3 h (07.00 to 10.00) at every nest including control nests, we placed a MoshiTM
BassBurger rechargeable portable speaker (sensitivity: greater than 80 dB; frequency
response: 280 Hz - 16 kHz) connected to an Apple iPod (Apple Inc., USA) below the
nest. At every second nest, we broadcast female chatter song at low song rate (six
calls per hour), and at every third nest we broadcast female chatter song at high song
rate (20 calls per hour). We saved the playback stimuli as uncompressed 16 bit 44.1
kHz broadcast wav files using Amadeus Pro v. 1.5; playbacks were 85 - 88 dB SLP
at 1 m, which is within the natural level. We broadcast chatter song every day for 3
days and analysed predation outcome after 3 days (presented here), as well as 14

days (data available from Dryad). Predation was scored if the egg was missing.

Data were analysed with SPSS 20 for Windows (SPSS Inc., Chicago, USA). The
variable ‘number of songs per hour’ was log transformed to satisfy requirements of
normality for parametric tests. We confirmed homogeneity of variance prior to using

ANOVA.

Results

Natural nests

The number of pair male and female chatter songs per hour was significantly
correlated during the fertile period (r = 0.83, N =20, P <0.001), but not during
incubation (r =-0.04, N = 26, P = 0.858) or chick feeding (r = 0.33, N =26, P =
0.099) (Figure 5.1). Song rate differed significantly across the three nesting phases
(ANOVA: males: F271 = 14.22, P < 0.001, partial 5> = 0.29; females: F,7, = 6.07, P

= 0.004, partial n> = 0.15). In males, song rate was highest during the fertile period
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(23.5 £4.7) compared with incubation (11.3 £ 3.1) and chick feeding (4.3 = 0.9).
Female song rate was also highest during the fertile period (17.5 £ 3.8) compared
with incubation (8.7 £ 1.3) and chick feeding (6.0 & 1.4). Using paired t-test with
log-transformed data, males sang more than females during the fertile phase (t = 2.29,
P =0.034), but song rate in males and females was comparable during incubation

and feeding (both P > 0.2). Males had higher song rate during incubation than

feeding (independent t-test: t =2.7, P = 0.010); female song rate was comparable

between incubation and feeding (independent t-test: t = 1.68, P = 0.099).

During incubation, high female song rate predicted egg predation (multiple
regression: female song rate: rpa = 0.64, P = 0.001; male song rate: rpa=-0.152, P =
0.467) (histograms in Figure 5.2). During the chick phase, high female song rate
predicted chick predation (female song rate: rpar = 0.411, P = 0.041; male song rate:
Tpart = -0.241, P = 0.246) (histograms in Figure 5.2). Total songs per hour per nest
was not significantly associated with egg or chick predation (both P> 0.3). Females
sang significantly closer (m) to the nest (0.7 & 0.3) compared with males (6.3 £ 0.5
m) (paired t-test: t =-10.633, df = 11, P <0.001). A higher proportion of females
(6/12) sang while inside the nest compared with males (0/12) (Likelihood ratio =
10.357, P =0.005, Cramer’s V = 0.477). At all six nests with female chatter song

inside the nest, the female produced one chatter song.

Artificial nests

Egg predation was significantly different across treatment groups (Likelihood ratio =
9.834, P=0.007). Egg predation was lowest at control nests (0%), intermediate at

nests with low song rate (20%), and highest at nests with high song rate (40%).
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Discussion

In this study we show sex differences in the predation cost to singing, which
provides a new perspective to test differences in singing behaviour when both sexes
produce solo song. The number of female, but not male, songs per hour predicted
egg and chick predation at natural nests. Compared with males, female chatter song
is shorter (Kleindorfer et al., 2013b), and therefore song characteristics are an
unlikely explanation for the observed difference in predation. Females sang
significantly closer (m) to the nest than males and were more likely to produce song
while inside the nest. Female song likely revealed the nest location to predators
(Magrath et al., 2010). Artificial nests at which we experimentally broadcast higher
song rate had more egg predation. While our experimental chatter song rate was
within the normal range observed for 15 m near the nest, it was higher than that

observed for females inside the nest, which could have exaggerated effect size.

Male and female song rate was positively correlated during the fertile period (see
also Hall and Peters, 2008) but not during incubation and feeding (Figure 5.1). The
change in pattern of association (but no significant difference in song rate between
the sexes) suggests different mechanisms and/or functions of song in males and
females across the nesting phase (Peters et al., 2013; Chiver et al., 2015). It remains
to be tested if females with lower song rate produce more offspring (silent female
hypothesis) or if females that adaptively adjust song rate produce more offspring
(adaptive female song rate hypothesis). We did not compare song rate in the same
bird across nesting phase and cannot comment on singing consistency (Cain and

Langmore, 2015). Males and females with eggs and chicks had lower song rate than
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birds during the fertile phase, and females that sang more incurred more nest

predation.

Non-human animals have adaptive risk assessment and attend to aural cues of
predators and other brood threats (Blumstein et al., 2008; Chan and Blumstein, 2011;
Kleindorfer et al., 2013a). One explanation for different patterns of male and female
song rate is that each sex is more likely to encounter different threats while attending
the nest. Females have been shown to adjust vocalisation behaviour to aural threats.
Previously, our group showed increased in-nest incubation call rate by females
experimentally exposed to a brood parasite threat (Kleindorfer et al., 2014a); higher
incubation call rate resulted in benefits and costs. Fairy-wren embryos exposed to
many incubation calls had higher vocal copy accuracy as chicks and received more
parental feeds (Kleindorfer et al., 2014a), parents had improved discrimination of
intruder (cuckoo) chicks that did not learn as embryos (Colombelli-Négrel et al.,
2012), but nests with many incubation calls had more egg predation (Kleindorfer et
al., 2014b). Here, we found that female chatter song rate, similar to female
incubation call rate, increased nest predation. It is unknown if fairy-wrens have a
capacity for predator risk assessment that affects song rate — but intriguingly,
Fontaine and Martin (2006) found that male song rate increased after the

experimental removal of nest predators (Fontaine and Martin, 2006).

Solo chatter song likely has multiple functions in fairy-wrens, including territory
defence (Kleindorfer et al., 2013b; Odom et al., 2014; Cain and Langmore, 2015
Cain et al., 2015). What is novel about this study is that 50% of nesting females sang
chatter song from inside the nest. Females produced song if they happened to be

inside the nest when the male sang upon arrival within 15 m of the nest, but females
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did not initiate song from inside the nest (Kleindorfer per. obs). This raises questions
about additional functions of female song (e.g. pair-bond, vocal tutoring). Notably,
male only care of eggs occurred in some of the oldest bird lineages (e.g. megapodes,
ratites; Cockburn, 2006). Given the high costs of female song under conditions of in-
nest parental care, the evolution of avian sociality is creating strong selection on
female vocalisation behaviour including, we suggest, selection for cognitive capacity

to discriminate and assess predation threats during nest attendance.
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Figure 5.1 The association between pair male and female superb fairy-wren chatter
song rate during the fertile (N = 20 nests), incubation (N = 26 nests), and chick

feeding (N = 26 nests) phases. Data are independent per nesting phase.
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Chapter 5: The cost of female song
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1880 predation.
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Chapter 6

General Discussion and Conclusion

Synthesis of findings & future directions

The emergence of female song as a phylogenetically and geographically widespread
trait in oscine passerines requires us to re-evaluate our understanding of the evolution
of bird song in males and females. To date, bird song is regarded as one of few
examples of animal behaviour where all four categories of Tinbergen’s (1963)
questions have been addressed in detail (Bateson and Laland, 2013). However it has
become apparent that our current understanding of bird song is based almost solely
on systems with male song production due to historical and geographical research
biases. My thesis adds to the growing body of work on female song by addressing
fundamental questions about whether there are differences in song learning in sons
and daughters, the role of female song in mate choice, and sex differences in fitness
costs of singing behaviour in a system where both sexes produce complex solo song.
Here, I will evaluate and discuss the findings of this thesis in the perspective of

Tinbergen’s levels of analysis for explaining behaviour.

Ontogeny

My thesis shows that superb fairy-wren (Malurus cyaneus) sons and daughters
produced the song elements of (foster) mothers and social fathers (Chapter 2 and 3),
and had comparable song element repertoires as fledglings (Chapter 2). Cross-

fostering demonstrated that these element types were socially transmitted from
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parent to offspring (Chapter 3). Previous research on male and female song learning
has also shown that young birds learn and produce similar numbers of elements and
songs, and learn songs from both sexes (Yamaguchi, 2001; Geberzahn and Gabhr,
2014). These studies and Chapters 2 and 3 suggest that males and females are
capable of learning song from either sex, and do not show a preference for same-sex
vocal tutors. Instead, both males and females can be vocal tutors. Female superb
fairy-wrens are not only vocal tutors for fledglings that learn chatter song, but are the
sole vocal tutors for embryos that learn the incubation call in ovo (Colombelli-Négrel
et al., 2012). Together, this work illustrates the active role females play in vocally
tutoring male and female offspring, and therefore identifies vocal tutoring as a form
of maternal investment (Kleindorfer et al., 2014a). Given the costs and benefits of
vocal tutoring, and the adaptive flexibility in vocalisation behaviour, the female
superb fairy-wren fulfils all three criteria outlined in the operational definition of
(non-human) teaching making them one of five non-human species that have been
‘acceptably’ classed as teachers (Kleindorfer et al., 2014a, 2014b; Ridley and Ashton
2015). What my thesis shows is that daughters, and sons, had equal learning (vocal

imitation) under the same female teacher (vocal tutor).

In systems with female-biased dispersal, such as in superb fairy-wrens, the
subsequent differences in encountered social environments after dispersal may
contribute to sex differences and individual changes in adult song, perhaps as the
consequence of social song adjustment (Lobato et al., 2015). For example, females
could tactically lose vocal elements (to shorten song and reduce the predation cost of
singing) if those elements are present in her mate’s song; this would influence the

pattern for element sharing within social pairs shown in Chapter 4. Neighbours are
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also potential vocal tutors since fledglings are exposed to songs of neighbouring
birds during song development and song element sharing between social parents and
neighbours is likely (Colombelli-Négrel, 2016). Dispersing individuals may also
learn from neighbours or change song to match neighbours’ songs during territory
settlement, as in other species including Bewick’s wrens (Thryomanes bewickii;
Kroodsma, 1974), indigo buntings (Passerina cyanea; Payne and Payne, 1993), and
Nuttall’s white-crowned sparrows (Zonotrichia leucophrys nuttalli; Bell et al., 1998).
Finally, recent evidence suggests that element types acquired from social mothers
during development remain in adult song in the red-backed fairy-wren (M.
melanocephalus; Dowling et al. 2016). Thus, while there might be some adjustment
of vocal repertoire across lifetime, which has not been studied in detail in females,
my thesis showed that daughters learn vocal elements and, in line with other studies,
most learned elements are maintained throughout adulthood (Chapter 4) as assessed

by observed vocal repertoire in adult female song.

Mechanism (causation)

This thesis did not address the mechanism for song learning or production. However,
I consider the main thesis findings in the light of causative explanations for song in
my study system. Because | measured the same patterns of song element imitation in
young males and females (Chapter 2), and the same pattern of song complexity in
adult birds (Chapter 4), it is reasonable to infer that the underlying causal mechanism
for song learning and production is similar in superb fairy-wren males and females.
The neural song system including the brain structures of the higher vocal centre
(HVC) that control learning and production of song (Brenowitz and Beecher, 2005),

has not been examined in superb fairy-wrens, and therefore not across sexes. This is
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a next step to understand the mechanisms of song in this model system for solo male
and female song. The neural motor pathway that includes the HVC nuclei and robust
nucleus of the acropallium (RA) are associated with the repertoire of elements
(Nottebohm and Arnold, 1976; Bolhuis and Gahr, 2006). There is some support that
species with male and female song with comparable complexity and similar rate have
similar HVC and RA volumes (Brenowtiz et al., 1985; Brenowitz and Arnold, 1986).
Yet there is accumulating evidence that males and females can produce duets or solo
songs of similar complexity despite significant male-biased sexual dimorphism in
song system anatomy (Brenowitz and Arnold, 1986; Gahr et al., 1998; 2008; Jawor
and MacDougall-Shackleton, 2008; Schwabl et al., 2015). Females can also produce
complex song despite having significantly lower androgen levels than males
(Schwabl et al., 2015). There is a call to re-examine the relationship between the
song system structure, hormonal influences on song, and song complexity and
behaviour in systems with male and female song to more closely examine the

mechanisms controlling song learning and production in songbirds.

Phylogeny (evolution)

Recent phylogenetic studies showed that song in females is an ancestral trait for
modern songbirds (Garamszegi et al., 2007; Odom et al., 2014). The geographical
origin of the oldest phylogenetic lineages of songbirds is Australasia (Barker et al.,
2004), and female song remains widespread in Australasia (Robinson, 1949; Odom
et al., 2014). Female song is less common in northern temperate regions (Slater and
Mann, 2004). Accordingly, there must be different selective forces promoting the

maintenance of song in female Australasian songbirds, and the loss of this trait in
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northern temperate songbirds. Identifying these evolutionary pressures is exciting

and key to understanding the evolution of female song.

The contrasting life history traits of birds across hemispheres may reasonably
contribute to differences in the prevalence of female song. Many Australian species
such as superb fairy-wrens are sedentary, highly territorial, and males and females
form long-term partnerships (Robinson, 1949; Russell and Rowley, 1997; Russell,
2000; Russell et al., 2002). Year-round territoriality is strongly associated with
female song, as many females sing for territory defence and other resources (Morton,
1996; Langmore, 1998; Hall, 2004; Odom et al., 2014; Tobias et al., 2016). Female
song is also associated with a tropical distribution, convergent sex roles, reduced
sexual dichromatism, and long-term social bonds (Slater and Mann, 2004; Langmore
1998; Hall, 2004, Price, 2009; Odom et al., 2014; Najar and Benedict, 2015; Tobias
et al., 2016; Webb et al., 2016). For Australian songbirds, local climatic conditions
allow for year-round availability of ecological resources, and hence the sedentary
lifestyle of many species. In turn, this supports the formation of long-term social
partnerships between males and females. Together, year-round territories and social
mates are critical resources worthy of defence by both sexes. Subsequently, females
play an active role in resource defence, and sing solo song or duet with their social
partner to defend resources in the few Australian species, including fairy-wrens,
where female song has been examined (Farabaugh et al., 1992; Hall, 2000; Rogers et
al., 2007; Hall and Peters, 2008; Kleindorfer et al., 2013b; Cain et al., 2015; Dowling
and Webster, 2016). The Malurus genus remain an ideal model system to examine
patterns of female song and singing behaviour and the evolution of song in both

sexes because fairy-wrens (1) produce duets, choruses and solo song, (2) song
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mainly functions for territory defence, and (3) social and ecological selection
pressures vary between species (Russell and Rowley, 1997; Greig et al., 2013).
Comparative studies on fairy-wren species should be conducted to further explore
the role of females in territory defence, and possible alternative functions of male

and female song.

Fitness (survival value)

This thesis sheds light on the adaptive significance of male and female song by
exploring the role of female song for pairing outcome (Chapter 4) and sex
differences in costs of adult song (Chapter 5). We found that there was a positive
association between the observed element repertoire size of females and the
proportion of shared elements with the pair male in social pairs (Chapter 4). Yet we
also found a significant negative correlation for song complexity within pairs, which
contradicts current theory about mate choice in relation to song complexity. If chatter
song functions for mate choice, then one would predict that males and females pair
positively and assortatively for song complexity because it is a well-documented
honest signal of individual quality (Buchanan et al., 2004). Instead, we found the
opposite pattern. We argue that this pattern may have arisen from females with
complex song pairing with males that share a higher proportion of shared elements
for better-coordinated territorial defence, since territories are a valuable shared
resource (Chapter 4). Thus, chatter song may be indirectly associated with mate
choice as a result of females choosing mates for territory defence to increase their
fitness. Mate choice experiments should be conducted to determine whether females

with complex song prefer males with shared element types.

100



2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

2041

2042

Chapter 6: Discussion

How male and female song is implicated in territory defence could be investigated to
understand why female (and male) song is so complex in this species, and to provide
greater insight into the relationship between female song and female competition.
We found that male and female song rates were positively correlated and highest
during the pre-breeding period, a time when pairs and territories are established, and
fairy-wrens produce song in response to song playback (Chapter 5; also see Cooney
and Cockburn, 1995; Kleindorfer et al., 2013b). In superb fairy-wrens and splendid
fairy-wrens, both sexes respond first to the song playback of same-sex intruders
(Kleindorfer et al., 2013b; Colombelli-Négrel, 2016). Therefore fairy-wrens use song
to distinguish the sex of intruder birds (Kleindorfer et al., 2013b). Yet it remains to
be studied whether song complexity and song rate are important signals of
competitive ability, and correlate with measures of fitness in this system, as has been

proposed in other species with female song (Brunton et al., 2016).

My thesis also identified sex differences in costs of adult singing behaviour whereby
females that sang inside the nest at a higher rate had higher nest predation than males
that sang at a higher rate close to the nest (Chapter 5). Thus, females incur high
fitness costs for singing inside the nest. Why then, did 50% of females show this
behaviour? Female superb fairy-wrens only sang in the nest in response to their
social mate’s song (Chapter 5). We propose that chatter song is an important form of
social communication and that it may also function for within-pair communication in
the form of coordination of breeding activities and nest defence. Song element
sharing within pairs may facilitate within-pair communication and strengthen pair

bonds between males and females (Hile et al., 2005).
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Females with complex song that paired with males for shared element types may
receive additional benefits in the form of increased transmission of element types
shared with pair male to offspring, and reduced individual song output. Perhaps
females with complex song sing less frequently than females with simple song
because the social mate sings the same element types. If one function of shared
element repertoire is to enhance exposure of female element types and lower song
output, then females may receive indirect benefits by choosing shared vocal element
repertoire for offspring fitness and direct benefits by lower song rate and hence lower
predation risk. To test this, female song rate should be lower in pairs with high
element sharing, yet offspring vocal copy accuracy should also be higher. Both of

these ideas remain to be tested.

Acknowledged limitations of thesis

The conclusions of my thesis are tempered by a few limitations, which I summarise
here. Not all individuals per population were sampled, and the high rates of nest
predation and fledgling predation resulted in small samples sizes. These are key
constraints of field studies and limit the confidence of certain analyses (Chapter 2 —
4). I did not assess whether neighbours were also vocal tutors for fledged superb
fairy-wrens. Rather, I focused on song learning and production within groups, since
fledglings predominantly interacted with social mothers, fathers, and helpers during
the observation periods. Nonetheless, neighbours could be potential vocal tutors, but
it remains to be tested whether fledglings learn from individuals outside of the natal
group. Furthermore, it has not yet been examined whether females share more
element types with their social mates than with neighbours. Colombelli-Négrel

(2016) found song element sharing with neighbours in splendid fairy-wrens and
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variegated fairy-wrens, but only splendid fairy-wren females shared more elements
with their mate than neighbours. Another limitation of my thesis is the use of
‘observed repertoire size’ rather than a rigorous estimate of ‘total element repertoire
size’ for individual birds. It is likely that ‘observed element repertoire size’
underestimated ‘total element repertoire size’. I did not have sufficient numbers of
song recordings to confidently measure total element repertoire size (a challenge in
the wild when a family of birds will not all sing at the same time) and therefore I did
not attempt to suggest an accurate measure of total repertoire size, but used observed
repertoire size as a proxy. Given that observed repertoire size did not change
significantly across years in the colour-banded birds I recorded, there is evidence that
observed repertoire size was consistent. These limitations have been acknowledged

in each chapter and the findings have been interpreted with caution.

Conclusion: giving females (songbirds) a voice

Gender issues in society and science are challenging across many levels and provide
opportunity for insight (Gowaty, 1997; 2003; Hrdy, 1997). My thesis adds to a
growing body of work that expands the theoretical understanding of female song
(Langmore, 1998; Riebel, 2003; 2016; Garamszegi et al., 2006; Price et al., 2009;
Tobias et al., 2012; Odom et al., 2014; Lobato et al., 2015; Price, 2015; Brunton et
al., 2016) in a system in which most theory has been developed to explain male song.
In general, the outcomes of this body of work are expected to impact both the social
and natural sciences given their mutually reciprocal influence on the development of
human thought (e.g. Medicus, 2015). As a final note, this journey has been
particularly illuminating for me as a female scientist, and for my colleagues as we

navigate the course of gender inclusion.

103



2091

2092

2093

Appendix

Appendix

Appendix 1

CSIRO PUBLISHING

SPECIAL ISSUE

Emu, 2013, 113, 259-269
http://dx.doi.org/10.1071/MU12066

When subspecies matter: resident Superb Fairy-wrens
(Malurus cyaneus) distinguish the sex and subspecies

of intruding birds
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Abstract. The widely accepted functions of complex bird song — to defend a territory or attract a mate, or both — have

generally been tested in northern hemisphere species in which males produce the song and females choose the singer. In
our study species, the Superb Fairy-wren (Malurus cyaneus), both males and females sing a solo song throughout
the year. We compare the chatter song in males and females of two genetically distinct subspecies, and test if resident
birds respond to the sex and subspecies of the intruder song. Compared with island birds (M. c. ashbyi), mainland Superb
Fairy-wrens (M. c. leggei) produced songs with lower frequency and fewer elements. Compared with females, males
produced longer songs with more elements. Resident birds showed acoustical discrimination for the sex and subspecies of
the intruder bird. The response of resident pairs was positively correlated, but each sex showed a solo response. Resident
males were the first to respond to male intruders, and resident females were the first to respond to female intruders. Fairy-
wrens had the strongest response towards (1) intruders of the same subspecies and (2) male intruders. The finding of signal
divergence and acoustical discrimination in males and females makes this a model system to test the mechanism of
reproductive isolation when both sexes sing.

Additional keywords: geographical variation, mating signal divergence, pre-mating barrier, reproductive isolation, song

dialect, species recognition.
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Introduction

Divergence in mating signals is an important evolutionary pro-
cess that may lead to reproductive isolation and speciation
(Slabbekoorn and Smith 2002; Price 2008; Irwin et al. 2008).
The behavioural mechanisms that create pre-mating barriers to
reproduction are particularly important for the initial process of
divergence (Price 2008; van Doorn ef al. 2009). Songbirds are
good model systems to examine discrimination of mating signals
because song is widely used for species recognition and mate-
choice. The functions of song discrimination include the avoid-
ance of costly hybrid mating (via species recognition) and the
identification of quality mates (via mate-choice) (Petrinovich
and Patterson 1981; Grant and Grant 1996; Ratcliffe and Otter
1996; Price 2008; Irwin ef al. 2008).

Geographical song variation can arise for different reasons,
including variation in the genetic predisposition for song
learning, variation in song tutors for learned song characteristics,
and patterns of morphological constraints on song production
(reviewed in Marler and Slabbekoorn 2004; Podos and Nowicki
2004; Price 2008; Fehér et al. 2009). Song-variants can restrict

Journal compilation © BirdLife Australia 2013

gene flow if females prefer a particular song-variant, thus reinfor-
cing genetic differentiation between populations (Baker 1983).
There is evidence that geographically distinct songs promote
assortative pairing for song-type in at least some species (Baker
1983; Blackmore 2002). There is also evidence that songbirds
are more responsive to their local song dialects, when present,
than to distantly related dialects, or to songs of other species
(Petrinovich and Patterson 1981; Baker 1983; Podos 2007, 2010;
Derryberry 2011).

Here we test if song differs between two subspecies of the
Superb Fairy-wren (Malurus cyaneus) in South Australia (SA):
the Kangaroo Island subspecies (M. c. ashbyi) and the subspecies
of the adjacent mainland of SA on the Fleurieu Peninsula (M. c.
leggei). The subspecies have been geographically separated by
a sea straight for ¢. 9000 years, following a rise in sea level at
that time (Schodde 1982; Belperio and Flint 1999; Paton et al.
2002). We have previously shown that each subspecies
represents a genetically distinct population with little gene flow
between them (Dudaniec et al. 2011); we also showed that each
subspecies differs in morphology and foraging behaviour

www.publish.csiro.au/journals/emu
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(Schlotfeldt and Kleindorfer 2006). Compared with mainland
birds, island birds of both sexes: (1) occupied a wider niche
breadth; (2) were significantly larger in body size and (3) had
narrower bills (there was no difference in bill-length) (Schlotfeldt
and Kleindorfer 2006; Dudaniec e al. 2011; see also Myers et al.
2010). The Superb Fairy-wren is a non-duetting species in which
both males and females sing a solo chatter song throughout
the year to defend their permanent territories (Cooney and
Cockburn 1995; Rowley and Russell 1997; Dalziell and Cock-
burn 2008). They are, therefore, a model system for testing the
response of resident males and females to the singing behaviour
of male and female intruders.

Most studies of song discrimination have been on species in
which only males sing (Garamszegi et al. 2006). The tropics
have a high proportion of duetting species, and there are a
growing number of studies on the function of duets (e.g. Thorpe
etal. 1972; Grafe and Bitz 2004; Mennill and Vehrencamp 2008;
Hall 2009; Dowling and Webster 2013). The southern hemi-
sphere has a high proportion of species with solo male and
female song (Langmore 1998; Slater and Mann 2004; Greig and
Pruett-Jones 2008; Greig et al. 2012), although song discrimi-
nation by both sexes in these systems is largely unstudied. Song
discrimination is usually tested by broadcasting the song of a
male bird from speakers in the territory of a focal pair and
measuring the response of either or both sexes (Searcy and
Marler 1981; Dabelsteen 1988; Searcy and Brenowitz 1988;
Searcy and Yasukawa 1996; Derryberry 2007; Podos 2010).
There are many challenges in developing experimental designs
to test song discrimination, including differences between sexes
in response selectivity, hormonal manipulation of study subjects
and field v. laboratory conditions (Searcy and Brenowitz 1988).
Despite these challenges, researchers have accumulated a wealth
ofknowledge about differences between sexes in the behavioural
response of resident birds to playback of male song (Beletsky
etal. 1980; Baker et al. 1981; Baker 1983; Searcy and Brenowitz
1988; Clayton and Prove 1989). In general, males respond with
aggressive territorial defence to playback of male intruders
whereas female response is measured as copulation solicitation
display, nest-building activity and date of laying (reviewed in
Nowicki and Searcy 2005; Danner ef al. 201 1). We will test song
discrimination in a system where both males and females use
chatter song to defend the permanent territory (Cooney and
Cockburn 1995).

We have two main aims: (1) to determine whether chatter
song differs between male and female Superb Fairy-wrens in the
two subspecies and (2) to determine whether resident Fairy-
wrens acoustically discriminate between intruder Fairy-wrens
on the basis of their subspecies and sex. We broadcast chatter
song of male and female fairy-wrens from speakers in permanent
territories and measure the response of the resident males and
females. We also use the song from a congener, the Variegated
Fairy-wren (Malurus lamberti), as a control. For the song struc-
ture we predict: (1) females will have more unique elements than
males because males are philopatric and females disperse from
their natal territory (Mulder 1995; Double and Cockburn 2000;
Schlotfeldt 2010); (2) the subspecies will differ in song because
they have been separated for c¢. 9000 years with little dispersal
(Dudaniec et al. 2011) and (3) males will have more complex
songs (number of elements per song) than females because
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extra-pair paternity is predicted by the intensity and complexity
of male song (Cockburn er al. 2009). For the playback experi-
ments, we predict a stronger response to intruders of the same
subspecies, because local Fairy-wrens pose a greater risk of
mate competition and territory theft (Petrinovich and Patterson
1981; Baker 1983; Podos 2007, 2010).

Materials and methods
Study species

The Superb Fairy-wren is a small insectivorous songbird endemic
to south-eastern Australia (Rowley and Russell 1997). Males are
philopatric whereas females disperse 1-10km from their natal
territory before forming a long-term pair that defends a shared
territory for 5—10 years (e.g. Double and Cockburn 2000). Superb
Fairy-wrens have a cooperative mating system that is notorious
for many extra-pair copulations; ~70-95% of nests have at least
one extra-pair young (Mulder et al. 1994; Double and Cockburn
2003; Cockburn et al. 2013). In our study population in SA, there
were virtually no auxiliary males in any territory but a high
percentage (83%) of nests nevertheless contained extra-pair
young (Colombelli-Négrel ef al. 2009). Males and females can
easily be distinguished in the field: females have brown plumage
and orange-red lores, eye-ring and bill; breeding males are
strikingly different, with conspicuous blue cap, ear-coverts and
mantle, a blue-black tail and a black bill; non-breeding males
have brown, female-like plumage but with black lores and bill
and the blue-black tail of the breeding plumage (Rowley and
Russell 1997; Peters et al. 2013).

The species is known for its complex vocalisations, with eight
types described: Type I song (chatter song), Type II song (trill
song), Type III song (alarm song), alarm call, incubation call,
brooding purr, feeding-young call and contact call (reviewed in
Colombelli-Négrel 2008; Colombelli-Négrel ef al. 2011, 2012).
Here we focus on the Type I or chatter song because it is the most
common vocalisation sung by both males and females, it is used
by both sexes for territorial defence, and is used by males for
attracting extra-pair copulations (Langmore and Mulder 1992;
Cooney and Cockburn 1995; Dalziell and Cockburn 2008;
Cockburn et al. 2009). Evidence for a territorial defence function
of chatter song is: (1) rates of chatter song increase at the onset of
the breeding season after several months of communal foraging;
(2) birds in newly established territories have higher rate of
chatter song and (3) females are more likely to produce chatter
song in response to intruding neighbours and strangers than to
their mates (Cooney and Cockburn 1995). Evidence for a mate-
attraction function of chatter song includes: (1) males sing
chatter song in a dawn chorus; (2) males in the dawn chorus are
visited by females seeking extra-pair copulations and (3) males
that produce more chatter song have more extra-pair copulations
(Dalziell and Cockburn 2008). The role of female preference for
male chatter song and reproductive success has not yet been
studied, although we predict assortative pairing for this trait given
that both males and females produce the chatter song.

Subspecies and study site

We collected song recordings in six study areas in SA.
Recordings were made at three mainland sites on the Fleurieu
Peninsula (M. c. leggei): Scott Creek Conservation Park (CP)
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(35°05'S, 138°41’E), Scott CP (35°24'S, 138°44'E) and Newland
Head CP (35°37'S, 138°29’E); and three island sites on Kangaroo
Island (M. c. ashbyi): Flinders Chase National Park (NP)
(35°54'S, 136°47'E), Pelican Lagoon CP (35°48'S, 137°48'E)
and Vivonne Bay CP (36°00'S, 137°09'E). The study sites
were selected to build on long-term data collected by the
BirdLab at Flinders University on Fairy-wren population genetic
structure (Schlotfeldt 2010; Dudaniec et al. 2011; Kleindorfer
et al. 2013).

Song recordings

Overall, we recorded the chatter song of 104 males and 92
females (67 colour-banded Fairy-wrens and 129 birds sampled
along transects; recordings of unbanded birds were separated by
at least 200 m). On the mainland (M. c. leggei), sample size per
study site was 14 males and 12 females at Scott Creek CP, 22
males and 15 females at Scott CP and 17 males and 17 females
at Newland Head CP. On Kangaroo Island (M. c. ashbyi) sample
size was 14 males and 18 females at Flinders Chase NP, 18
males and 13 females at Pelican Lagoon CP and 19 males and
17 females at Vivonne Bay CP. In all cases, we used only the
male or female from each territory to assure independence of the
song recordings for analysis. We recorded a mean of 6.1 songs
per Fairy-wren (s.e. 1.1) at a distance of 5-20 m. Recordings
were made with a Telinga Twin Science parabolic microphone
(Telinga Microphones, Tobo, Sweden), connected to a portable
Sound Devices 702 digital audio recorder (Sound Devices LCC,
USA). All sound files were recorded as broadcast wave files
(24 bit 48 kHz).

Acoustical analysis

We transcribed all sound files to an Apple MacPro (Apple
Corporation, USA) for editing with Amadeus Pro 1.3.2 (Hair-
erSoft, Switzerland) and analysis with Raven Pro 1.4 (Charif
et al. 2008). The chatter songs used for playback were high-pass
filtered at 1 kHz to reduce background noise.

Spectrograms were produced using the Hann algorithm in
Raven Pro 1.4 (filter bandwidth 124 Hz, 512 samples, time-grid
overlap 50%, grid-resolution 5.8 ms). For each song, we mea-
sured the minimum and maximum frequency (Hz), frequency
bandwidth (Hz), duration (s), the total number of elements per
song and the number of different elements per song. Using
classifications developed by Langmore and Mulder (1992),
Blackmore (2002), Dalziell and Cockburn (2008) and Colom-
belli-Négrel et al. (2011) and comparing existing classifications
of elements to our own songs, we identified nine elements in our
samples, which we refer to as elements A, F, O, R, T, U, V, W
and Y (Fig. 1). The total number of elements per song, and the
number of different elements per song were used in statistical
analyses.

Playback stimuli

We used three types of playback stimuli: (1) same subspecies
(island song played to island Fairy-wrens or mainland song
played to mainland Fairy-wrens); (2) different subspecies (main-
land song played to island Fairy-wrens and vice versa) and (3)
control song of Variegated Fairy-wren, a congener that occurs on
both the island and the mainland. We used a different song for
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Fig. 1. Spectrograms of the different elements identified in the chatter song
of Superb Fairy-wrens (Malurus cyaneus) from Kangaroo Island (M. c.
ashbyi) and the adjacent mainland on the Fleurieu Peninsula (M. c. leggei).
The elements are: A, mainland female; F, island male; O, mainland male;
R, island female; T, mainland male; U, island male; V, mainland male;
W, island male; and Y, mainland male.

each playback trial: 99 songs from the island subspecies (M. c.
ashbyi), 97 songs from the mainland subspecies (M. c. leggei),
and five control songs from five male Variegated Fairy-wrens
(from Calperum Station, near Renmark, SA). We used Amadeus
Pro (HairerSoft, Kenilworth, UK) to make playback stimuli that
repeated every 10 s. Stimuli were played on a FOXPRO Scorpion
X1-B (FOXPRO Inc., Lewistown, PA, USA) that could be
remotely controlled when the focal Fairy-wrens were nearby.
There were 178 playback trials in which each territory was tested
only once with one of the five types of stimuli (same subspecies
male, same subspecies female, different subspecies male, differ-
ent subspecies female, control). To ensure social independence of
the singer for the recording we never used a recording from the
focal pair in playback experiments.

Playback experiments

We colour-banded 354 Fairy-wrens and recorded response to
playback of 107 colour-banded and 71 unbanded Fairy-wrens.
The playback experiments were done in September and October
in 2010 and 2011 at two study sites for each subspecies: Scott
Creek CP and Sandy Creek CP on the mainland (M. c. leggei) and
Flinders Chase NP and Pelican Lagoon CP on Kangaroo Island
(M. c. ashbyi). The sample size and origin of playback stimuli
were as follows: 91 mainland experiments (17 different subspe-
cies male, 19 different subspecies female, 21 same subspecies
male, 14 same subspecies female, 20 controls) and 87 island
experiments (16 same subspecies male, 19 same subspecies
female, 15 different subspecies male, 17 different subspecies
female, 20 controls). For the playback trials, we used a similar
number of playback stimuli from the three study sites for each
subspecies to avoid a stronger response by local birds to
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playback of local song, for example. We entered study site of the
playback origin as a covariate in statistical analyses.

Recordings were played back to the male and female of pairs
together, but the playback stimulus consisted of only one sim-
ulated intruder (either a male or female intruder of a particular
subspecies). Each resident pair received only one playback
stimulus (one of the following five possibilities: male same
subspecies, female same subspecies, male different subspecies,
female different subspecies, control). Once we located a test
group (based on our long-term monitoring of territories; Colom-
belli-Négrel 2008), we placed the FOXPRO Scorpion speaker
at the base of a shrub in the territory, ~20 m from three observers
(see below). The playback trial began within 1 min of placing
the speaker in the territory to ensure the focal Fairy-wrens were
present and behaving normally. The playback was started using
remote control of the FOXPRO speaker. The playback trial
consisted of 3min of silence and pre-playback observations
(pre-trial), followed by 3 min of stimulus and observations
during the playback of the intruder song (trial). For the 6-min
period of observation for each experiment, three observers were
hidden in the vegetation: one focussed on the behaviour of the
resident breeding male, one focussed on the behaviour of the
resident breeding female, the third focussed on behaviour by
other species or neighbouring birds. We recorded the following
behaviour for the pre-trial and trial: (1) number of male and
female chatter songs per minute given within 20m of the
playback speaker; (2) number of movements over the playback
speaker (passes) by the resident male and female combined
and, separately for the male and female, (3) latency of response
(s) within 10 m of the playback speaker; (4) closest approach the
playback speaker (m) and (5) the first sex to respond (shortest
latency). Fairy-wrens were observed to resume normal activity
within 5 min of the completion of each playback trial.

Statistical analyses

We used PASW Statistics for statistical analyses (PASW version
18.0 for Windows, SPSS Inc., Chicago, IL). For the analyses of
song characteristics, we determined the mean per bird for each
song variable: minimum frequency (Hz), maximum frequency
(Hz), frequency bandwidth (Hz), duration (s) and number of
elements per song. We used two separate multivariate analyses of
variance (MANOVA) to test for song characteristics and the
proportion of elements; in both models, we tested for effects of
subspecies and sex on the dependent variables. To analyse the
proportion of elements per song, we square-root transformed the
values per element. There were no significant differences in
the pre-trial behaviours between Fairy-wren territories (all
P>0.07; data available from the authors upon request). There-
fore, we exclude pre-trial behaviour from further analysis and
focus on trial response. We used regression analysis to test if the
male and female response in each territory was correlated. We
analyse the combined response of the pair to intruder subspecies
and intruder sex using MANOVA, with all response variables
(chatter song, latency to respond, closest approach, number of
passes over the speaker) as the dependent variables. In addition,
we were specifically interested in the response patterns of males
and females. We used principal components analysis (PCA) to
create single derived-response variables for each sex separately.
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The PCA variable male response had an eigenvalue of 2.32,
which explained 58% of the variance; the PCA variable female
response had an eigenvalue of 2.48, which explained 62% of the
variance (see Table 1 for factor loadings). Both PCA variables
had positive factor loadings for number of chatter songs and
number of passes over the playback speaker, and negative factor
loadings for latency to respond and closest approach to the
playback speaker. Therefore, high PCA scores indicate a strong
response (many vocalisations, many passes over the speaker,
short time to respond, and close approach distance). We used
MANOVA to test for the response intensity of males and females
in relation to intruder subspecies and sex, and entered geograph-
ical origin of the playback (stimulus origin) and the identification
of the pair as covariates.

Results
Chatter song

The characteristics of the chatter song differed significantly for
each subspecies and sex (Tables 2, 3). There was no effect of the
covariate study site. MANOVA showed there was a significant

Table 1. The factor loadings from Principal Components Analysis
(PCA) of response variables of resident Superb Fairy-wrens to
experimental playback of song of intruder Fairy-wrens
A high PCA score indicates a strong response (many vocalisations, short time
to respond, close approach to the speaker, many passes over the speaker)

Response variables PCA
Male response Female response

Male chatter song 0.67

Male latency to respond -0.79

Male closest approach -0.83

Male passes over speaker 0.75

Female chatter song 0.80
Female latency to respond —-0.76
Female closest approach —-0.82
Female passes over speaker 0.77

Table 2. Song characteristics (mean % s.e.) of male and female Superb
Fairy-wrens: (a) M. c. ashbyi on Kangaroo Island and (b) M. c. leggei on
the mainland Fleurieu P 1

Male (n=51) Female (n=48)

(a) Kangaroo Island (M. c. ashbyi)

Minimum frequency (Hz) 3113.9+63.6 3391.0+67.6
Maximum frequency (Hz) 10 993.5+88.0 10 904.1+99.0
Frequency bandwidth (Hz) 2759.2+66.1 27254+79.2
Song duration (s) 3.1+0.2 2.8+0.2
Number of elements per song 42.8+£3.0 343+19
Number of different elements 55+0.2 4.7+0.1
Male (n=53) Female (n=44)
(b) Mainland (M. c. leggei)
Minimum frequency (Hz) 2827.2+85.26 2867.9+76.3
Maximum frequency (Hz) 10 558.0+99.6 10 488.0+93.5
Frequency bandwidth (Hz) 3038.5+94.3 2871.6+84.2
Song duration (s) 29+0.1 2.6+0.1
Number of elements per song 42.5+£32 37.7+2.4
Number of different elements 4.5+0.2 4.5+0.2
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effect of subspecies on minimum frequency and maximum
frequency, and an effect of sex on minimum frequency, song
duration and the number of elements per song (Table 3). There
was a significant effect of the interaction term subspecies x sex
for number of elements: island males produced songs with a

Table 3. Results of multivariate analyses of variance (MANOVA) of
song characteristics across study sites and sex for Kangaroo Island
(M. c. ashbyi) and mainland (M. c. leggei) subspecies of Superb Fairy-
wren (n=196 songs)
Variables that were significantly different (P<0.05) are marked in bold.
Study site was a covariate

d.f. F P
Study site
Minimum frequency (Hz) 5 0.6 0.438
Maximum frequency (Hz) 5 1.2 0.269
Frequency bandwidth (Hz) 5 0.7 0.406
Song duration (s) 5 0.3 0.585
Number of elements per song 5 0.4 0.504
Number of different elements 5 0.2 0.644
Subspecies
Minimum frequency (Hz) 1 9.4 0.003
Maximum frequency (Hz) 1 7.1 0.008
Frequency bandwidth (Hz) 1 4.0 0.048
Song duration (s) 1 0.03 0.866
Number of elements per song 1 0.8 0.376
Number of different elements 1 0.7 0.407
Sex
Minimum frequency (Hz) 1 44 0.037
Maximum frequency (Hz) 1 0.9 0.347
Frequency bandwidth (Hz) 1 1.5 0.226
Song duration (s) 1 4.4 0.037
Number of elements per song 1 5.1 0.025
Number of different elements 1 23 0.130
Subspecies x Sex
Minimum frequency (Hz) 1 1.8 0.186
Maximum frequency (Hz) 1 0.03 0.857
Frequency bandwidth (Hz) 1 0.002 0.96
Song duration (s) 1 0.4 0.517
Number of elements per song 1 0.6 0.428
Number of different elements 1 9.24 0.003
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greater number of different elements than mainland males
(Table 3). Mainland Fairy-wrens produced songs with lower
minimum frequency, lower maximum frequency, and a
narrower frequency bandwidth than island Fairy-wrens
(Table 2). Compared with females, males generally produced
longer songs with a lower minimum frequency and a higher
number of elements (Table 2).

Song-elements between subspecies

Fig. 1 shows spectrograms of the nine elements we identified in
male and female chatter song in our study populations; all
elements occurred in both subspecies. We found significant
differences between subspecies in the number of elements F,
T, V, W (Table 4, Fig. 2) and differences between males and
females in the number of elements T and Y (Table 4, Fig. 2).

Playback experiment

There was a positive correlation between the response of the
resident male and resident female Fairy-wren (PCA factor
scores) to intruder males and females of the same subspecies
(male intruder: »=0.773, t=6.784, P<0.001; female intruder:
r=0.353, r=2.04, P=0.05) and different subspecies (male in-
truder: »=0.461, t=2.651, P=0.013; female intruder: »=0.407,
t=2.639, P=0.012) (Fig. 3). However, there was no significant
correlation between the response of the resident male and
resident female to the control stimulus (#=0.223 r=1.584,
P=0.120; Fig. 3).

Given the positive correlation between response of the
resident male and resident female, we tested the overall response
of the pair to intruder subspecies and intruder sex, with the
covariate stimulus origin (study site of the song for the playback).
The dependent variables were chatter song, latency to respond,
closest approach, and number of passes over the speaker for the
resident pair. There was a significant difference in response
intensity for intruder subspecies and intruder sex (MANOVA:
Intruder subspecies: chatter song F 13, =12.71, P=0.001; la-
tency F131=5.78, P=0.018; closest approach ;3;=5.74,
P=0.018; number of passes F j3;=5.13, P=0.025. Intruder
sex: chatter song Fy 13, =17.93, P=0.001; latency F 13, =3.54,
P=0.062; closest approach F ;3,=5.18, P=0.025; number of
passes F j3;=7.21, P=0.008) (Fig. 4). The interaction term

Table 4. The mean number of chatter song elements in songs of the two subspecies of Superb Fairy-wren (n =196 songs)
Figures under each subspecies are means = s.e., with percentage of songs that were made up of each element in parentheses. Statistical results are shown for the
comparison of the two main effects (sex and subspecies); the interaction term sex x subspecies was not significant (MANOVA). Variables that were significantly
different (P <0.05) are marked in bold

Song element Kangaroo Island (M. c. ashbyi) Mainland (M. c. leggei) Sex Subspecies
Males Females Males Females F P F P
A 3.7+0.5 (8%) 2.6+0.5 (8%) 3.7+0.6 (8%) 5.1£0.5 (13%) 0.03 0.867 2.68 0.104
F 4.1£0.5 (8%) 3.9+0.5 (11%) 2.7£0.5 (6%) 2.4+0.4 (5%) 0.20 0.657 5.26 0.023
(6] 11.5+0.7 (28%) 11.940.7 (34%) 13.8+0.8 (33%) 11.840.7 (32%) 0.58 0.447 1.04 0.310
R 4.9+0.5 (11%) 4.0+0.5 (12% 6.3£0.7 (15%) 5.6+0.6 (14%) 0.56 0.455 2.32 0.129
T 9.4+0.7 (22%) 6.5+0.7 (19%) 11.0+0.8 (26%) 9.4+0.6 (26%) 4.90 0.028 4.82 0.030
U 4.5+0.5 (10%) 3.3+0.5 (9%) 3.7+0.6 (9%) 2.3+0.4 (6%) 3.10 0.080 1.44 0.233
\Y% 1.8+0.3 (4%) 0.7+0.3 (2%) 0.3+0.3 (1%) 0.2£0.2 (1%) 3.34 0.070 9.71 0.002
W 2.5+0.4 (6%) 1.5+0.4 (5%) 0.6+0.4 (2%) 0.7+0.3 (2%) 1.02 0.315 9.72 0.002
Y 0.7+0.2 (2%) 0+0 (0%) 0.6+0.2 (1%) 0.3£0.1 (1%) 4.42 0.037 0.14 0.706
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Fig. 2. Spectrograms of chatter song of: (a—b) the Kangaroo Island subspecies (M. c. ahbyi): (a) male and female from Flinders
Chase; (b) male and female from Pelican Lagoon; and (c—d) the mainland subspecies (M. c. leggei) from the Fleurieu Peninsula: (c)
male and female from Scott Creek; () male and female from Sandy Creek. Note that each song is composed of repeats of ~5 elements,
with a total of ~40 elements per song (see Table 2 for details of song characteristics).

intruder subspecies x intruder sex, however, was not significant
(all P>0.07) nor was the covariate stimulus origin (all P>0.1).

Despite the correlated response in each territory, we were
interested in the patterns of male and female response in each
territory. Analysing the derived principal components response
scores for resident males and females, we found the same pattern
as the response of the pair: resident male and female Fairy-wrens
had a significantly higher response to intruder Fairy-wrens of
the same subspecies, and to male intruder Fairy-wrens
(Tables 5, 6; Figs 5, 6). The interaction term intruder subspecies
intruder sex was not significant.

Examining the responses of males and females separately, we
found one significant difference between sexes. Comparing the
same subspecies, resident male Fairy-wrens were more often
(77%) the first sex to respond to a male intruder (24 of 31 trials)
and female Fairy-wrens were more often (61%) the first to
respond to female intruders (19 of 31 trials) (x2:9.54, df.=1,
62, P=0.002). But when intruder Fairy-wrens were a different
subspecies, there was no difference in the likelihood that the
resident male or female Fairy-wren would respond first
(x*=0.410, d.f.=1, 59, P=0.522).

Discussion

The main findings of this study are that: (1) the chatter song
differed significantly between genetically distinct subspecies of
Superb Fairy-wren in SA; (2) the chatter songs of males and
females were significantly different, irrespective of subspecies;
and (3) resident Superb Fairy-wrens were able to discriminate
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acoustically between intruder songs on the basis of both subspe-
cies and sex.

The observed divergence in song in the two allopatric sub-
species M. c. ashbyi (Kangaroo Island) and M. c. leggei (mainland
SA) is probably a result of their separation for ¢. 9000 years. The
two subspecies are genetically distinct, with little gene flow
between Kangaroo Island and the mainland (Dudaniec ef al.
2011). The findings of this study suggest that discrimination of
chatter song could lead to accelerated divergence of the subspe-
cies after secondary contact (Price 2008; Podos 2010).

Differences in song between subspecies

The songs of Kangaroo Island Superb Fairy-wrens (M. c. ashbyi)
were more complex and had narrower bandwidth than the
songs of mainland Fairy-wrens (M. c. leggei). Founder effects
may explain divergent traits between geographical areas. Gen-
erally, the founding population has lower trait diversity (in this
case, song) compared with the source population (MacArthur
and Wilson 1967; Baker and Jenkins 1987; Lynch and Baker
1993). Several studies have found evidence for founder effects
on geographical variation in song (Baker and Jenkins 1987;
Lynch and Baker 1993; Baker et al. 2006), but the usual pattern
is for reduced song complexity and fewer song-elements (Lynch
and Baker 1993; Baker ef al. 2006). In this study, island males
had more complex songs with more song-elements than the
mainland subspecies (Table 3). It is therefore unlikely that the
observed differences are a result of founder effects from
the colonist birds.
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Fig.3. The correlation between the response of the resident male and female
(PCA factor scores) to intruder song of: (a) the same subspecies (7 =35 male
intruders, 31 female intruders) or (b) a different subspecies (n=28 male
intruders, 37 female intruders). The response intensity of the resident birds
was significantly correlated for male and female intruders of the same or
different subspecies, but not for control playback (n=47) (see Results).

It is possible that the signal divergence was shaped by
acoustical adaptation to vegetation characteristics of the envi-
ronment (Morton 1975; Blumstein and Turner 2005; Boncoraglio
and Saino 2007). Compared with the mainland, the vegetation of
Kangaroo Island is dense (Schlotfeldt and Kleindorfer 2006),
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Fig. 4. The combined response of resident pairs of Superb Fairy-wrens to
playback of a simulated intruder if the intruder was: (a) the same subspecies
as the resident pair or () a different subspecies to the resident pair. Resident
pairs sang more chatter song, had a shorter latency of response, a closer
approach to the speaker, and flew over the playback speaker more often when
the intruder was the same subspecies (see Results).

which would select for narrower frequency bandwidth, a result
supported by data in Table 2.

The differences in song characteristics may be the result of
morphological constraints on song production (Podos 2001;
Huber and Podos 2006). Island and mainland birds did not differ
in length of bill but island birds had larger body size (Dudaniec
et al. 2011). Large body size is often associated with lower
minimum frequency of song in interspecific comparisons (Greig
et al. 2013). Contrary to the prediction, our intraspecific com-
parison found that the song of island birds had higher minimum
frequency (Table 2).

Differences in song between the sexes

Male and female Fairy-wrens had different chatter songs. In both
subspecies, chatter songs of males were longer, had lower min-
imum frequency, higher maximum frequency and broader fre-
quency bandwidth than chatter songs of females. Further, males
had more complex songs than females, given more elements
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Table5. The response (mean * s.e.) of resident () male and (b) female
Superb Fairy-wrens to playback of intruder song (same subspecies,
different subspecies, control)

Same Subspecies  Different Control
subspecies
(a) Resident male response
Latency of response (s) 48.1£5.5 69.5£8.1 103.6+£9.7
Closest approach (m) 33+0.6 55+0.9 124+1.1
Number of passes over 4.3+0.6 3.1+0.5 0.06+0.04
the speaker
Number of chatter songs 6.6+0.9 32405 2.1+0.8
(b) Resident female response
Latency of response (s) 58.1£7.6 86.5+8.9 105.5+10.7
Closest approach (m) 3.7+0.6 7.6+1.0 13.1+1.1
Number of passes over 4.2+0.7 2.0+0.5  0.06+£0.04
the speaker
Number of chatter songs 4.9+0.6 24+0.4 0.7+0.2

Table 6. Results of multivariate analysis of variance (MANOVA) of the
response of resident male and female Superb Fairy-wrens to playback of
the song of an intruder Fairy-wren (178 independent trials)

We tested for the effects of intruder sex (male, female) and intruder subspecies
(same subspecies, different subspecies) on the response of the resident male
and female. Geographical origin of the playback and pair identification
were covariates. Variables that were significantly different (P<0.05) are
marked in bold

Independent variables Dependent variable F P
Intruder sex Resident male response 124.79 0.001
(PCA male)
Resident female response 90.27 0.001
(PCA female)
Intruder subspecies Resident male response 125.57 0.001
(PCA male)

Resident female response 86.82 0.001
(PCA female)

Intruder sex x Intruder ~ Resident male response 9.73 0.002
subspecies (PCA male)
Resident female response 0.48 0.490
(PCA female)
Stimulus origin Resident male response 2.17 0.143
(PCA male)
Resident female response 1.26 0.264
(PCA female)
Pair identification Resident male response 111.84 0.001
(PCA male)
Resident female response 67.47 0.001
(PCA female)

per song, whereby island males had more element types than
mainland males (Table 2). These differences in male song are
consistent with sexual selection theory, and are in line with
evidence of female preference for males that produce longer and
more complex songs (Spencer et al. 2005; Dalziell and Cockburn
2008; Cockburn et al. 2009; reviewed in Byers and Kroodsma
2009). Sexual selection for greater duration and complexity of
male song may be especially high in this species, given its
notoriously high levels of extra-pair copulations (Double and
Cockburn 2000; Cockburn et al. 2009; Colombelli-Négrel et al.
2009; Cockburn et al. 2013; Greig et al. 2013).
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Fig. 5. The response of resident birds (shown as mean PCA factor
scores £ s.e.) to playback song of a simulated intruder Fairy-wren in the
territory in relation to intruder subspecies (178 playback trials: 66 same
subspecies, 65 different subspecies, 47 control). High PCA values indicate a
strong response (Table 1). Resident males and females had the strongest
response to intruder birds of the same subspecies; the data were pooled across
the sex of the simulated playback intruder.
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Fig. 6. The response of resident birds (shown as mean PCA factor
scores £ s.e.) to playback song of a simulated intruder Fairy-wren in the
territory in relation to intruder sex (178 playback trials: 66 same subspecies,
65 different subspecies, 47 control). High PCA values indicate a strong
response (Table 1). Resident males and females had the strongest response
to male intruders; the data were pooled across the subspecies of the simulated
playback intruder.

Song discrimination by resident Fairy-wrens

The playback experiments showed that resident Fairy-wrens
distinguished intruder Fairy-wrens acoustically on the basis of
their subspecies and sex. The intensity of response by the resident
male and female was positively correlated. This is similar to the
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results of a study that found a correlated duet response in pairs
of male and female Purple-crowned Fairy-wrens (M. coronatus)
(Hall and Peters 2008). However, in our study, the resident
male and female had a correlated solo response to the simulated
intruder. To more explicitly test the effect of the mate on response
pattern, we need playback studies that restrain one member of
the pair (e.g. Danner et al. 2011).

Resident females responded first to female intruders and
resident males responded first to male intruders (see also Mar-
shall-Ball and Slater 2004). Interestingly, the response pattern
of the resident pair was correlated irrespective of the sex that
was first to respond (see also Logue 2005; Gill 2012). This finding
of sex-specific response to intruder identity but coordinated
response of the resident pair in territorial defence provides support
for the idea of social selection to defend shared resources (Lang-
more et al. 1996; Moravec et al. 2006; Tobias et al. 2012).

Most pairs responded most strongly to male intruders, despite
the fact that females were the first sex to respond to female
intruders and males were the first sex to respond to male
intruders. We suspect this occurred because we did the playback
trials during the fertile period, before laying, when the risk of
extra-pair copulations was highest. But other explanations are
possible. Male Superb Fairy-wrens are philopatric and an intrud-
ing male could be attempting a take-over of the territory (Pruett-
Jones and Lewis 1990). Because our experimental intruder was
simulated using the playback of song, we suspect that we would
elicit more sex-specific behavioural responses using mounts or
live birds to simulate intruders. Despite the limitations of the
current study, we show that resident Fairy-wrens can distinguish
the subspecies and sex of an intruding singer and alter their
responses accordingly. This acoustical discrimination has the
potential to restrict gene flow and increase reproductive isolation
through pre-mating barriers.

In conclusion, there is compelling evidence that the island
and mainland subspecies of Superb Fairy-wrens that we studied
are two genetically distinct populations that are independently
diverging; it is for this reason that both subspecies need to be
considered in conservation planning (Ford ez al. 2001; Dudaniec
et al. 2011; Ford 2011; Szabo et al. 2011; Sunnucks 2011;
Skroblin and Murphy 2013). Here we show that the process of
divergence will be accelerated by signal discrimination for sub-
species and sex. These findings provide a mechanism for limiting
gene flow in addition to the prevailing argument that Fairy-wrens
fail to disperse because their flight capacity is poor. The Maluridae
are a model system for studies of sexual selection (Rowley and
Russell 1997; Webster et al. 2007; Cockburn et al. 2008, 2009).
Here we show their utility as a model system to study the
processes that shape adaptive divergence in contiguous and
allopatric populations (Endler 1977; Hendry et al. 2009; Galligan
et al. 2012; Myers et al. 2012; Joseph and Edwards 2013).
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Females that experience threat are
better teachers

Sonia Kleindorfer, Christine Evans and Diane Colombelli-Négrel
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Superb fairy-wren (Malurus cyaneus) females use an incubation call to teach
their embryos a vocal password to solicit parental feeding care after hatching.
We previously showed that high call rate by the female was correlated with
high call similarity in fairy-wren chicks, but not in cuckoo chicks, and that
parent birds more often fed chicks with high call similarity. Hosts should be
selected to increase their defence behaviour when the risk of brood parasitism
is highest, such as when cuckoos are present in the area. Therefore, we exper-
imentally test whether hosts increase call rate to embryos in the presence of a
singing Horsfield’s bronze-cuckoo (Chalcites basalis). Female fairy-wrens
increased incubation call rate when we experimentally broadcast cuckoo
song near the nest. Embryos had higher call similarity when females had
higher incubation call rate. We interpret the findings of increased call rate as
increased teaching effort in response to a signal of threat.

1. Introduction

Animals that learn, and hence generate new motor patterns in response to cur-
rently perceived information, can rapidly embark on altered evolutionary
trajectories [1]. Brood parasites and their hosts are model systems to test differ-
ent evolutionary trajectories that arise from learning because of strong selection
on hosts to avoid cuckoo recognition errors in their nest, and selection on cuck-
00s to locate suitable host nests. For example, reproductive isolation between
indigobird (Vidua spp.) brood parasites is maintained because young males
learn to mimic their host species’ song and young females learn to prefer attri-
butes of the host species nest and the learned song of the conspecific male [2].
Naive juvenile superb fairy-wrens (Malurus cyaneus) use social learning to
recognize a brood parasite after observing experienced birds mob the cuckoo
mount [3]. Recently, Colombelli-Négrel et al. [4] showed that learning begins
inside the egg: female superb fairy-wrens teach their embryos a vocal password
that chicks produce as a begging call after hatching to elicit parental food pro-
visioning [4]. Chicks that had learned the call well, as evidenced by high call
similarity after hatching, received more parental provisioning [4]. On the con-
trary, Horsfield’s bronze-cuckoo (Chalcites basalis) chicks had low call
similarity after hatching, perhaps because the embryos are exposed to the
female incubation calls for fewer days or because they use call matching after
hatching to elicit food from their foster parents [4,5].

In Australia, high annual fluctuation in brood parasite prevalence in host
nests (0—-43% across years and study sites [6]) creates selection for risk assess-
ment and dynamic response to changing threat levels [7]. When hosts express
defences towards brood parasites, the costs can be high because of recognition
errors; hosts may incorrectly identify the eggs and chicks of cuckoos versus
their offspring [8-11]. Therefore, hosts should be selected to modify the
expression of defence in relation to the risk of parasitism [7,12]. For example,
Acrocephalus hosts increase mobbing behaviour at the nest when the risk of
parasitism is high [13]. But when brood parasite risk is low, hosts accept
more foreign eggs into their nest, thereby lowering the rejection threshold for
eggs and chicks [12,14]. Here, we test whether incubating female fairy-wrens

© 2014 The Author(s) Published by the Royal Society. All rights reserved.
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increase their incubation call rate when they hear the broadcast
of a cuckoo near their nest. Cuckoo chicks do not learn as
embryos (no evidence to date), whereas fairy-wren embryos
do; the presence of a well-learned begging call element is a
signal to feed or abandon the brood in this system [4]. This
study tests for an early frontline defence mechanism (in this
case, teaching embryos) that would thwart the successful
fledging of a cuckoo chick [7,8,15].

2. Material and methods

Superb fairy-wrens are common hosts of Horsfield’s bronze-cuckoo
[6,16]. In South Australia, annual parasite intensity varied from
0 to 37% in 233 nests studied since 2006 (D. Colombelli-Négrel
2014, unpublished data). This study was done during 2007-2013
at Cleland Wildlife Sanctuary (34°58' S, 138°41" E) and Newland
Head Conservation Park (35°37' S, 138°29' E).

We recorded in-nest vocalizations from 17 nests as follows: 2 h
of incubation call recordings day 10-11 of incubation and 2 h of
chick begging call vocalizations day 4-6 post-hatching. During
2007-2011, the nest recordings were done as described in [4]. In
2012-2013, the recordings were made using a Zoom handy recor-
der H4n (Zoom Corporation, Australia). We recorded all sound
files as broadcast wave files (44.1 kHz sampling rate, 16-bit
depth). We edited the recordings with AMADEUS Pro v. 1.5 (Hairer-
soft Inc., Switzerland) and analysed them with Raven Prov. 1.3 (for
methods, see [4]). We noted the number of incubation calls per hour
for each female on the basis of acoustical and visual records (spec-
trograms). An incubation call contains a unique element per female
termed the signature element, which is the same element as the
chick begging call element after hatching. We calculated call simi-
larity scores per nest for five signature elements per female and
five chick begging calls per nest using spectrographic cross-
correlation in RaveN Pro v. 1.3 and principal coordinates analysis
(PCoA); we used R-package software to create PCoA coordinate
values (similarity values) [4] and regression analysis to test for
number of calls per hour and mean similarity values (‘call similarity”).

To test whether females adjust incubation call rate to the
threat of cuckoo parasitism, we conducted playback trials at 22
nests in 2012 and seven nests in 2013 during the incubation
phase (day 10 or 11). We used only one stimulus per nest and
broadcast the song of either Horsfield’s bronze-cuckoo (at 16
host nests) or striated thornbill (Acanthiza lineata; control; at 13
host nests). The playback stimuli (five different Horsfield’s
bronze-cuckoo, five different striated thornbill) were normalized
at —15 dB and saved as uncompressed 16-bit 44.1 kHz broadcast
wave files (AMADEUS PrO v. 1.5). The playback stimuli consisted of
15s of song repeated every minute for 1h. The stimulus track
had 1h of pre-playback silence (pre-trial) followed by 1h of
playback (trial). We broadcast the playback stimuli as uncom-
pressed files from an Apple iPod (Apple Inc., USA) connected
to a yo-yo speaker placed 5m from the nest. We recorded the
nest again for 1h on the following day; all recordings were
made using a Zoom handy recorder H4n.

3. Results

Call similarity between female signature element and chick
begging call was predicted by the number of incubation calls
per hour (linear regression: r=0.58, t=221, p=0.046),
which we tested in 17 observational nests without exposure
to playback stimuli. If females had high incubation call rate,
then the call similarity between female signature element
(during incubation) and chick begging call element (after
hatching) was higher.

Horsfield’s bronze-cuckoo

207 mmm before playback
18 | |[==after playback

16 1
141
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104
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control
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16

12
10
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Figure 1. The number of female incubation calls before and after playback of
(a) cuckoo song (n = 16) and (b) control (n = 13) near the nest across two
years of study (2012, 2013). Females increased incubation calls in response to
broadcast of the cuckoo song (Horsfield’s bronze-cuckoo) but not the control
(striated thornbill).

We next compared female incubation call rate at 29 exper-
imental nests before and after exposure to the broadcast of
cuckoo and control calls. Before the experiment, there was no
significant difference in incubation call rate between nests
(park: Fyog=0.554; p=0.464; year: F;,3=0.001; p = 0.978;
interaction term: Fy 53 = 0.084; p = 0.775). There was an effect
of the experiment on female call rate: females increased incu-
bation call rate after the broadcast of cuckoo calls (paired
t-test: t = —2.936; d.f. = 15; p = 0.010) but not after the broad-
cast of control calls (striated thornbill; + =0.788; d.f. = 12;
p = 0.446; figure 1).

4, Discussion

Female superb fairy-wrens increased the number of incubation
calls under conditions of perceived threat of brood parasitism.
The similarity between begging call and female signature
element (call similarity), which is a proxy for embryonic learn-
ing outcome and which predicts parental food provisioning of
chicks, was higher when females produced more incubation
calls [4,17].

Cuckoos call to attract a mate [18]. Upon hearing a cuckoo
call, a host should increase vigilance and other anti-parasite
behaviours to thwart the cuckoo from successfully fledging
[7,15]. Here, we showed that female fairy-wrens that heard
a cuckoo near their nest increased call rate to embryos,
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which increased call similarity after hatching, and hence—as
we previously showed—increased detectability of an intruder
cuckoo chick after hatching. Assuming that cuckoo embryos
could learn (for which there is no evidence to date [5]),
increased female incubation call rate (which begins late
in the incubation phase [4]) would have a lesser effect on
cuckoo embryos that hatch days earlier than host embryos
(early cuckoo hatching is favoured to evict host eggs). This
study provides a mechanistic explanation for how ‘experi-
ence’ with a brood parasite near the territory can lead to
increased cuckoo abandonment [19], which is a pattern
found across numerous studies [6].

Most studies of host—parasite coevolution focus on visual
arms races [20,21]. Our research has shown that acoustical
cues are sufficient for fairy-wren hosts to perceive the threat
of brood parasitism [6]. Acoustical cues may be more reliable
than visual cues to detect the presence of cuckoos. First,
visual detection of cuckoos could fail, because cuckoos are
discreet while tracking egg-laying hosts, given that hosts
will likely mob a detected cuckoo. Second, cuckoos can be
similar in appearance to Accipiter hawks, thereby creating
potential for a costly recognition error [22]. The use of acous-
tical cues could therefore reduce the chance of mistaking a
hawk for a cuckoo while mobbing a bird close to the nest
[23]. The use of visual cues can also be misleading for
cuckoo detection in the nest. While host nests with a single
chick are more likely to be abandoned by fairy-wren parents,
it is not always the case that nests with a single chick are
cuckoo chicks. Usually, a Horsfield’s bronze-cuckoo egg
hatches earlier than the host eggs and the newly hatched
cuckoo evicts all host eggs in the nest, leaving a single chick
[12]. But sometimes a cuckoo egg may hatch after the host
chicks have hatched; in these cases, the newly hatched cuckoo
chick evicts the somewhat older fairy-wren chicks. Low repro-
ductive success is not uncommon in fairy-wrens (especially
during drought years), and may result in a nest with a single
fairy-wren chick. While fairy-wren parents are more likely to
abandon a single chick, this is an unreliable cue for cuckoo
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There is growsng empencal support for teaching in nonhuman anemals. To unravel the evolutionary dynamics of teaching, we need to
understand its costs and banefits. In superb fairy-wrens [Malwus cyaneus), females teach their embryos by caling to them: embryos
learn a vocal password, and hatchéngs incorporate the leamed vocal rd into theer begging calls to solicit parental feeding. The
more a female teaches {hagher call rate), the bettar the embryos learn lnnmr call similarity|, leading to more food prowisionang by par-
ents. Given these direct banefits, we would expect all female fairy-wrens to call often to maximize embryonic leamning in thewr genetic
progeny, yet they do not. Teaching the password carries a severe cost: nest predation was higher at both natural and artificial nests
that had more incubation calls. At artificial nests, predation was 8-fold hagher for high incubation call rate {30 calls per hour) and 5-fold
higher for low incubation call rate |15 calls per hour) compared with nests without any incubation calls. At natural nests, nests that
were depredated during ncubation had hégher mcubation call rate {18.3 calls per hour) than nests that survived {11.4 calls per hour).

2116

Key words: embryonic leaming, Malurus cyaneus, teaching.

Mother fasry-wrens must trade-off the costs of calling and the henefits of learnang to optimiza fitness benefits of teaching.

INTRODUCTION

Onver the Last decade, there has been mereasing research on teach-
ing n anmmals leading to growing empincal support. Teaching 1
a speaalized form of cooperaton, whereby knowledgeable indi-
viduals facilitate learning m nanve indivaduals (Galef e al. 2005;
Thernton and Raihani 2006). Qutside the controlled environment
of the laboratary; it is difficult to show that purported acts of teach-
ing cause new or accelerated learnmg by pupils (Galef o1 al. 2005;
Thernton and MeAulsdfe 2006). But in the Australian superb fairy-
wren (Malarus cavews), a recent study showed a correlation between
expasure to teachmg and copy accuracy by the pupa (Colombelli-
Negrel et al. 2012 Specifically, by karning a vocal password from
the mothers as embryos, nestling fain-wrens produce 2 call that
elicits more feedimgs from the parents, whereas the parents often do
not waste imvestment m feeding foreign, brood parasitic Horsdield's
bronaze cuckoo (Chalafes basalis; young in the nest. But famry-wrens
do not always have a high meubation call rate—despite passible
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belli-negredi@ flinders edu an
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benefits of embryone voral learnmg (Kleindorfer et al 2014)
Seminal studies by Meryv and colleagues showed that there can be
casts to learning (Mery and Kawecki 2005). Here, we ask of there
are costs to teaching that could explam why teaching eflort = not
maximized in the Liry-wren system.

Caro and Hauser (1992) functionally defined teaching using 3
observable crtena: 1) a teacher modifies its behavior in the presence
of a pupil; 2] the teacher meurs some cost or at least does not obtain
an immediate benedit to aself; and 3} the recipeent of the teaching
acquires new skills or informaton to its benefit. This operational defi-
nation of teaching allows researchers to separate actnee teachmg from
inadvertent social learmang in which learning can occur as a by-prod-
uct through observation of ancther individual’s behavior [Hoppmt
and Lalared 2005}, Hoppitt et al (2008) applied the Caro and Hauser
defmaticn to publshed examples of teachng and learnmg, and con-
chuded that teaching ocours across a much wider range of taxonomic
groaps than previously suspected. In their review they found strang
evidence for all 3 cnteria from msects to mammals. Here, we assess if
“mother to necaate comamunication” in fury-wrens meets the fll ded-
instion of teachmg by testing of there is 2 cost of teaching to explain
the dynamac vanaton of teaching offort seen n the wikl.
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In line with this, brood parasite-host systems offer another pos-
sibility to examine aspects of animal teaching and learning. For
example, in birds, brood parasites lay their eggs in the nests of
hosts. From the hosts’ perspective, there are a range of defense
mechanisms to thwart brood parasites, including the rejection or
abandonment of foreign eggs and chicks, or front line defenses such
as socially learned mobbing of cuckoos to altogether prevent para-
sitic egg laying (Feeney and Langmore 2013; Feeney et al. 2013).
But each of these defense tactics carries the costly risk of recogni-
tion errors (Grim 2007; Trnka et al. 2012; Langmore 2013) which
could be reduced through teaching and learning. Superb fairy-
wrens and their brood parasite are a particularly good model sys-
tem to investigate this aspect because 1) female superb fairy-wrens
actively teach their embryos a vocal password within an incuba-
tion call that the hatchlings must emulate in their begging call in
order to be fed at high rates, as previous experimental study showed
lower food provisioning by parents at nests with low call similar-
ity in chicks (Colombelli-Négrel et al. 2012). The more often the
female calls to the embryo the higher the call similarity after hatch-
ing (Colombelli-Négrel et al. 2012; Kleindorfer et al. 2014). 2) In
the superb fairy-wren we experimentally showed that the begging
calls of cross-fostered fairy-wrens are learned rather than innate,
because the begging call element more closely resembled the vocal
password (element of the incubation call) of their foster mother
rather than their genetic mother (Colombelli-Négrel et al. 2012).
3) Embryos of the fairy-wrens’ primary brood parasite, Horsfield’s
bronze cuckoo, have a shorter incubation duration, are hence
exposed to the fairy-wren incubation calls for less time, and they
also have lower call similarity after hatching (Colombelli-Négrel
et al. 2012). And 4) adult fairy-wrens respond to adult cuckoo calls
according to the risk of brood parasitism (Kleindorfer et al. 2013).
The finding of increased alarm calls and defense behavior by fairy-
wrens in response to acoustical cues of different brood parasites in
their territory indicates that host fairy-wrens modify their behavior
toward cuckoo species, including their investment in teaching effort
of embryos (Kleindorfer et al. 2014).

The superb fairy-wren and Horsfield’s bronze cuckoo system sat-
isfies 2 of 3 teaching criteria (Caro and Hauser 1992). First, female
fairy-wrens increase their teaching effort (call rate) when the naive
pupils (the embryos) are more developed, during late-stage incuba-
tion (criterion 15 Colombelli-Négrel et al. 2012). Second, learning
has fitness benefits because parents feed hatchlings more when they
have more accurately learned the vocal password and incorporated
it into their begging call compared with hatchlings with lower call
similarity, which may include cuckoos (criterion 3). But if teaching
is only beneficial, then why is it not more prevalent? The fact that
fairy-wren mothers modify teaching effort according to the risk of
brood parasitism (e.g., cuckoo presence) (Kleindorfer et al. 2014)
suggests that mother to embryo communication may bear costs.
One potential cost of acoustic education of embryos in the nest
could be that the sound of the incubation call can attract predators
and lead to increased nest predation. There is ample evidence from
studies of nestling begging calls that vocalization behavior increases
predation risk (Haskell 1994; Briskie et al. 1999) and that paren-
tal calling (but not visual displays) attracts neighbors and predators
(Grim 2008). Consequently, female investment into incubation call
production may be the result of a trade-off between benefits from
teaching and increased predation risk.

Here, we use observational and experimental approaches to
test whether superb fairy-wrens incur a fitness cost from teaching
embryos (criterion 2). At natural nests, we recorded incubation calls
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by female fairy-wrens and compared incubation call rate with nest
predation across study years. At artificial nests, we experimentally
broadcast incubation calls at different rates and compared preda-
tion at nests that differed in number of incubation calls per hour.
Finally, we discuss possible evolutionary outcomes when teaching
mothers are faced with conditions of high predation and brood
parasitism risk.

MATERIALS AND METHODS
Study sites and species

‘We monitored superb fairy-wren nests and recorded female incuba-
tion calls and nest predation during the fairy-wrens’ peak breeding
period from September to January in the years 2007, 2009-2012.
We conducted experimental trials in 2013 to test if artificial nests
with incubation calls had a higher proportion of depredated nests
outcome than artificial nests without incubation calls. The 2 study
sites were in South Australia at: 1) Cleland Wildlife Sanctuary
(34°587S, 138°417E), 25 kms SE of Adelaide; and 2) Newland Head
Conservation Park (35°37’S, 138°29'E), a coastal area 15 kms SW
of Victor Harbor on the Fleurieu Peninsula.

Nest predation

Between 2007 and 20092012, we located 138 nests and monitored
them every 3 days for nesting outcome (fledging, predation, aban-
donment) (Table 1). For this study, we only test incubation call rate
in relation to nesting outcome for nests that were observed during
the incubation phase (n = 42 nests with incubation call rate and
predation outcome). Predation was scored if eggs were missing
from the nest between the nest content examinations every 3 days.

Recording incubation call rate across years

Between 2007 and 2009-2012, we recorded 428 female incuba-
tion calls from 42 nests. The methods to record the in-nest vocal-
izations between 2007, 20092011 are given in Colombelli-Négrel
et al. (2012). In 2012, we recorded all vocalizations at the nest for
2h on days 10-11 of incubation using a Zoom Handy Recorder
H4n (Zoom Corporation, Tokyo, Japan); sound files were recorded
as broadcast wave files at 48kHz sampling rate, 24-bit depth. We
transcribed each recorded vocalization to an Apple MacPro (Apple
Clorporation, Sydney, Australia) for editing with Amadeus Pro
1.5 (Hairersoft Inc., Kenilworth, UK). For this study, we analyzed
the number of incubation calls per hour (call rate) in relation to

Table 1

Incubation call rate and predation outcome differ across years

Number of incubation

Study site and year calls per hour (n = 42) Nest predation (n = 138)

Newland Head

2007 13.9+4.8 57% (8/14)

2009 23.3+5.6 83% (5/6)

2011 109+ 1.1 56% (18/32)

2012 9.8+3.6 53% (10/19)
Cleland

2011 17.6+0.2 40% (8/20)

2012 10£1.4 34% (16/47)

Annual differences in number of incubation calls per hour (mean * standard
error) and nest predation (%) are shown for Newland Head Conservation
Park and Cleland Conservation Park in South Australia.
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predation outcome. We compared call rate per female based on 2h
of recording for 2 consecutive days per female.

Broadcast of incubation calls at artificial nests

In October and November 2013, we broadcast incubation calls
at artificial nests to test whether incubation calls elevate predation
risk. We used domed woven nests baited with a single domestic
Japanese quail (Coturnix japonica) and for 5h (0600 to 1100) at every
nest including control nests, we placed a battery powered amplified
speaker connected to an Apple iPod (Apple Inc., Sydney, Australia).
The experiment was repeated every day for 3 days. Three days is
the average number of days a female calls to a late-stage embryos
in the nest (females call to cuckoo eggs for ~2 days and to wren eggs
for ~4 days). After the 5h we checked every nest for predation and
collected the playback equipment. The nests were placed 30-50 cm
above the ground every 100 m along 5 transects at Newland Head
Conservation Park. At every second nest, we broadcast a female
incubation call. Each transect had 20 nests for a total of 100 nests:
30 nests with a high call rate (30 incubation calls per hour), 20 nests
with a low call rate (15 incubation calls per hour), and 50 control
nests with no incubation call. The natural range in mean incuba-
tion call rate across years in South Australia was 10-23 incubation
calls per hour (Table 1). The playback stimuli were the incubation
calls of 4 fairy-wrens that had been recorded in 2009. We nor-
malized the playbacks at =6 dB and saved them as uncompressed
24-bit 48kHz broadcast wave files using Amadeus Pro 1.5.

To test if nest concealment due to vegetation cover differed
between experimental (47), control (50), and wild (22) nests, we com-
pared the proportion of the nest that was concealed by vegetation
between the 3 treatment groups. None of the nest-site vegetation
scores differed significantly across the 3 groups: vegetation cover 1
m in front of the nest (Anova: I'=1.322, df = 2, P = 0.270), vegeta-
tion cover 1 m to the left of the nest (= 2.110, df = 2, P = 0.110),
vegetation cover 1 m to the right of the nest (/= 1.139, df = 2,
P = 0.323), or nest height (cm) measured from the ground to the
entrance hole (F= 2.056, df = 2, P = 0.138). None of the pairwise
post-hoc comparisons was significantly different for vegetation cover
between experimental, control, and natural nests.

Ethics statement

This study on wild superb fairy-wrens was approved by the Animal
Welfare Committee of Flinders University (E234-236) and sup-
ported by a scientific permit to conduct the research (224699 4).

Statistical analysis

Data were analyzed with SPSS 20 for Windows (SPSS Inc.,
Chicago, IL). We used multivariate analysis of variance (MANOVA)
to analyze incubation call rate and annual predation per year with
study site as a random factor. We used binary logistic regression to
test if number of incubation calls per hour per nest was correlated
with predation outcome (survived, predated) at natural nests, and a
chi-squared test for the effect of incubation call rate on predation
outcome at artificial nests.

RESULTS

Both nest predation and number of incubation calls per hour dif-
fered significantly across study years in South Australia (MANOVA:
predation outcome: Fy 4, = 231.77, P < 0.001; call rate: F1; 4; = 3.82,
P = 0.018). The range in percentage of depredated nests was
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34-83% across study years, and the range in mean number of incu-
bation calls per hour was 10-23 (Table 1). To test if incubation call
rate increased with the risk of predation at natural nests, we exam-
ined predation outcome during the incubation phase (survived,
depredated) against the number of incubation calls per hour. Nest
predation was significantly higher when females produced more
incubation calls per hour (binary logistic regression: odds = 0.35,
P =0.023, n = 42; Figure 1). Mean number of incubation calls per
hour at nests that survived was 11.4£ 1.4 (n = 33) compared with
18.3+2.5 at nests that were depredated (n = 9) (Figure 1).

Experimental incubation calls and predation
outcome

At experimental nests, nest predation was higher when incubation
call rate was higher (x* = 30.39, df = 2.100, P < 0.001; Figure 2).
Of the 30 nests with high incubation call rate, 20 were depredated
(67%). Of the 20 nests with low incubation call rate, 8 were dep-
redated (40%). Of the 50 control nests, 4 were depredated (8%).
Thus, predation was 8-fold higher at nests with high incubation call
rate (8% vs. 67%), and 5-fold higher at nests with low incubation
call rate (8% vs. 40%). In most cases, the predation events occurred
during the 5-h playback trial (during 18/20 cases for high incuba-
tion call rate, 4/8 cases for low incubation call rate, and 0/4 cases
for no incubation calls) (y* = 7.1, df = 1.36, P = 0.008).

DISCUSSION

We have previously shown that superb fairy-wren embryos learn
a vocal password by listening to their mother’s incubation call and
base their begging calls on the unique vocal password taught to
them by the female (Colombelli-Négrel et al. 2012). One function
of this teaching and learning is for parents to recognize host hatch-
lings and expose intruder cuckoo chicks that use call matching after
hatching rather than call learning before hatching to emulate the
host begging call (Langmore et al. 2008; Colombelli-Négrel et al.
2012). We previously used an experimental approach to show that
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Figure 1

More predation at natural nests with many incubation calls. Nest predation
at natural nests is shown in relation to female teaching effort (number of
incubation calls) by superb fairy-wren females (n = 42 nests). Nest predation
was higher at nests with many incubation calls (mean % standard error).
The data are pooled for nests from Newland Head Conservation Park and
Cleland Conservation Park, South Australia (Table 1).
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Figure 2

More predation at artificial nests with many incubation calls. Artificial nests
were baited with quail eggs and each nest had an iPod and speaker for 5h.
There were 3 treatment groups: 1) no incubation calls (playback equipment
present but inactive, n = 50); 2) low incubation call rate (15 calls per hour,
n = 20); or 3) high incubation call rate (30 calls per hour, » = 30).

females increased their teaching effort (call rate and vocal password
rate) when they heard a cuckoo calling near the nest (Kleindorfer
et al. 2014). Here, we show that teaching in this system also carries a
potentially high cost as the risk of predation was much higher when
there were many incubation calls at both natural and artificial nests.
Across years, predation was higher when incubation call rates were
higher. At depredated natural nests females produced ~20 incuba-
tion calls (18.3) per hour, whereas at nests that survived females pro-
duced ~10 incubation calls (11.4) per hour. In experimental nests,
predation was 8 times more likely if females had high incubation
call rate (30 calls per hour) compared with nests without incubation
calls, whereas nests with low incubation call rate (15 calls per hour)
were 5 times more likely to be predated. Notably, most predation at
artificial nests occurred during the 5-h experimental broadcast (see
also Grim 2008). Thus, call rate, and not some other nest-site fea-
ture, was the primary cue used by a predator to locate the nest.
Female incubation calling and embryonic learning in the superb
fairy-wren system now satisfies all 3 criteria for the operational defi-
nition of teaching: 1) modified behavior by the teacher in the pres-
ence of a naive observer; 2) a cost to the teacher; and 3) a benefit
to the pupil (Caro and Hauser 1992). These findings of teaching
and learning in the superb fairy-wren should spur more compara-
tive and field research into the evolution of teaching and learning
For example, females that invest in their offspring via teaching may
also have invested other nutrients or resources to promote condition-
dependent song learning (Buchanan 2000, 2011; Nowicki et al.
2002a, 2002b; Gil et al. 2006), as has been found in the maternal
effects on the learning of song and human language in embryos and
neonates (Qvarnstrom and Price 2001; Spencer et al. 2003; Lipkind
et al. 2013). Thus, teaching might be an important but greatly
ignored aspect of maternal investment (Fox and Mousscau 1998).
Socially Cued Anticipatory Plasticity is the term given to behav-
ioral plasticity in response to environmental and social cues that
alter an individual’s morphology, behavior, or life-history strategy
(Kasumovic and Brooks 2011). Teaching is one social mechanism
that facilitates learning and phenotypic change associated with
learning (Hoppitt and Laland 2013). There is growing evidence
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across taxa from insects to birds and primates that animals teach,
and evidence that teachers modify their behavior according to
prevailing social and environmental conditions (e.g.,, Kleindorfer
ct al. 2014). In this manner, teaching is a social learning mecha-
nism to facilitate the transfer of essential skills from teacher to the
next generation (Feeney and Langmore 2013; Hoppitt and Laland
2013). Although many studies focus on the benefits of teaching
and learning, this study shows the costs of teaching in the superb
fairy-wren system.

Given we have shown teaching has high costs we conclude that
teachers should be selec
teaching in dynamic environments. The costs of teaching include
mortality risk to adults and/or offspring, such as predation of
adults and/or chicks, or brood parasite-induced mortality of chicks
(Wyllie 1981; Thornton and Raihani 2008; Anderson et al. 2009;
Colombelli-Négrel and Kleindorfer 2009; Fogarty et al. 2011).
The benefits of teaching may be different for the teacher (in rela-

d to evaluate the costs and benefits of

tion to parent-offspring relatedness) and pupil (impact of learning
for survival and/or reproductive success). We suggest that across
study populations, and other species of cuckoo hosts, fairy-wrens
may strategically adjust their teaching effort (call rate and/or vocal
password rate). The following predictions can be formulated: 1) low
teaching effort (low call rate) in areas with high predation risk;
2) high teaching effort (high call rate and/or vocal password rate)
in areas with high brood parasite risk; and 3) evolutionary adapta-
tions toward making teaching more efficient in systems where both
predation and parasite risk is high or in areas where cuckoos are
also nest predators. A solution to this dilemma could be to increase
the password rate (begging call element within the incubation call)
while decreasing call rate and/or call complexity.

Thus, the adaptive interplay between teaching and learning gener-
ates testable predictions for other systems with mother to egg teach-
ing. There are 28 species of wrens in the Maluridae, of which 4/4
species of fairy-wren studied to date have female incubation calls
(Colombelli-Négrel D et al. unpublished data). When extrapair cop-
ulations are frequent, as often occurs in the Maluridae (Cockburn
ct al. 2013), we also predict different evolutionary selection on puta-
tive mothers and fathers. In these circumstances, males and females
have different certainty of relatedness to their brood and hence
should evaluate the costs and benefits of teaching differently.
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Showy ornaments are considered as outcomes of sexual selection processes. They
provide a “badge of status” to impress conspecific rivals or potential mating partners.
Single ornaments may signal attractiveness or individual quality, yet many species display
multiple ornaments. There are several hypotheses that explain the existence of multiple
ornaments, suggesting that different ornaments serve as different information sources.
They may provide either additive or redundant information on the same quality traits, or
are simply evolutionary leftovers with no further relevant information. Although, females
of many species display elaborated traits, most studies regarding multiple ornaments
focus on males. However, given that in many species females also display multiple
ornaments, the question about their functional significance arises. To understand the
existence of female multiple ornaments we investigated ornamental features of female
Superb Fairy-wrens (Malurus cyaneus), focusing on song and variation in plumage
characteristics. Female Superb Fairy-wrens produce complex solo songs, for territorial
defense, and have bright blue tail feathers. We examined the relationships between
song and plumage coloration characteristics in relation to female quality parameters
to investigate whether, and to what extent existing hypotheses on multiple ornaments
in males may also apply to females. Based on song recordings and spectrometric
measurements of UV-coloration of tail feathers, we derived a series of different song
and plumage parameters. Our results indicate interrelationships between the song length
(total number of elements in female song) and female body size, but not UV-coloration.
Interestingly, song complexity (number of different elements in female song) did not
correlate with morphological parameters, UV-Chroma and song length, respectively. This
suggests that (i) song and plumage characteristics evolved independently and (i) even
within one trait, namely song, multiple signaling should be considered. To our knowledge,
this is the first study investigating multiple traits in female songbirds, raising the idea that
multiple signaling of sexually selected traits is not restricted to males only.

Keywords: female, passerines, plumage coloration, song elaboration, multiple signals
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INTRODUCTION

Showy plumage characteristics and elaborated song in passerines
are known to be typical male traits, shaped by sexual selection
(Andersson, 1994). There is strong evidence that both traits
signal individual quality and are therefore involved in mate
choice, as well as competitive interactions (Burley, 1986; Searcy
and Andersson, 1986; Andersson, 1994; Nowicki and Searcy,
2004; Hoi and Griggio, 2008). However, the expression of
colorful plumage and elaborated song is not restricted to males;
females can also display these traits (Webb et al., 2016). As
previously stated by Langmore (1998) and Amundsen (2000)
this phenomenon has largely been ignored until recently and
these traits were either regarded as being the consequence of
genetic correlation with male ornamentation, functionless, or a
result of physiological abnormalities (Lande, 1980; Amundsen,
2000). However, a growing number of studies focused on the
evolution of female ornamentation, including plumage and song
characteristics (Amundsen et al., 1997; Langmore, 1997, 1998;
Amundsen, 2000; Garamszegi et al., 2007; Doutrelant et al., 2008;
Mabhr et al., 2012; Tobias et al., 2012; Webb et al., 2016).

Several studies have revealed that female choice can be based
on several different traits that signal male quality, such as
morphological and behavioral traits (Burley, 1981; Johnstone,
1996; Lozano, 2009; Dolnik and Hoi, 2010; Hoi and Griggio,
2012). Multiple traits may (i) act as amplifiers by offering
the same information, (ii) have an additive effect whereby the
information of several traits complement each other or, (iii)
provide different information e.g., about different qualities of
the bearer (Burley, 1981; Grafen, 1990; Zuk et al., 1990, 1992;
Johnstone, 1995, 1996; Marchetti, 1998; Rivera-Gutierrez et al.,
2010). For example bird song and plumage are traits that
can signal the same or different information and both traits
are driven by sexual selection in males and females (Lande,
1980; Andersson, 1994; Amundsen et al, 1997; Langmore,
1998; Amundsen, 2000; Ball and MacDougall-Shackleton, 2001;
Garamszegi et al., 2007; Hegyi et al., 2007, 2008; Cardoso and Hu,
2011). However, the interaction between both traits has hardly
been investigated in females (Garamszegi et al., 2007; Webb et al.,
2016).

Although, song and plumage traits may carry the same
information, these traits can act on different time and spatial
scales (Taff et al., 2012). Song usually acts as a long distance signal
whereas plumage ornaments act as a short distance signal. When
both signals carry the same information, one would predict a
positive relationship in the expression of the traits. Alternatively,
the expression of both ornamental features might underlie
different mechanisms and require different preconditions to
maintain an honest signaling function. Furthermore, different
production costs may arise, which may consequently represent
different qualities. In this case, one would predict that trade-offs
between both traits could result in either negative correlations
between traits or independent development of different traits, like
song and plumage characteristics. However, to our knowledge
this trade-off has only been investigated on a phylogenetic scale
(Badyaev et al., 2002; Mason et al., 2014; Soma and Garamszegi,
2015).

Whether this also applies to females has, to our knowledge,
only been investigated in two comparative studies, focusing on
song and plumage development in passerine species. Garamszegi
et al. (2007) suggested that singing behavior often occurs in the
presence of carotenoid based ornamentation, which is supported
by very recent findings from Webb et al. (2016). This positive
association might indicate that both traits are generally used in
a similar or the same functional context and hence carry the
same information content. Nevertheless, only a few case studies
examined the interaction between both traits within breeding
populations in male songbirds (Moller et al., 1998; Chiver et al.,
2008; Taff et al., 2012), and to our knowledge, no study on
female birds exists so far. In this study we used the female
Superb Fairy-wren (Malurus cyaneus) to examine (i) the signaling
function of song characteristics and plumage coloration and (ii)
the interaction between these two female ornamental features.
To determine whether these ornaments reflect female quality we
used female body size and body condition as covariates.

The Superb Fairy-wren is an ideal model species to answer our
questions because both males and females sing solo chatter songs
year-round for territorial defense (Cooney and Cockburn, 1995;
Cain and Langmore, 2015), and the structure and complexity of
female chatter song is similar to male chatter song (Kleindorfer
et al, 2013). Mate attraction may be a secondary function of
male chatter song (Dalziell and Cockburn, 2008), but to our
knowledge there is no study investigating whether this function
applies to female song. In contrast to song, Superb Fairy-wrens
have a strong sexual plumage dichromatism. Whereas males have
bright blue plumage, females are more cryptic, displaying only
an orange lore and a blue tail that reflects in the UV range (own
data represented in the Supplementary Material). Maluridae are
sensitive to UV and females frequently wave their tail during
foraging and social interactions (own unpublished data). This
raises the question whether the UV reflecting tail of females is
a sexually selected trait (Odeen et al., 2012).

Previous studies demonstrated a decrease of UV reflectance in
worn feathers and from dust accumulation (Ornborg et al., 2002;
Zampiga et al., 2004; Griggio et al., 2010, 2011). There is a trade-
off between the removal of ectoparasites and dirt from feathers,
preening and activities like foraging or increased vigilance
against predators (Redpath, 1988; Cucco and Malacarne, 1997;
Shawkey et al., 2003; Kapun et al., 2011; Moreno-Rueda and Hoi,
2012). Interestingly there is evidence that similar mechanisms
also apply to song features, in particular song rate, which
is regarded as a highly variable trait depending on current
physiological condition and time of the reproductive cycle (Gil
and Gahr, 2002). Therefore, both plumage maintenance and
singing behavior force individuals into a trade-off that individuals
in poorer condition cannot afford, being forced to invest either
more in one or equally, but less in both traits (Andersson et al.,
2002).

In many songbird species, song complexity is regarded as
stable over the year. The ability to produce complex songs can
be an honest signal of quality, because during the development
of the neural song system, the expression of neuronal structures
and development of the syringeal muscles can be affected by early
developmental stress such as under-nourishment (Nowicki et al.,
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2000; Spencer et al., 2003; Buchanan et al., 2004; Nowicki and
Searcy, 2004). Hence, in contrast to plumage characteristics, song
complexity can be regarded as less sensitive toward the change of
individual condition after the crystallization and determination
of singing behavior (Gil and Gahr, 2002).

Our study focuses on the relationship between song
complexity and the number of elements females are using (rather
than song rate) and UV-reflectance in the blue tail-feathers
of female Superb Fairy-wrens. Given both traits may provide
different information the question arises whether females use
multiple traits to signal quality and condition to male and female
conspecifics. Studies investigating relationships between multiple
traits within populations are rare and to our knowledge this is
the first study focusing on the relationship between features of
song, plumage coloration, and morphological traits in a female
passerine.

METHODS
Study Sites

The study was carried out during the breeding season between
September and November 2012 and 2013 at three study sites
on Kangaroo Island: Flinders Chase National Park (35°54'S,
136°47'E), Vivonne Bay Conservation Park (36°00'S, 137°09'E),
and Kelly Hill Conservation Park (35°97’S, 136°90'E) and at
two study sites on the mainland in South Australia (SA):
Cleland Wildlife Conservation Park (35°05'S, 138°41’E) and
Newlandhead Conservation Park (35°37'S, 138°29'E). All study
sites and territories were chosen on the basis of long term
monitoring of Superb Fairy-wren populations, conducted by the
BirdLab at Flinders University (Colombelli-Négrel et al., 2010;
Kleindorfer et al., 2013).

General Methods

All birds were caught with mist-nets using conspecific playback
stimuli and banded with numbered aluminum rings provided by
Australian Bird and Bat Banding Scheme (ABBBS) and a unique
combination of darvic color rings. Standard measurements of the
flattened wing chord length and tail length (to the nearest 0.5
mm) were taken with a ruler, whereas bill length was measured
with a caliper (peak to skull, to the nearest 0.1 mm). Body mass
was recorded to the nearest 0.1 g.

The research was approved by the Animal Welfare Committee
of Flinders University (permit numbers E312 and E386). Permit
to undertake scientific research in SA was granted by SA
Department of Environment, Water and Natural resources
(permit number Z24699-9). All birds were banded under permit
number 2601 from the Australian Bird and Bat Banding Scheme.

To assess whether song complexity or plumage coloration is
related to female quality, we used female size and body-condition
as a determinant of female intrinsic quality and conducted
a principal component analyses on these traits (detailed
descriptions are attached in the Supplementary Material). Body
condition was determined by using residuals of body mass not
explained by size (tarsus length; detailed descriptions are attached
in the Supplementary Material).

Only fertile females were included in the analyses to control
for variation in singing behavior due to reproductive state.
Fertility status was verified according to the following three
parameters: (i) development of the brood patch (not fully
developed), (ii) nest building status (females were considered
fertile until the first egg was laid), and (iii) sexual behavior
patterns (copulatory behavior, male display, female solicitation
behavior; Mulder, 1992 in Cooney and Cockburn, 1995).

Song Recordings and Analyses

Solo songs of color-banded birds occur naturally between 08:00
and 12:00 h (after the dawn chorus) and were recorded from
a distance between 5 and 15m using a parabolic microphone
(Telinga Microphones, Sweden) connected to a portable Sound
Devices 722 digital audio recorder (Sound Devices LCC, U.S.A).
All sound files were recorded as broadcast wave files (24 bit
48 kHz).

Recordings were transcribed to an Apple MacPro (Apple
Corporation, U.S.A) and edited with Amadeus Pro 2.1.2
(Hairersoft Inc, Switzerland). Spectrograms were created using
Raven 1.5 on the Hann algorithm display type (filter bandwidth
270 Hz, size 256 samples, time grid overlap 50%, grid resolution
2.67 ms, 188 Hz, DFT 256 samples). Only songs that could
be confidently assigned to observed color-banded females were
analyzed. In total, 82 songs from 28 females were analyzed. For
each song, we measured the total number of elements per song
(“song length”), and the number of different elements per song
(“song complexity”). We define a song as a complex vocalization
composed of several different element types (as described by
Langmore and Mulder, 1992), and defined an element in the song
as a single, continuous trace on a spectrogram. We categorized
the different element types according to previously classified
element types (A, E O, B, Q, R, T, U, V, W) developed by
Langmore and Mulder (1992), Colombelli-Négrel et al. (2010),
Kleindorfer et al. (2013), and Evans and Kleindorfer (2016), and
newly identified element types (FL, H, K, L, Z, ZN). For the
analysis we determined the element frequency per song as (i) the
total number of elements per song (we refer to this variable as
“song length”), and (ii) the number of different element types per
song (we refer to this variable as “song complexity”).

Spectrometry

We measured the tail coloration of females (N = 41), using a
JAZ-2000 spectrophotometer and a Xenon-pulsed light source,
connected through a bifurcated fiber-optic probe (Ocean Optics,
Eerbek, Netherlands). To exclude disturbance by outer light
sources and to ensure a standardized distance and angle (90°),
a black rubber cylinder was fitted to the top of the probe. Before
each measurement the spectrophotometer was recalibrated using
a standard white (Avantes, Eerbek, Netherlands); for calibration
of black the probe was removed from the light source and the
cap of the plug closed (Mahr et al., 2012). Standard descriptors
of reflectance spectra were used for quantification of colors.
Measurements were taken from five areas on the tail feathers.
Calculations were carried out for reflectance in the 320-700 nm
range, which is regarded as visual spectrum of most passerine
species (Hill and McGraw, 2006). To quantify the UV-reflectance
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of the blue tail we chose a commonly used variable, namely
UV-Chroma (Johnsen et al., 2005; Griggio et al., 2010; Mahr
etal., 2012), which is defined as proportion of UV-reflectance on
total reflectance (UV:R320-R415/R320-R700; Hill and McGraw,
2006).

Statistical Analyses

To test for the relationships between song length and
morphological parameters and plumage characteristics we
applied a General Linear Mixed Effects Model (GLMM).
Song complexity was analyzed using a Generalized Linear
Mixed Effects Model (GZLMM) with a Poisson-distribution as
model residuals did not achieve normal distribution even after
transformation. Both initial models included UV-Chroma, size,
and condition as covariates. As Kangaroo Island and mainland
populations are considered to represent different subspecies, we
included study site (“location”) in all the initial models as a
fixed factor to assess local variation in morphology and ornament
expression (Dudaniec et al., 2011; Kleindorfer et al., 2013). Also,
all the initial models included the interaction between UV-
Chroma and location as well as body-size and location because
we aimed to test for differences between the populations in
regard to UV-Chroma and body-size. Female ID was included
as random factor to control for non-independence of multiple
measurements from the same female. We had to exclude six
females from the analyses since there was not sufficient data
available.

The relation between morphological parameters and plumage
characteristics was tested separately, due to a difference in the
sample size. Analyses were carried out using a General Linear
Model (GLM). This GLM included the factor location and the
covariates condition, size and the interaction of condition and
size. UV-Chroma and condition can show variation during the
breeding season, therefore we also included capture month into
the GLM. Since the analyses revealed no significant effects of
capture date on UV-Chroma and condition, this factor was not
included in the GLMM and GZLMM.

We tested for a correlation between song length and
complexity using a Spearman’s rank correlation test. Song length
and complexity were not correlated (Spearman’s rank correlation:
p = 0.14, S = 0.45, p = 0.24), thus we treated these variables
independently.

All statistical analyses were performed using “R” (version
2.14.1; R Development Core Team, 2011). We implemented
linear mixed effects models using the “Ime” function of the
“nlme” package. All models were conducted using stepwise
forward and backward introduction of terms. Beginning with the
interactions, non-significant terms were step by step eliminated
from the model. Each eliminated term was re-entered in
the final model to obtain statistics (Grafen and Hails, 2002;
Engqvist, 2005). In addition to model selection based on p-
values we performed model averaging using AIC to assess
comparability and reliability of both methods. AIC model
averaging was implemented using the “model.avg” function of
the “MuMIn” package. No differences in the significant results
became apparent, and details on the results from model averaging
based on AIC-values can be found in the Supplemental Material.

RESULTS

The GLM revealed no significant differences in UV coloration
between mainland and island populations [mainland: N = 18,
island: N = 23; F(j 40 = 2.29, p = 0.13], furthermore no
significant effect of month of capture was found on plumage color
[F(1,37) = 0.87, p = 0.46]. Female size was not related to plumage
[F(1,39) = 0.72, p = 0.40], and no relation between UV coloration
and female condition was detectable [F(; 39y = 0.18, p = 0.67].
Also, there were no significant interactions between location and
body size [F(; 39) = 0.15, p = 0.70] or month and condition
[F(1. 30) = 0.84, p = 0.48].

Female song length was neither related to her condition
[Mainland: N = 13, Island: N = 9; GLMM: F(; 7 = 1.93,
p = 0.18] nor to her UV-Chroma [GLMM: F(; 19) = 0.07,
p = 0.79]. Also, the interaction of both variables turned out to be
non-significant [GLMM: F(; 1g) = 0.06, p = 0.95]. Interestingly
though, we found that study site predicted female song length
as females from Kangaroo Island produced significantly longer
songs compared to females from mainland populations [GLMM:
F(1, 20) = 10.79, p < 0.01; Figure 1]. Also, we found a significant
interaction effect of study site and female size on song length
[GLMM: F(; 29) = 5.66, p = 0.03]: Larger females produce
longer songs compared to smaller ones, though this effect is
only evident on Kangaroo Island (see Figure 2). We found no
significant main effect of female size on song length [GLMM:
F(1. 20) = 0.81, p = 0.38].

In contrast to song length, song complexity did not differ
significantly between study sites (mainland: N = 13, island:
N = 9; GZLMM: B &+ SE = —0.19 & 0.11, z = —1.69, p =
0.09), though this effect was only marginally non-significant.
Female size (GZLMM: f £+ SE = —0.08 £ 0.05, z = 1.58, p
= 0.11) and the interaction between female size and study site
(GZLMM: B £ SE = 0.03 £ 0.13, z = 0.21, p = 0.83) turned out
to have no significant relationship with song complexity. Also,
female condition (GZLMM: p £ SE = —0.003 £ 0.01, z = —0.26,
p =0.79), UV-Chroma (GZLMM: B & SE = —0.80 & 1.04, z =
—0.77, p = 0.44) and the interaction between UV-Chroma and

Song length
i

T T
Mainland Island

FIGURE 1 | Boxplot of female song length originating from Mainland or
Island populations.
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There are several explanations for why song length in female

70 Superb Fairy-wrens could be an honest signal (Martin-Vivaldi

° et al,, 1998; Farrell et al., 2012; Ferrer et al., 2015). First

. the production of longer songs is energetically demanding

60—

Song length

o=
o
)

Size

FIGURE 2 | Relationship between female size and song length in
mainland (black circles and solid line; R2 = 0.04) and island (white
circles and dashed line; R2 = 0.44) populations.

study site (GZLMM: B & SE = 1.44 & 3.37, z = 0.42, p = 0.67)
showed no significant relationship with song complexity.

DISCUSSION

Our results show no relationship between plumage
ornamentation and song characteristics in female Superb
Fairy-wrens, but we revealed a positive relationship between the
song length (total number of elements females produce per song)
and body-size in females of the Kangaroo Island sub-species.
Thus, female Superb Fairy-wrens that sing songs composed of
more elements are bigger than females with shorter songs.

In our study populations, the average number of elements
varies dramatically between females (between 16 and 50 elements
per song). Some females produce more than twice the number of
elements than others, which reveals strong individual differences
in song strophe length. Consequently for fertile female Superb
Fairy-wrens song length may possibly act as a signal for
conspecifics to indicate quality. Our results also suggest that
songs produced by females of the Kangaroo Island subspecies
are significantly longer. These results are in line with previous
findings by Kleindorfer et al. (2013), possibly indicating selection
processes favoring the production of longer songs within the
island population.

Hence, given that size can be an indicator of condition during
early development, our results imply that song might act as an
honest signal and underlies sexual selection processes in female
Superb Fairy-wrens. The idea that female song signals individual
quality is supported by earlier studies in Superb Fairy-wrens
and New Zealand bellbirds (Anthornis melanura), indicating
that female song performance (song rate and song complexity)
predicts reproductive success (Cain et al., 2015; Brunton et al.,
2016).

and requires certain physiological preconditions, since it forces
females into a trade-off between allocating energy resources
toward singing or other activities (Gil and Gahr, 2002). Secondly,
the primary function of female song in Superb Fairy-wrens is
suggested to be resource defense (Cooney and Cockburn, 1995;
Cain and Langmore, 2015). In this context song length might be
an indicator for the ability of an individual to defend resources.
Finally, very recent findings (Kleindorfer et al., 2016), support
the idea, that singing behavior in female Superb Fairy-wrens can
also be costly in terms of increased nest-predation. Even though
the study by Kleindorfer et al. (2016) refers to song rate rather
than song length, one might expect that females producing longer
songs may also face higher predation risk by exposing themselves
toward predators.

Interestingly, the relationship between size and song length
only applies to females from the Kangaroo Island subspecies,
but not to females from the mainland populations. However,
due to the low sample size, this result has to be treated with
caution. A possible explanation for this result could be that
Superb Fairy-wrens are in general considered to be long-lived
and maintain long-term territories over several years. Stable
territories like on the mainland may imply a reduced necessity
of intense territorial behavior. In contrast some Superb Fairy-
wren populations on Kangaroo Island have been affected by
severe bushfires in 2007 (Peace et al., 2011). Within the last
years the population started to recover and the number of
breeding pairs is increasing in this region. One might assume
that individuals face increasing competition from new intruders.
Therefore, more competitive individuals, with the ability to
maintain larger territories and therefore more resources, should
be favored by selection processes. Given that song can be
perceived over longer distance and indicates body-size, female
song length might signal competitive abilities toward neighbors
and intruders (Searcy et al., 2008). Therefore, singing behavior
might primarily be of importance to continuously communicate
dominance and prevent actual intrusion. Given that, due to
natural reestablishment of breeding populations, Kangaroo
Island birds might face more frequent encounters with intruders
and investment into signals indicating quality might be beneficial
to retain breeding sites. Furthermore, this idea is in line with
previous findings from Cooney and Cockburn (1995), who
demonstrated that female song-rate increased when territories
were newly established.

Female song length might also serve as a quality indicator for
male conspecifics (Amundsen, 2000). Even though clutch size
might not be affected by body size, as females lay a maximum
of three eggs per clutch in our population (own observation),
choosing bigger females might provide other direct and indirect
benefits to males. Size parameters can affect performance in
foraging and territorial defense and, as previously mentioned,
size can act as indicator for better condition during early
development and might signal good genetic quality (Johnson,
1987; Amundsen et al., 1997; Amundsen, 2000). However, given
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that Superb Fairy-wrens are known to have the highest number
of extra pair fertilizations within passerines (Double et al., 1997)
and song acts as a signal over long distances, females might
also signal quality to possible extra-pair mating partners. The
recruitment of extra-pair fertilizations might in turn enhance
female reproductive success by increasing genetic variability in
the offspring (Andersson, 1994).

Our analyses further reveal that song complexity and song
length are not correlated, raising the question of whether both
song features signal different quality traits and carry multiple
signaling functions. However, song complexity, which has been
shown to be an important male song feature for many species
(Gil and Gahr, 2002), seems to play only a minor role for
female Superb Fairy-wrens. In our study, female song complexity
does not reflect female condition or size, nor, in contrast to
song length, varies significantly between populations, which has
already been shown by previous studies (Dudaniec et al., 2011;
Kleindorfer et al., 2013). Furthermore, female song complexity
is not related to UV-reflectance of the tail feathers. Also the low
variation in song complexity (between three and eight different
elements) in comparison to the average number of elements
between individual females points toward an inferior role in
sexual selection. In previous studies it has been suggested that
in some species male repertoire size (e.g., number of elements
or songs males produce) does not predict pairing success and
therefore plays a minor role in selection processes (Catchpole,
1986; Gil and Gahr, 2002; Byers and Kroodsma, 2009). This might
also apply to female song complexity in Superb Fairy-wrens.
Nevertheless, it has to be considered that female song complexity
reflects quality parameters not recorded in this study.

Whereas a relationship between ornamental features and song
performance has been found in interspecific comparisons for
female songbirds (Garamszegi et al., 2007; Webb et al., 2016),
our results indicate that there is no relationship between UV-
Chroma and song features in female Superb Fairy-wrens. This
indicates that both traits have evolved independently, rather than
co-evolved.

However, it has to be considered that both studies did not
examine relationships between song performance and plumage
coloration within populations and Garamszegi et al. (2007)
focused on carotenoid based plumage features (Garamszegi et al.,
2007; Webb et al., 2016). Unlike carotenoid based coloration,
UV-coloration is due to melanin based coloration and keratin
structure (Prum, 2006). Since these two types of plumage
ornaments underlie different physiological mechanisms, they
may underlie different selection processes.

UV-Chroma is known to reflect condition of individuals,
since the maintenance of UV-reflectance is time consuming and
might further result in a trade-off between preening and e.g.,
parental activities or vigilance behavior (Redpath, 1988; Cucco
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