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Highlights

Avian song ontogeny is an important model system for language learning

Most past work has focused on song learning in species where only males sing

We review literature and propose future studies on song learning in duetting species

Duetting species could provide an important model for understanding vocal learning

Abstract

Avian song learning has a rich history of study and has become the preeminent system for understanding
the ontogeny of vocal communication in animals. Song learning in birds has many parallels with human
language learning, ranging from the neural mechanisms involved to the importance of social factors in

shaping signal acquisition. While much has been learned about the process of song learning, virtually all
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of the research done to date has focused on temperate species, where often only one sex (the male) sings.
Duetting species, in which both males and females learn to sing and learn to combine their songs into
temporally coordinated joint displays, could provide many insights into the processes by which vocal
learning takes place. Here we highlight three key features of song learning—neuroendocrine control
mechanisms, timing and life history stages of song acquisition, and the role of social factors in song
selection and use—that have been elucidated from species where only males sing, and compare these with
duetting species. We summarize what is known about song learning in duetting species and then provide
several suggestions for fruitful directions for future research. We suggest that focusing research efforts on
duetting species could significantly advance our understanding of vocal learning in birds and further
cement the importance of avian species as models for understanding human conversations and the

processes of vocal learning more broadly.
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vocal interactions

Songbirds have become the one of the premier systems used to address questions concerning the
development of behavior (Marler & Slabbekoorn, 2004), in part because of the many parallels that their
vocal development shares with human language learning (Brainard & Doupe 2002; see Berwick et al
2011 for a discussion of potential differences between song and language). Like humans, songbirds learn
their vocal signals during a critical period (most typically during the juvenile life phase), have specific
neural circuits used in the learning and production of vocal signals, employ similar genetic mechanisms
during vocal acquisition, and exhibit learning outcomes that are strongly determined by social factors.

Several decades of song development research have produced a comprehensively detailed picture of how



songbirds acquire their individual song structures (Catchpole & Slater, 2008). Yet, nearly all of this work

has focused on species in which only a single sex—males—Iearn to sing.

In many species of birds, both males and females sing, and mated pairs in these species often join their
songs to produce duets (Hall 2009). These species are largely concentrated in the tropics (Slater & Mann,
2004), and were for many years mostly disregarded by (primarily northern latitude) researchers, given the
challenges of working on these species. Yet, better understanding the song learning process in these
species has the potential to provide information on key aspects of vocal learning. Female song is ancestral
(Odom et al., 2014), and thus understanding how female birds acquire their song repertoires could help us
understand the evolutionary origins of song learning in birds. In addition, the interactive nature of duets
allows one to approach the study of coding rule acquisition, that is, of the acquisition of the rules
individuals need to use and interpret a signal. Finally, studying a different model system of song learning
could provide a more general model for understanding human language learning. Here, we provide a brief
overview of several key features of song learning in male birds, describe how these patterns might apply
or be different in duetting species, and offer some suggestions for future directions that would be useful

for better understanding song learning in the duetting context.

Part I: Key Features of Song Learning (in species where only males sing)

The details of the song learning process vary across different species that have been studied to date

(Beecher & Brenowitz, 2005; Brenowitz & Beecher, 2005; Catchpole & Slater, 2008; Theunissen et al.,

2008), but several key features stand out in many of these systems that could be particularly interesting to

compare with duetting species.

Neural control of song learning



First, vocal production and learning in birds are controlled by dedicated neural circuits in the songbird
brain (Brenowitz & Beecher, 2005) much like in humans (Brainard & Doupe 2002). The song learning
circuit includes a series of hormone-dependent nuclei in the anterior forebrain pathway (AFP) of the
brain; these nuclei include the HVC, the robust nucleus of the arcopallium (RA), area X, the medial
portion of the dorsolateral nucleus of the thalamus (DLM) and the lateral portion of the magnocellular
nucleus of the anterior nidopallium (LMAN) (Brenowitz & Beecher, 2005). This architecture is similar to
the architecture of many cerebral structures in mammals (Theunissen et al., 2008). HVC and RA are
considered analogues of motor cortical areas specialized for vocal production, while area X is
homologous to the basal ganglia and the auditory forebrain is analogous to auditory association cortex

(Farries & Perkel, 2008).

Steroid hormones appear to be important in regulating both the production and learning of song in birds,
with many of the song control nuclei possessing testosterone receptors. Testosterone (T), often considered
the male sex hormone, can influence learning of sexually dimorphic song, with T levels being correlated
with song activity and with the song learning timeline in many non-duetting birds (Catchpole & Slater
2008). Specifically, the presence of testosterone may act to help close the sensitive period, promote song
stereotypy, and prevent future song learning (Brainard & Doupe 2002; Ball et al 2002, but see Templeton

et al. 2012 for an exception to the last finding).

Timing and life history of song learning

Songbirds possess critical periods for both the sensory and motor components of song learning (Beecher
& Brenowitz, 2005). Juveniles develop their songs in two steps: first they listen to singing adults and
memorize songs or parts of song (sensory phase); second, and typically later in the process, juveniles go
through a period of rehearsal (sensorimotor phase), when they improve the accuracy of their songs

through practice (Nelson & Marler, 1994). During the sensory phase of song learning, model songs are



most likely stored in higher-order auditory forebrain areas (e.g. the caudal medial nidopallium) of young
birds (Bolhuis et al., 2000). The memorized songs are then compared to auditory feedback from a bird’s
own song production, which is processed by the brainstem and relayed to the forebrain and song
production systems. The difference between stored and produced song is then used as a corrective signal
which in turn modifies neural circuits involved in vocal production (Theunissen et al., 2008). Based on
anatomical lesions and pharmacological studies, it appears that the LMAN region is involved in
preventing the crystallization of songs during the learning period (Scharff & Nottebohm, 1991), while the
RA and HVC are involved in allowing the accurate production of memorized songs (Aronov et al., 2008;
Simpson & Vicario, 1990). While the exact timing of, and degree of overlap between, these phases varies
across different species of birds, both phases most typically occur early in development, during the

juvenile life stage.

In most species, young males learn songs after they disperse from their natal territory. Zebra finches
(Taeniopygia guttata) and Galapagos finches seem to be highly unusual species in that they learn songs
directly from their fathers (Zann, 1990; Mann & Slater 1995; Grant & Grant, 1996); most other species
learn their songs from other, typically unrelated, tutor(s) instead of their father, often resulting in song
types shared with adults in the population or neighborhood where they recruit and establish a breeding
territory but not shared with their natal neighborhood (Beecher & Brenowitz, 2005). In addition to these
“close ended learners”, some species continue to learn new songs after they first become sexually mature

(Catchpole & Slater 2008).

The role of social factors in song learning

Social factors appear to have a major role in guiding the song learning process in many young songbirds.
Called the ‘wildcard’ of song learning (Beecher & Brenowitz, 2005), social interactions experienced by
young birds can strongly impact the songs that they learn, sometimes overriding other factors. Comparing

classic experiments with tape tutored birds (Marler, 1970) with those using live tutors indicates that the



presence of live birds can influence song learning, with social interactions extending the sensitive phase
(Nordby et al., 2001), or even prompting young birds to preferentially copy live tutors of a different
species (Baptista & Petrinovich 1984). Different types of social interactions may be important at different
phases of the song learning process; for example, patterns of song learning in young male song sparrows
(Melospiza melodia) are influenced by the temporal pattern of when they hear tutors sing and also by the
tutor’s degree of interactiveness (Beecher, 2017). In addition to direct interactions, indirect, or
eavesdropped, social interactions also appear to have important effects on song learning (Beecher et al

2007; Templeton et al 2010).

One overarching goal of song learning is for the young male to learn the songs that will facilitate
communication with potential mates (females) and competitors (other males). Songbirds must therefore
develop not only the ability to produce their individual songs, but also the ability to use those songs in the
most effective way in interactively replying to other individuals. Important examples of vocal interactions
in male songbirds are countersinging (Todt & Naguib, 2000), frequency matching (Otter et al., 2002), and
song type matching (Beecher et al., 2000). Keeping with the example of western song sparrows, effective
communication potentially requires that young birds learn songs that will be shared with their future
neighbors in order to facilitate vocal interactions with these individuals (Beecher, 2017). Because most
birds learn their songs from other males encountered after they disperse from their natal territory (Beecher
& Brenowitz, 2005), the song learning program—including the sensory and sensorimotor phases and the

importance of social factors—is such that most song learning takes place away from the natal territory.

There is some indirect evidence suggesting that male-only singing songbirds might learn more than song
structure during early development; perhaps they also learn the rules for how to use their songs to
communicate. Two hand rearing studies in Common Nightingales (Luscinia megarhynchos) found that
when song types that males were tutored with were delivered grouped in set orders, individuals learned a)

the individual song types b) the order in which each song type within a group was presented and c) the



sequential association of different song groups (Hultsch, 1989; Hultsch, 1992). It has been argued that
these results suggest that juveniles learn contextual information of when and how the songs should be
used during vocal interactions (Geberzahn & Hultsch, 2004). Male song sparrows seem to be particularly
attracted to vocal interactions (e.g. countersinging between two males) during the song learning phase
(Templeton et al. 2010), leading researchers to speculate that in addition to allowing young birds to learn
specific song types, eavesdropping on the interactions of adults could be a mechanism whereby young
birds socially learn the cultural rules governing song use (i.e. for conventional signals such as song type
matching) (e.g. Beecher et al. 2007; Templeton et al. 2010).

Part Il: Song learning in species that duet

Overview of song duetting

Song duets are produced by hundreds of species of birds and have been the subject of much research
effort, especially during the past 20 years. Here we provide a very brief definition and overview of song
duetting, but we refer the reader to the excellent reviews by Farabaugh (1982), Hall (2004, 2009), Dahlin
and Benedict (2014) and Logue and Krupp (2016), which carefully document various aspects of duetting,

especially the evolutionary function(s) that duets serve in communication and social behavior.

At the simplest level, duetting involves two individuals producing acoustic displays that are at least
somewhat temporally coordinated (Farabaugh, 1982). However, species vary dramatically in the form that
their duets take (Dahlin & Benedict 2014). For example, the amount of coordination between the songs of
the two individuals producing a duet varies across species, ranging from simultaneous singing (e.g.,
Radford 2003; Illes & Yunes 2009; Dowling & Webster, 2013) to intricately coordinated multi-part duets
(e.g. Mann et al 2003; Logue et al 2008; Quirds-Guerrero et al in press) or choruses (e.g., Mann et al.,
2006). Some of the most impressive duets, and those that are potentially most interesting from a song
learning perspective, are the antiphonal duets produced by some songbirds, where two partners sing

specific song phrases that are precisely timed to alternate rapidly with little or no overlap. Most typically



these partners are male and female pair-mates, and in many cases they produce duets composed of sex-
specific song phrases. Furthermore, in many species the song phrase that each individual selects from its
(sometimes large) repertoire to sing in a given duet is hon-randomly linked to a specific song phrase type
from the repertoire of its partner, according to a pair-specific duet code (Logue, 2006). This type of
singing style is exemplified by a number of species of new world wrens (Mann et al., 2009) for example

the canebrake wren (Cantorchilus zeledoni; Figure 1).

In contrast to the abundance of functional studies of duetting, the ontogeny of song duets has largely been
ignored. In part, it has been assumed that, at least in the oscine duetting species such as the neotropical
Thryothorus wrens (Mann et al., 2009), repertoire acquisition should not differ from the non-duetting
species (Hall, 2009). There is evidence that supports this view: slate-coloured boubous (Laniarius
funebris) (Wickler & Sonnenschein, 1989) and bay wrens (Cantorchilus nigricapillus) (Levin et al.,
1996) develop abnormal songs when raised in isolation, suggesting that song learning is important in
duetting species. Some indirect evidence that supports the individual repertoire learning hypothesis is that
the repertoires of birds from numerous duetting species vary on a micro-geographic scale, for example in
canebrake wrens (Marshall-Ball & Slater, 2008) and rufous-and-white wrens (Thryothorus rufalbus)

(Mennill & Vehrencamp, 2005).

While some features of duet song learning likely parallel those found in temperate species, there are
several other factors that are unique to duetting species or at least to species in which both males and
females produce songs. For instance, duetting requires engaging in vocal interactions that in several
species involve specific relationships among the vocalizations from different individuals. Two key
interaction rules arise from these relationships: precision in song answering (i.e. precise temporal
coordination in the responses to a partner, Todt & Naguib, 2000) and non-random association of song

phrases (i.e. duet codes, Logue, 2007). Furthermore, several duetting species produce sex-specific songs



(Hall 2009), which can differ significantly in their acoustic structure. Producing duets, especially those
that involve high levels of temporal and spectral coordination, provides a number of challenges for song
learning compared with learning solo songs. Here we review the information available to date on the

proximate mechanisms and ontogeny of these emergent features of duets in songbirds.

Neural control of duetting

Few studies have yet examined the brains of duetting birds in detail. Initial work by Brenowitz and
colleagues (1985) demonstrated that the difference between male and female song control nuclei (RA)
was much smaller in duetting species (bay wren and buff breasted wren, Cantorchilus leucotis) than in
species in which only males sing, indicating that unlike in species where only males sing, the song nuclei
responsible for song production and learning are of similar sizes in males and females of duetting species
(Brenowitz & Arnold, 1985). Additionally, much like in species in which only males sing, the sizes of the
song control regions in the brains of duetting bay wrens and rufous-and-white wrens are correlated with
the song repertoire complexity, and this correlation extends both to males and females in these species
(Brenowitz & Arnold, 1986). Males and females also have similar densities of steroid hormone receptors
in their song control regions (HVC and IMAN) (Brenowitz et al. 1996). Given that IMAN is part of the
anterior forebrain pathway devoted to song learning, this result suggests that steroid hormones are
important for controlling song learning in both sexes in duetting species. Somewhat contradictory
evidence comes from a study of a different duetting species, the African bush shrike (aka slate-colored
boubous), which found that females have significantly smaller song nuclei (HVC and RA), lower
numbers of neurons and smaller neurons than males, despite possessing song repertoires of comparable
complexity (Gahr et al., 1998). Furthermore, Gahr and collaborators also found that across studied species
in which females sing, there was no correlation between repertoire size and the degree of sex difference in
brain specialization. However, they did find a significant increase in song nuclei size in female birds of

those species in which females sing. Similar results to Gahr et al. (1998) have also been found in other



species in which females sing: northern cardinal (Cardinalis cardinalis; Jawor and MacDougall-
Shackleton, 2008), streak-backed oriole (Icterus pustulatus; Hall et al., 2010) and blue-capped cordon-
bleus (Uraeginthus cyanocephalus; Lobato et al., 2015). Thus, it is now hypothesized that there is a
threshold size for song nuclei to allow song production, but that the correlation between song nucleus size
and song complexity or other features such as song output will vary across species once that threshold is
met (Lobato et al., 2015). Overall, these studies suggest that similar brain centers control learning of song
in both males and females. However, the fine details of how similarities and differences in brain structure
affect the vocal repertoires of males and females across species where both sexes sing requires more

study.

Understanding the mechanisms by which females and males acquire their individual vocal repertoires is
important, but again, gaining this understanding is still not enough to clarify how duets are actually
integrated in the brain. Some insights to how this interactive behavior could be encoded in song nuclei
regions come from studies of only-male singing species. The areas of the brain involved in integrating
auditory stimuli, like the HVC region of male (non-duetting) songbird species is tuned to respond
preferentially to the bird’s own songs (e.g. McCasland & Konishi, 1981; Margoliash, 1986; Dave et al.,
1998; Nick & Konishi, 2005) or to conspecific songs that closely resemble the bird’s own songs (Prather
et al., 2008). However, the non-random association of songs between pair members (i.e. duet codes)
presumably requires that duetting birds not only memorize their own vocalizations, but also memorize
their partner’s vocalizations and the correct link between these songs (the duet code). Furthermore,
temporal coordination in several duetting species is achieved by dynamic modifications to the singing
tempo of individuals based on autogenous and heterogeneous cues (Fortune et al., 2011; Logue et al.,
2008; Rivera-Caceres, 2015; Templeton et al., 2013). Thus, to be able to integrate self and partner’s
songs, the brains of duetting species ought to be tuned to respond to songs that might be very different

from each other, especially in species with sex-specific song repertoires.
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A single neurophysiology study has examined the activity of song nuclei in duetting birds. Fortune et al
(2011) studied plain-tailed wrens (Pheugopedius euophrys) and showed that HVC of both males and
females responds to both male and female song stimuli, but this region responds more to whole duets than
to the isolated contributions of each sex. This study also revealed that the brains of both males and
females are tuned to respond more to the vocalizations of females rather than to the vocalizations of
males. Furthermore, this study demonstrated that, unlike non-duetting species, HVC preferentially
responds to vocalizations that are performed with the correct temporal coordination. Thus it seems that
the brains of duetting birds might differ from other species in that they are able to store more than the
individual’s own vocalizations. Seibt and Wickler (2000) suggest that song nuclei may function for
storing not just a bird’s own songs (the “overt repertoire”) but also a “silent repertoire” of songs that the
bird does not sing but which it must recognize and respond to. This silent repertoire could be especially
important in duetting species in which one individual must recognize and rapidly respond to its partner’s
songs (Seibt & Wickler 2000). Fortune et al. (2011) lend further support to the idea that the brains of
duetting birds store the entire vocal interaction, including the temporal patterns of this cooperative display
and the role that each individual plays in it (i.e. the brains of males might respond more to female
vocalizations because females lead the duets and males follow their lead). It is still unknown whether
these nuclei function equally in both sexes during vocal production in addition to during auditory
perception alone. If this is the case, it is possible that mirror neurons in this region provide the
sensorimotor correspondence that individuals would need to produce duets with such a high temporal
precision (Prather et al., 2008). The songs produced by the bird that starts the duet could activate the
partner’s auditory-vocal neurons in the HVC region. Those songs could then be compared a to
representation of the stored vocal interaction and provide the cue needed for a rapid selection of the

correct song type and precise temporal response.

11



Timing and life history of song learning

Song acquisition seems to occur only during early development in those duetting species studied to date.
For instance, slate-colored boubous raised in captivity seem to maintain a fixed song repertoire after the
first six to eight months of life (Wickler and Sonnenschein, 1989). Furthermore, the acoustic structure of
striped-back wren (Campylorhynchus nuchalis) songs does not change once individuals reach adulthood
(Price, 1998). Finally, the individual song repertoires of adult canebrake or riverside wrens (Cantorchilus
semibadius) do not appear to change from one season to another, even after a bird changes mates (Rivera-
Céceres et al., 2016; Quiros Guerrero & C.N.T. unpublished data). Based on these preliminary
indications, the overall timing of the song learning patterns in duetting species is similar to the learning
pattern of most species of closed-ended learners in which only males sing. However, within early
development, the onset and duration of sensitive periods for song learning and vocal interaction rule

learning might differ greatly between duetting and non-duetting species (Figure 2).

While there is much variation in the timing of song learning across species in which only males sing
(Beecher and Brenowitz, 2005), with only a few exceptions most species appear to memorize and produce
songs after they disperse from their natal territory (Figure 2a). In contrast, observational and hand-rearing
studies have found that juvenile birds of duetting species stay in their natal territories for several months
and individuals memorize and produce new song types throughout this period (slate-colored boubous,
Wickler and Sonnenschein, 1989; stripe-backed wren, Price, 1998; superb fairy-wrens, Malurus cyaneus,
Evans and Kleindorfer, 2016; canebrake wren, K.D.R.C, unpublished data; riverside wren, Quiros-

Guerrero & C.N.T. unpublished data; Figure 2b).

One possible difference between species in which only males sing and species in which both sexes sing is

that within the same species, males and females might differ in the duration of their sensitive periods to
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song memorization. A single study has provided evidence to support this idea: male blue-capped cordon-
bleus (Uraeginthus cyanocephalus) appear to learn for a longer time compared to females (Geberzahn and
Gahr, 2013). Differences in the duration of sensitive periods or dispersal patterns between sexes could
provide mechanisms that allow individuals to learn sex-specific repertoires; however no study to date has

addressed this issue.

In addition to each sex learning to produce component song phrases, duetting birds must learn the rules
that govern the use of these songs in the creation of interactive duets . Duetting species might differ from
male-only species in terms of when they acquire the rules governing song use (i.e. contextual learning
rather than production learning; Janik & Slater 2000). Juvenile canebrake wrens acquire both their song
phrases and the rules (i.e. temporal precision and duet codes) needed to use those phrases to perform
duets while still on their natal territories (Rivera-Caceres et al. in review), and it is likely that other
species that have delayed dispersal also learn rules governing duet composition during this stage.
However, despite learning the rules related to duet codes and timing during early ontogeny, when these
young birds disperse from their natal territory and attract their own mate, this mate will very likely not
share some or all of the song phrases the bird originally learned. Thus, new rules governing the
association of song phrase types into duets, in terms of the timing and the duet codes, may need to be
acquired later in life. The duets of magpie-larks (Grallina cyanoleuca; Hall & Magrath 2007) and
canebrake wrens (Rivera-Céaceres et al., 2016) are more precise in terms of timing in established pairs
than in newly formed pairs, though studies in other species have not always shown this same pattern
(Arrowood 1988; Levin 1996; Marshall-Ball & Slater 2008; Benedict 2010). In terms of duet codes, a
removal study conducted in the field by Rivera-Céceres et al. (2016) showed that adult canebrake wrens

do in fact learn new song-type associations when they obtain new mates.
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It is therefore quite likely that duetting birds learn duet codes during at least two different stages in life:
one duet code is learned in the juvenile stage from parents and additional duet codes are learned in
adulthood each time a bird obtains a new mate (Logue 2007; Logue & Krupp 2016). Overall, it seems
that there is some evidence that duetting rules may have a different developmental history than individual
song repertoires, at least in some species. Nevertheless, because different species have different duetting
styles, not all species might need to learn duetting rules during adulthood. The ontogeny of duetting rules
has been ignored in the literature until recently, so it is unknown just how general this learning pattern

really is and future study is necessary.

The role of social factors in duet learning

Because duetting is, by definition, a social activity, it seems logical that social factors might affect the
acquisition of the elements that a bird needs to participate in a duet. However, little research has directly
addressed this question to date. There is some evidence that, unlike most species in which only the male
sings, duetting species, and other species in which both males and females sing, might learn their
repertoires from their parents (e.g. slate-colored boubous, Wickler and Sonnenschein, 1989; stripe-backed
wren, Price, 1998; forest weavers, Seibt et al 2002; superb fairy-wrens, Evans and Kleindorfer, 2016;
canebrake wren, K.D.R.C, unpublished data; riverside wren, Quiros-Guerrero & C.N.T. unpublished
data). It is also possible that this difference in dispersal is driven by latitudinal gradients, instead of
singing styles, but further research is necessary to disentangle these effects. Additionally, duetting birds
could require social interactions to acquire sex-specific repertoires, temporal coordination, and duet

codes.

Many duetting species have sex specific repertoires (Hall, 2009). In the three species studied to date—bay
wrens (Levin et al., 1996), slate-colored boubous (Wickler and Sonnenschein, 1989), and blue-capped

cordon-bleus (Geberzahn and Gahr, 2013; Lobato et al., 2015)—females and males have the ability to

14



produce both sexes’ song and thus either a sex-specific template, social factors or a combination of both
are the cause of the sex-specific repertoires observed in adults. In bay wrens, when female and male
juveniles were tutored with duet song recordings played from a single speaker, individuals learned to
produce full duets, instead of only producing the component songs of their own sex. However, when
exposed to duets where the sex-specific components were played from different stereo speakers,
individuals tended to produce both full duets and solo songs that corresponded to their genetic sex (Levin
et al., 1996). Thus the authors suggest that while an innate template might exist, social interactions with
tutors are essential for juveniles to learn the correct song repertoires. Furthermore, juvenile female slate-
colored boubous did not learn songs from playbacks alone, but juveniles that were raised in an aviary by
their parents or other adult pairs did learn their correct sex’s song repertoire. These results also support
the idea that social interaction with tutors is essential to learn the correct song repertoires in duetting
birds. A later study attempted to determine if phenotypic cues could help juvenile slate-colored boubous
to figure out which parent they should use as a model for song-repertoire acquisition (Wickler, 1996).
This study revealed that there are only very subtle differences in the coloring patterns of the underside of
the wings, which the authors argue is an unlikely trait to be used by juveniles because there is no flight
display during duetting. The authors also found a slight difference in size and weight between males and
females, but it still remains to be tested if these or other unstudied characteristics aid juveniles in learning
the correct repertoires during early development. Finally, blue-capped cordon-bleu juveniles do not seem
to possess a sex-specific template given that both males and females produce songs with similar duration
and their repertoire size is comparable throughout most of their ontogeny (Lobato et al., 2015). Song
repertoires only become sexually dimorphic (in size) during adulthood in this species, mainly due to
females eliminating more song elements than males from their final repertoires. However, it is unknown

whether this change is socially or genetically driven.
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No hand-rearing studies have yet been carried out to determine whether individuals require social
experience as they acquire temporal coordination or duet codes, or the specific types of social experiences
that facilitate learning these aspects of song usage. Only one field study has addressed these questions in
canebrake wrens and found that juveniles are significantly less coordinated than adults and do not adhere
to a duet code as consistently as adults during early stages of development (Rivera-Céceres et al. in prep)
but both features improve with time (K.D.R.C. unpublished data). Furthermore, Rivera-Caceres et al (in
prep) showed that the duet code that each juvenile follows is the same as the one used by the adults that
raised that juvenile. These results suggest that duet coordination and duet codes are learned during early
development and that juveniles need an adult model to copy these duetting rules from. Studies rearing

birds under controlled acoustic environments would be beneficial to further test these ideas.

Part 111: A framework for future research on duet ontogeny

Species in which both sexes sing provide many possibilities for increasing our knowledge of vocal
development. Thus far, most work has focused on male song learning and an obvious direction for future
research would be to increase the scope of research to examine many of the above topics from the
perspective of female song. In addition to understanding the processes of vocal learning when both sexes
learn their songs, species in which males and females produce joint duet songs could dramatically
advance our understanding of vocal learning, specifically because of the interactive nature of duetting.
Below we focus on the importance of understanding the ontogeny of vocal interactions and suggest
several specific lines of inquiry that could help further establish duetting bird species as an ideal model

investigating this phenomenon.

Studies to examine individual and collective song learning

16



Hand rearing studies have provided a powerful methodology for testing questions related to song
acquisition in male birds since pioneering work in the 1950’s (Thorpe 1954) and we suggest that
performing similar studies with duetting species would provide many possibilities for expanding our
understanding of how animals learn to produce and use duets. While hand rearing studies under controlled
acoustic conditions could shed light on many different aspects of duet song ontogeny, we especially

encourage research that focuses on the following two topics.

i. Acquisition of individual male and female song repertoires

Duetting species and species in which females also sing provide an ideal model for studying similarities
and differences in vocal learning between sexes. We have discussed several studies examining this topic
at the neuroendocrine level above, but we suggest that examining similarities and differences that exist
during the acquisition of individual-song repertoires at the behavioral level could also be a fruitful topic
for future research. For instance, within species sex differences would be particularly interesting to
investigate in relation to the duration of the sensitive period and the nature of social factors that affect
how individuals acquire their song repertoires. Furthermore, a number of duetting species have sex-
specific song repertoires (i.e. male song phrases are categorically or quantitatively different from female
song phrases) and it would be interesting to determine whether the sex differences in ontogeny are
pronounced or even constrained to species with sex-specific repertoires. We additionally encourage
scientists to test whether sex-differences in the factors mentioned above in fact function to facilitate
individual birds in acquiring the repertoire that corresponds to their genetic sex. Finally it would be
equally important to assess what acoustic cues could confirm the hypothesized sex-specific auditory

template, if one indeed exists.

ii. Acquisition of rules governing duetting interactions
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While the acquisition of individual-repertoires is an important and interesting aspect of duet learning,
especially in species with sex-specific repertoires, duetting species also provide an exciting model system
for studying the ontogeny of vocal interactions. Studying the ontogeny of duetting as a collective behavior
(Logue and Krupp, 2016), by considering how pairs of birds learn interdependent song features, including
duet codes and the temporal coordination of duets, will help create a fuller appreciation of the social

factors required to develop such a complex behavior as duetting.

The first unanswered question in this regard is whether individuals require experience listening to duets to
be able to engage in a duet later in life or if performing this coordinated behavior is an innate ability. An
experiment in which isolated hand-reared birds are exposed either to solo renditions of the species’ songs
or to the same songs but linked in duets would address this question. The second unanswered question is
whether the species-specific temporal patterns (e.g. alternating vs. overlapping or loose vs. precise
temporal coordination) are acquired from the adult tutors. Lastly, Rivera-Céaceres et al (in prep) showed
that juvenile canebrake wrens learn their duet codes from the adult tutors. However, it is unknown
whether the tendency to follow a duet code is a learned or innate trait. Thus, laboratory experiments are
required to test whether birds tutored with duets that do not follow a duet code are able to create duet

codes as adults.

In addition to the hand rearing experiments proposed, we would also like to encourage the performance of
more field experiments that address the ontogeny of temporal coordination and duet codes in species with
different duetting styles. One intriguing possibility is that species with high temporal precision and/or
pair-specific duet codes require learning of those rules during both early development and adulthood but
that learning in species with loose temporal precision and/or population-wide duet codes is restricted to

early development. To understand the evolutionary trajectory of these complex rules it is vital to take a
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comparative approach and this will only be possible if more species, including songbird and non-oscine

duetting species, are studied.

Duetting birds as a model for turn-taking vocal interactions

As we discuss above, humans and songbirds share many similarities in the brain architecture in charge of
controlling vocal learning and vocal production of single vocalizations, and for this reason birds have
become a major model for better understanding language learning (Doupe & Kuhl, 1999; P. Marler,
1970). Perhaps these similarities extend to how vocal interaction rules are encoded in the brain as well.
One key feature of human language is the degree of its interactivity. Turn-taking, in which individuals
avoid overlapping each other’s utterances but at the same time keep silent gaps short (~200ms) is a
universal vocal interaction rule in humans (Levinson, 2016). Levinson (2016) diagrams the three steps of
cognitive processes by which turn taking takes place in humans and examines these processes in other
primates. We suggest that, as is true for many other features of vocal learning, songbirds could provide a
particularly useful parallel model for studying the cognitive processes underlying turn taking behavior
(Figure 3). The temporal scale with which duetting birds answer their partners is very similar to the
timing in turn taking (within hundreds of milliseconds, Figure 1a in Levinson, 2016 and Figure 3a in this
article), while the time scale of turn taking in marmosets can differ by three orders of magnitude
(Takahashi et al., 2013). The brain processes that control rapid vs. slow responses could differ
substantially. Below we discuss each of the three requirements for turn taking (Levinson 2016) in relation

to duetting birds.

The first requirement in turn-taking in humans is that individuals waiting their turn need to predict the rest
of the incoming utterance as soon as possible after the other individual starts talking (Stivers et al. 2009).

In black-bellied wrens, Logue (2006) has shown that females are able to predict the song type that the
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male will sing based on the first or last part of the male’s song. This study suggests that duetting birds are
also able to predict the content of the song of their partner based on partial information, though similar
studies with other species would help confirm the generality of this finding. Furthermore, studies
assessing the latencies for auditory responses of duetting and non-duetting birds towards different types of
stimuli (e.g. innate calls, vs. songs that do not require a coded response vs songs that require a duet code)
would help to better understand the predictive nature of song answering in duetting birds in comparison to

human turn taking (Figure 1b in Levinson, 2016 and Figure 3b in this article).

The second requirement in human turn-taking is that individuals have to plan a response based on
available information before the previous speaker’s turn ends (Levelt, 1993). In duetting birds, the
memory of the own bird’s and its partner’s duet code could represent a way in which individuals plan a
correct response. In a behavioral experiment, Rivera-Céaceres et al. (2016) showed that female canebrake
wrens know the duet code with which males answer to the female’s phrases. In a neuroscience
experiment, Fortune et al. (2011) suggests that duetting birds store whole duets in their memories. No
studies to date have shown whether the bird’s own duet code and its partner’s duet code are stored in both
individuals’ brains and demonstrating this would be an important step forward. One possible approach to
addressing this issue could be performing readings of song control nuclei (HVC, RA, etc.) when

individuals of both sexes are exposed to either correct or incorrect duet codes.

The last requirement during human turn taking is that individuals use the syntax and semantics of the
speaker in turn to estimate the likely duration and thus predict its ending. As the songs that many birds
use during duets are of fixed length, it seems that this requirement could be fulfilled by the first step.
However, it has also been shown that the different sexes within the same species might use different cues
to determine their response timing. For instance, the best predictor of male black-bellied wren response

timing is the beginning of the female’s song, while the best predictor of female response timing is the end
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of the male’s song (Logue et al., 2008). Male happy wrens adjust the timing of their responses to their
partner’s song tempo, even when it is manipulated under experimental conditions devoid of other cues
(Templeton et al. 2013). In canebrake wrens, both female and male response times depend on the duration
of their partners’ song types, but in females that dependence is weak while in males it is very strict
(Rivera-Céceres, 2015). Future work examining how syntax and semantics impact neural recognition and
behavioral responses to partner song phrases could help further establish parallels between humans and

duetting birds in terms of the predictive abilities in turn taking vocal communication (Figure 2c).

Duetting birds as models for the acquisition and use of conventional signal rules

As stated above all species of songbirds must develop the ability to produce their individual songs.
However, even species in which only the males sing must also develop the ability to use those songs
during vocal interactions. For instance, during countersinging interactions, males can associate their songs
with specific temporal patterns (Geberzahn & Hultsch, 2004). Males can also select song types non-
randomly with respect to the songs sung by other individuals, for example in song-matching (Beecher
2017). Because temporal coordination is not nearly as precise as in duetting species and because the non-
random associations between song types in non-duetting species are less strict than in duetting species the
ontogeny of these rules has been often overlooked despite the vast body of research on the ontogeny of
individual song structure. Recent studies in duetting species have shown that duetting rules have a
complex ontogeny and can be acquired both during early development and during adulthood (Rivera-
Caceres and Quirds-Guerrero, 2014; Rivera-Caceres et al., 2016). Studies on duetting birds could in fact
lead the way in understanding how communication rules are learned more broadly (e.g. in species where
only males sing). Furthermore, the approaches taken in duetting species studies could also be applied to

studying the ontogeny of temporal coordination during countersinging and song-matching events.
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There is some speculation that male birds may learn the rules associated with territorial countersinging
interactions in addition to song structures (Hultsch, 1989; Hultsch, 1992) during early development which
might take place by eavesdropping on adult male interactions (Beecher et al. 2007; Templeton et al.
2010), potentially in a similar way in which duetting birds acquire their duet codes (Figure 2). However, it
is also possible that, like duetting birds, males in non-duetting species are also able to learn their vocal
interaction rules during adulthood when they interact with other territorial males. For instance, a recent
study in zebra finches showed that temporal associations between innate calls of birds can be learned
during adulthood (Benichov et al., 2016). Presumably, temporal patterns are also learned for other types

of singing interactions, but this is not known in zebra finches or other species.

Observational field studies (e.g. Rivera-Céaceres et al in prep) and playback experiments (e.g. Templeton
et al., 2013, Rivera-Céceres et al., 2016) with juvenile and adult birds could help elucidate whether non-
duetting males show the same patterns of temporal coordination and song-matching at different life
stages. Furthermore because it is easier to perform hand rearing experiments in temperate males, testing
whether individuals raised by tapes are able to follow complex rules, such as aggressive escalation
through song type matching, later in life similarly to birds raised by live tutors or interactive virtual tutors

would be relatively straight forward.

Duet learning in non-oscine birds

While we have focused primarily on songbirds because they have become such important model systems
for studying vocal learning, it is also important to note that two other clades of birds, parrots
(Psittaciformes) and hummingbirds (Trochilidae), also learn their individual song repertoires (Baptista &
Schuchmann, 1990; Gahr, 2000; Zhang et al. 2014). In both groups, a few species have been shown to

perform coordinated song performances, such as the duets of Yellow-Naped Amazons (Amazona
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auropalliata, Wright & Dahlin, 2007) and grey parrots (Psittacus erithacus, Todt, 1975), and the
alternating songs of lekking long-billed hermits (Phaetornis longirostris, Araya-Salas et al., 2017). Many
duetting species also belong to clades in which song repertoires are not learned, such as the suboscine
passerines (e.g. rufous hornero, Furnarius rufus, Laje & Mindlin, 2003; the warbling antbird, Hypocnhemis
cantator, Seddon & Tobias, 2005), the Anatidae (e.g. Bar-headed Geese, Anser indicus, Lamprecht et al.,
1985), the Strigidae (e.g. the barred owl, Strix varia, Odom & Mennill, 2010) among others. The
development of behaviors that allow individuals to sing in coordination with one another (i.e. interaction
rules governing duetting) has been little studied in songbirds (Levin, 1996, Rivera-Céaceres et al., 2016,
Rivera-Céaceres et al., in review) but to our knowledge it has not been addressed at all in non-oscine
species. We argue that these types of studies should be performed a) in the other groups of vocal learners
mentioned above (i.e. hummingbirds and parrots), especially because it has been shown that species in
both groups are able to modify their songs during adulthood (e.g. budgerigars, Melopsittacus undulates,
Farabaugh et al., 1994) and b) in species that do not learn their vocalizations, given that the development
of the individual vocal repertoire and the rules that allow those repertoires to be combined in duets might
differ. Furthermore, controlled laboratory experiments are required to determine whether an innate

predisposition to learn these rules exist in both vocal learner and non vocal learner species.

Conclusions

Avian song duets are some of the most remarkable displays of any animal in terms of their complexity
and temporal precision. Although there has been a rich history of studying the adaptive function of duets,
relatively little information exists on the ontogeny of this fascinating behavior. Yet, better understanding
how song learning progresses in duetting species, where both sexes learn to sing and learn to combine
their songs into joint acoustic displays, could provide a number of key insights into vocal learning more
generally and further help solidify the importance of songbirds as a model for better understanding the

evolution and ontogeny of our own language.
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Figure Legends

Figure 1. Spectrograph of one duet song from a pair of canebrake wrens. Each duet song type in a pair’s
repertoire begins with a male introductory phrase, which is followed by rapid alternation of male and
female song phrases. The spectrograph has been colored to reflect the male (blue) and female (red)

components of the duet.

Figure 2. Schematic of song learning timing and life history in a) a species in which only males sing
(song sparrow), and b) one where both sexes learn songs and learn to combine them according to duet
codes (canebrake wren). Bird cartoons courtesy of Arthur de Wolf and Amy Evenstad

(www.birdorable.com). Two potential key distinctions exist between these systems, the location of song

learning and the nature of the interactions in which songs are used at different stages. First, most male-
only singing species tend to learn their songs from tutors after they disperse from the natal territory, but
both memorization and production phases take place on the natal territory in neotropical wrens. Second,
while young birds practice singing at many points during development, most of the singing interactions in
male-only singing species take place with other territorial males as the young bird establishes his breeding
territory, in contrast, duetting species begin using their songs interactively while still on their natal
territory by participating in duets with their parents and siblings. After dispersal and territory
establishment, duetting wrens must also learn a new duet code and temporal coordination pattern in order
to interactively sing a repertoire of duets with its new mate. In addition to duet interactions between
members of a pair, pairs also interactively use their duet songs to communicate with other pairs

(neighbors), similarly to male-only singing species. It is likely that male-only singing birds must learn the
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rules governing these types of conventional signals (e.g. song type matching, panel a) colored in red), but

this has been little studied to date.

Figure 3. Avian duetting as a model for turn taking in vocal communication. a) Responses between
phrases of a duet are rapid, with average latencies for response for different species ranging from -70 to
140 milliseconds (average across species=24 millisecond response time). Data are taken from previous
publications: yellow-crowned gonolek, Laniarius barbarus, (Grimes, 1965); black-headed gonolek,
Laniarius erythrogaster, (Thorpe, 1963); canebrake wren (Rivera-Céceres, 2015); black-bellied wren
(Logue et al., 2008); happy wren (Templeton et al., 2013). We also included the mean latency of human
turn-taking (Stivers et al. 2009) to show that duetting bird latencies are more comparable to duetting turn-
taking rather than latencies observed in marmoset turn taking (modal response time: 5.63s; Takahashi et
al, 2013). b) Response latencies (i.e. the latency for instantaneous production of a song as a response to
another song with which there is no memory association) for the production of single song phrases are
unknown in duetting species. ¢) Like in humans, predictive comprehension (i.e. the ability to understand
the whole utterance by just listening to part of it), or at least predictive auditory processing, may be used
by birds to anticipate the termination of each song phrase in order to initiate production early enough to
maintain both the duet code and rapid temporal responses. Figure based on a human model put forward by

Levinson (2016).

Acknowledgements

We thank William A. Searcy for providing helpful advice and comments on this manuscript and for his
involvement in the canebrake wren project. We also thank Esmeralda Quirds-Guerrero who helped
KDRC with data collection for the canebrake wren project and leads much of the unpublished riverside
wren research described here. This work was supported with funds from Pacific University and the M.J.

Murdock Charitable Trust (to C.N.T.) and a Doctoral Dissertation Improvement Grant (DDIG) provided

25



by the National Science Foundation (NSF), a Student Research Grant provided by the Animal Behavior
Society, a Research Grant provided by the Organization for Tropical Studies (OTS), and funds from the

University of Miami (to K.D.R.C.).

Author Contributions

The authors contributed equally to both developing the ideas presented here and to the writing of this

manuscript.

References

Araya-Salas, M., & Wright, T. (2013). Open-ended song learning in a hummingbird. Biology Letters,

9(5). doi: 10.1098/rshl.2013.0625

Araya-Salas, M., Wojczulanis-Jakubas, K., Phillips, E. M., Mennill, D. J., & Wright, T. F. (2017). To
overlap or not to overlap: context-dependent coordinated singing in lekking long-billed hermits. Animal

Behaviour, 124, 57-64. doi: https://doi.org/10.1016/j.anbehav.2016.12.003

Aronov, D., Andalman, A. S., & Fee, M. S. (2008). A specialized forebrain circuit for vocal babbling in

the juvenile songbird. Science, 320(5876), 630-634. doi: 10.1126/science.1155140

Arrowood, P. C. (1988). Duetting, Pair Bonding and Agonistic Display in Parakeet Pairs. Behaviour,

106(1/2), 129-157.

Ball, G. F., Riters, L. V., & Balthazart, J. (2002). Neuroendocrinology of song behavior and avian brain
plasticity: multiple sites of action of sex steroid hormones. Frontiers in Neuroendocrinology 23(2), 137-

178

26



Baptista, L. F., Petrinovich, L., (1984). Social interaction, sensitive phases and the song template
hypothesis in the white-crowned sparrow. Anim. Behav. 32, 172-181. doi:10.1016/S0003-

3472(84)80335-8

Baptista, L. F., & Schuchmann, K.-L. (1990). Song Learning in the Anna Hummingbird (Calypte anna).

Ethology, 84(1), 15-26. doi: 10.1111/j.1439-0310.1990.tb00781.x

Beecher, M. D. (2017). Birdsong learning as a social process. Animal Behaviour 124, 233-246

Beecher, M. D., & Brenowitz, E. A. (2005). Functional aspects of song learning in songbirds. Trends in

Ecology & Evolution, 20(3), 143-149.

Beecher, M. D., Burt, J. M., O’Loghlen, A. L., Templeton, C. N., Campbell, S. E., (2007). Bird song

learning in an eavesdropping context. Anim. Behav. 73, 929-935.

Benedict, L. (2010). California towhee vocal duets are multi-functional signals for multiple receivers.

Behaviour, 147(8), 953-978. doi: doi:http://dx.doi.org/10.1163/000579510X498633

Benichov, J. I, Benezra, S. E., Vallentin, D., Globerson, E., Long, Michael A., & Tchernichovski, O.
(2016). The forebrain song system mediates predictive call timing in female and male zebra finches.

Current Biology, 26(3), 309-318. doi: 10.1016/j.cub.2015.12.037

Berwick R. C., Okanoya K., Beckers G. J., Bolhuis J. J. (2011). Songs to syntax: the linguistics of

birdsong. Trends in Cognitive Science, 15(3):113-21. doi: 10.1016/j.tics.2011.01.002.

Bolhuis, J. J., Zijlstra, G. G. O., den Boer-Visser, A. M., & Van der Zee, E. A. (2000). Localized neuronal
activation in the zebra finch brain is related to the strength of song learning. Proceedings of the National

Academy of Sciences, 97(5), 2282-2285. doi: 10.1073/pnas.030539097

Brainard, M. S., Doupe, A. J., (2002). What songbirds teach us about learning. Nature 417, 351-358.

27



Brenowitz, E. A., & Arnold, A. P. (1985). Lack of sexual dimorphism in steroid accumulation in vocal
control brain regions of duetting song birds. Brain Research, 344(1), 172-175. doi:

http://doi.org/10.1016/0006-8993(85)91205-3

Brenowitz, E. A., & Arnold, A. (1986). Interspecific comparisons of the size of neural song control
regions and song complexity in duetting birds: evolutionary implications. The Journal of Neuroscience,

6(10), 2875-2879.

Brenowitz, E. A., Arnold, A.P., Loesche, P. (1996). Steroid accumulation in song nuclei of a sexually

dimorphic duetting bird, the rufous and white wren. J. Neurobiol. 31, 235-244.

Brenowitz, E. A., & Beecher, M. D. (2005). Song learning in birds: diversity and plasticity, opportunities
and challenges. Trends in Neurosciences, 28(3), 127-132. doi:

http://dx.doi.org/10.1016/j.tins.2005.01.004

Catchpole, C. K., & Slater, P. J. B. (2008). Bird song: biological themes and variations (2nd ed.). New

York: Cambridge University

Dahlin, C. R., Benedict, L., (2014). Angry birds need not apply: A perspective on the flexible form and

multifunctionality of avian vocal duets. Ethology 120, 1-10. doi:10.1111/eth.12182

Dave, A. S., Yu, A. C., & Margoliash, D. (1998). Behavioral state modulation of auditory activity in a

vocal motor system. Science, 282(5397), 2250-2254. doi: 10.1126/science.282.5397.2250

Doupe, A. J., & Kuhl, P. K. (1999). Birdsong and human speech: common themes and mechanisms.

Annual review of neuroscience, 22(1), 567-631.

Dowling, J. L., & Webster, M. S. (2013). The form and and function of duets and choruses in Red-

backed Fairy-wrens. Emu, 113(3), 282-293.

28



Evans, C., & Kleindorfer, S. (2016). Superb fairy-wren (Malurus cyaneus) sons and daughters acquire
song elements of mothers and social fathers. Frontiers in Ecology and Evolution, 4(9). doi:

10.3389/fev0.2016.00009

Farabaugh, S. M. (1982). The ecological and social significance of duetting. Acoustic Communication in

Birds, 2, 85-124.

Farabaugh, S. M., Linzenbold, A., & Dooling, R. J. (1994). Vocal plasticity in budgerigars (Melopsittacus
undulatus): Evidence for social factors in the learning of contact calls. Journal of Comparative

Psychology, 108(1), 81-92. doi: 10.1037/0735-7036.108.1.81

Farries, M. A., & Perkel, D. K. (2008). The songbird brain in comparative perspective. In H. P. Zeigler &

P. R. Marler (Eds.), Neuroscience of Birdsong (pp. 63-72). New York: Cambridge University Press.

Fortune, E. S., Rodriguez, C., Li, D., Ball, G. F., & Coleman, M. J. (2011). Neural mechanisms for the

coordination of duet singing in wrens. Science, 334(6056), 666-670. doi: 10.1126/science.1209867

Gahr, M. (2000), Neural song control system of hummingbirds: Comparison to swifts, vocal learning
(Songbirds) and nonlearning (Suboscines) passerines, and vocal learning (Budgerigars) and nonlearning
(Dove, owl, gull, quail, chicken) nonpasserines. J. Comp. Neurol., 426: 182-196. doi:10.1002/1096-

9861(20001016)426:2<182::AID-CNE2>3.0.CO;2-M

Gahr, M., Sonnenschein, E., & Wickler, W. (1998). Sex difference in the size of the neural song control
regions in a dueting songbird with similar song repertoire size of males and females. The Journal of

Neuroscience, 18(3), 1124-1131.

Geberzahn, N., & Hultsch, H. (2004). Rules of song development and their use in vocal interactions by

birds with large repertoires. Anais da Academia Brasileira de Ciéncias, 76, 209-218.

Geberzahn, N., & Gahr, M. (2013). Song learning in male and female Uraeginthus cyanocephalus, a

tropical songbird species. Journal of Comparative Psychology, 127(4), 352-364. doi: 10.1037/a0033154

29



Grant, B. R., & Grant, P. R. (1996). Cultural inheritance of song and its role in the evolution of Darwin's

finches. Evolution, 50(6), 2471-2487. doi: 10.2307/2410714

Grimes, L. (1965). Antiphonal singing in Laniarius barbarus barbarus and the auditory reaction time. Ibis,

107(1), 101-104.

Hall, M. L. (2004). A review of hypotheses for the functions of avian duetting. Behavioral Ecology and

Sociobiology, 55(5), 415-430. doi: 10.1007/s00265-003-0741-x
Hall, M. L. (2009). A review of vocal duetting in birds. Advances in the Study of Behavior 40, 67-121.

Hall, M. L., & Magrath, R. D. (2007). Temporal coordination signals coalition quality. Current Biology,

17(11), R406-R407. doi: 10.1016/j.cub.2007.04.022

Hall, Z. J., MacDougall-Shackleton, S. A., Osorio-Beristain, M., & Murphy, T. G. (2010). Male bias in
the song control system despite female bias in song rate in streak-backed orioles (Icterus pustulatus).

Brain, Behavior and Evolution, 76(3-4), 168-175.

Hultsch, H. (1989). Ontogeny of song patterns and their performance mode in nightingales. In J. Erber, R.

Menzel, J. Pfliger & D. Todt (Eds.), Neural Mechanisms of Behaviour (pp. 113). Stuttgart: Thieme.

Hultsch, H. (1992). Tracing the Memory Mechanisms in the Song Acquisition of Nightingales.

Netherlands Journal of Zoology, 43(1), 155-171. doi: doi:https://doi.org/10.1163/156854293X00278

llles, A. E., Yunes-Jimenez, L., (2009). A female songbird out-sings male conspecifics during simulated

territorial intrusions. Proc. R. Soc. B. 276, 981-986.

Jawor, J. M., & MacDougall-Shackleton, S. A. (2008). Seasonal and sex-related variation in song control
nuclei in a species with near-monomorphic song, the northern cardinal. Neuroscience Letters, 443(3),

169-173. doi: http://doi.org/10.1016/j.neulet.2008.07.085

Janik, V. M., & Slater, P. J. B. (2000). The different roles of social learning in vocal communication.

Animal Behaviour, 60(1), 1-11. doi: http://doi.org/10.1006/anbe.2000.1410

30



Laje, R., & Mindlin, G. B. (2003). Highly structured duets in the song of the South American hornero.

Physical review letters, 91(25), 258104.

Lamprecht, J., Kaiser, A., Peters, A. and Kirchgessner, C. (1985), Distance call duets in bar-headed geese
(Anser indicus): Co-operation through visual relief of the partner? Zeitschrift fur Tierpsychologie, 70:

211-218. doi:10.1111/j.1439-0310.1985.th00512.x

Levelt, W. J. M. (1993). Speaking: From Intention to Articulation: Bradford Books,U.S.

Levin, R. N. (1996). Song behaviour and reproductive strategies in a duetting wren,Thryothorus
nigricapillus: 1.  Removal experiments. Animal Behaviour, 52(6), 1093-1106. doi:

http://dx.doi.org/10.1006/anbe.1996.0257

Levin, R. N., Paris, T. ., & Bester, J. K. (1996). Social versus innate influences on the development of

sex-specific song in a tropical duetting wren. American Zoologist, 36(5), 92A.

Levinson, S. C. (2016). Turn-taking in human communication — Origins and implications for language

processing. Trends in Cognitive Sciences, 20(1), 6-14. doi: http://dx.doi.org/10.1016/j.tics.2015.10.010

Lobato, M., Vellema, M., Gahr, C., Leitdo, A., de Lima, S. M. A., Geberzahn, N., & Gahr, M. (2015).
Mismatch in sexual dimorphism of developing song and song control system in blue-capped cordon-
bleus, a songbird species with singing females and males. Frontiers in Ecology and Evolution, 3(117).

doi: 10.3389/fevo.2015.00117

Logue, D. M. (2006). The duet code of the female black-bellied wren. The Condor, 108(2), 326-335.

Logue, D. M. (2007). How do they duet? Sexually dimorphic behavioural mechanisms structure duet
songs in  the  black-bellied  wren.  Animal Behaviour,  73(1), 105-113.  doi:

http://dx.doi.org/10.1016/j.anbehav.2006.05.011

Logue, D. M., Chalmers, C., & Gowland, A. H. (2008). The behavioural mechanisms underlying

temporal coordination in black-bellied wren duets. Animal Behaviour, 75(5), 1803-1808.

31



Logue, D. M., & Krupp, D. B. (2016). Duetting as a Collective Behavior. Frontiers in Ecology and

Evolution, 4(7). doi: 10.3389/fevo.2016.00007

Mann, N.I., Marshall-Ball, L., Slater, P.J.B., (2003). The complex song duet of the plain wren. Condor

105, 672-682.

Mann, N. I, Dingess, K. A., & Slater, P. J. B. (2006). Antiphonal four-part synchronized chorusing in a

Neotropical wren. Biology Letters, 2(1), 1-4. doi: 10.1098/rsbl.2005.0373

Mann, N. 1., Dingess, K. A., Barker, K. F., Graves, J. A., & Slater, P. J. B. (2009). A comparative study

of song form and duetting in neotropical Thryothorus wrens. Behaviour, 146(1), 1-43.

Mann, N.I., Slater, P.J.B., (1995). Song tutor choice by zebra finches in aviaries. Animal Behaviour. 49,

811-820.

Marshall-Ball, L., & Slater, P. J. B. (2008). Repertoire sharing by the individual and the pair: Insights into
duet function and development in the plain wren Thryothorus modestus. Journal of Avian Biology, 39(3),

293-299. doi: 10.1111/j.0908-8857.2008.04060.x

Margoliash, D. (1986). Preference for autogenous song by auditory neurons in a song system nucleus of

the white-crowned sparrow. The Journal of Neuroscience, 6(6), 1643-1661.

Marler, P. R., (1970). A comparative approach to vocal learning - song development in white-crowned

sparrows. J. Comp. Physiol. Psychol. 71, 1-25.

Marler, P. R. (1970). Birdsong and speech development: Could there be parallels? There may be basic
rules governing vocal learning to which many species conform, including man. American Scientist, 58(6),

669-673.

Marler, P. R., & Slabbekoorn, H. (2004). Nature's Music: The Science of Birdsong. San Diego: Academic

Press.

32



McCasland, J. S., & Konishi, M. (1981). Interaction between auditory and motor activities in an avian
song control nucleus. Proceedings of the National Academy of Sciences of the United States of America,

78(12), 7815-7819.

Mennill, D. J., & Vehrencamp, S. L. (2005). Sex differences in singing and duetting behavior of

neotropical rufous-and-white wrens (Thryothorus rufalbus). The Auk, 122(1), 175-186.

Nelson, D. A., & Marler, P. R. (1994). Selection-based learning in bird song development. Proceedings of

the National Academy of Sciences, 91(22), 10498-10501.

Nick, T. A., & Konishi, M. (2005). Neural auditory selectivity develops in parallel with song. Journal of

Neurobiology, 62(4), 469-481. doi: 10.1002/neu.20115

Nordby, J. C., Campbell, S.E., Beecher, M.D., (2001). Late song learning in song sparrows. Anim. Behav.

61, 835-846.

Odom, K., & Mennill, D. (2010). Vocal duets in a nonpasserine: an examination of territory defence and
neighbour-stranger discrimination in a neighbourhood of barred owls. Behaviour, 147(5), 619-639. doi:

doi:https://doi.org/10.1163/000579510X12632972452424

Odom, K. J., Hall, M. L., Riebel, K., Omland, K. E., & Langmore, N. E. (2014). Female song is

widespread and ancestral in songbirds. Nat Commun, 5. doi: 10.1038/ncomms4379

Otter, K. A., Ratcliffe, L., Njegovan, M., & Fotheringham, J. (2002). Importance of frequency and
temporal song matching in black-capped chickadees: Evidence from interactive playback. Ethology,

108(2), 181-191. doi: 10.1046/j.1439-0310.2002.00764.x

Prather, J. F., Peters, S., Nowicki, S., & Mooney, R. (2008). Precise auditory-vocal mirroring in neurons
for learned vocal communication. Nature, 451(7176), 305-310. doi:

http://www.nature.com/nature/journal/v451/n7176/suppinfo/nature06492_S1.html

33



Price, J. J. (1998). Family- and sex-specific vocal traditions in a cooperatively breeding songbird.
Proceedings of the Royal Society of London. Series B: Biological Sciences, 265(1395), 497-502. doi:

10.1098/rspb.1998.0322

Quirds-Guerrero E., Janeiro M.J., Morales, M.L., Cresswell, W., & Templeton, C.N. (in press). Riverside

wren pairs jointly defend their territories against simulated intruders. Ethology

Radford, A. N., (2003). Territorial vocal rallying in the green woodhoopoe: influence of rival group size

and composition. Anim. Behav. 66, 1035-1044. doi:Doi 10.1006/Anbe.2003.2292

Rivera-Céaceres, K. D. (2015). Plain wrens Cantorchilus modestus zeledoni adjust their singing tempo
based on self and partner's cues to perform precisely coordinated duets. Journal of Avian Biology, 46(4),

361-368. doi: 10.1111/jav.00575

Rivera-Céceres, K. D., Quirds-Guerrero, E., Araya-Salas, M., & Searcy, W. A. (2016). Neotropical wrens
learn new duet rules as adults. Proceedings of the Royal Society B: Biological Sciences, 283(1843). doi:

10.1098/rspb.2016.1819

Rivera-Céaceres, K. D., Quir6s-Guerrero, E., Araya-Salas, M., Templeton, C.N. & Searcy, W. A. (in
review). Plain wrens (Cantorchilus modestus zeledoni) adjust their singing tempo based on self and

partner’s cues to perform precisely coordinated duets

Scharff, C., & Nottebohm, F. (1991). A comparative study of the behavioral deficits following lesions of
various parts of the zebra finch song system: implications for vocal learning. The Journal of

Neuroscience, 11(9), 2896-2913.

Seddon, N., & Tobias, J. A. (2006). Duets defend mates in a suboscine passerine, the warbling antbird

(Hypocnemis cantator). Behavioral Ecology, 17(1), 73-83. doi: 10.1093/beheco/ari096

Seibt, U., and Wickler, W. (2000) ‘Sympathetic Song’: the Silent and the Overt Vocal Repertoire,
Exemplified with a Dueting Pair of the African Slate-Coloured Boubou, Laniarius

funebris. Ethology 106: 795-809.

34



Seibt U., Wickler, W., Kleindienst, H-U., & Sonnenschein, E. (2002). Structure, geography and origin of
dialects in the traditive song of the forest weaver Ploceus bicolor sclateri in Natal, S. Africa. Behaviour

139, 1237-1265.

Slater, P. J. B., & Mann, N. I. (2004). Why do the females of many bird species sing in the tropics?

Journal of Avian Biology, 35(4), 289-294.

Simpson, H. B., & Vicario, D. S. (1990). Brain pathways for learned and unlearned vocalizations differ in

zebra finches. The Journal of Neuroscience, 10(5), 1541-1556.

Stivers, T., Enfield, N. J., Brown, P., Englert, C., Hayashi, M., Heinemann, T., Hoymann, G., Rossano,
F., de Ruiter, J. P., Yoon, K.-E., Levinson, S. C. (2009). Universals and cultural variation in turn-taking in
conversation. Proceedings of the National Academy of Sciences, 106(26), 10587-10592. doi:

10.1073/pnas.0903616106

Takahashi, D. Y., Narayanan, Darshana Z., & Ghazanfar, A. A. (2013). Coupled oscillator dynamics of
vocal turn-taking in monkeys. Current Biology, 23(21), 2162-2168. doi:

http://dx.doi.org/10.1016/j.cub.2013.09.005

Templeton, C. N., Akgay, C., Campbell, S. E., Beecher, M. D., (2010). Juvenile sparrows preferentially
eavesdrop on adult song interactions. Proceedings of the Royal Society B. 277, 447-53.

d0i:10.1098/rspb.2009.1491

Templeton, C. N., Burt, J. M., Campbell, S. E., Lent, K., Brenowitz, E. A., Beecher, M. D., (2012).
Immediate and long-term effects of testosterone on song plasticity and learning in juvenile song sparrows.

Behavioural. Processes 90, 254—260. doi:10.1016/j.beproc.2012.02.002

Templeton, C. N., Rios-Chelén, A. A., Quirés-Guerrero, E., Mann, N. I, Slater, P. J. B., (2013). Female
happy wrens select songs to cooperate with their mates rather than confront intruders Female happy wrens

select songs to cooperate with their mates rather than confront intruders. Biol. Lett. 9, 20120863.

35


http://dx.doi.org/10.1016/j.cub.2013.09.005
http://dx.doi.org/10.1016/j.cub.2013.09.005

Templeton, C. N., Mann, N. I., Rios-Chelén, A. A., Quirds-Guerrero, E., Macias Garcia, C., & Slater, P.
J. B. (2013). An experimental study of duet integration in the happy wren, Pheugopedius felix. Animal

Behaviour, 86(4), 821-827. doi: http://dx.doi.org/10.1016/j.anbehav.2013.07.022

Theunissen, F. E., Amin, N., & Shaevitz, S. (2008). Song selectivity and the songbird brain In H. P.
Zeigler & P. R. Marler (Eds.), Neuroscience of Birdsong (pp. 157-173). New York: Cambridge

University Press.

Thorpe, W. H., (1954). The process of song-learning in the chaffinch as studied by means of the sound

spectrograph. Nature 173, 465-469. doi:10.1038/173465a0

Thorpe, W. H. (1963). Antiphonal singing in birds as evidence for avian auditory reaction time. Nature,

197, 774-776.

Todt, D. (1975), Social learning of vocal patterns and modes of their application in grey parrots (Psittacus

erithacus). Zeitschrift fir Tierpsychologie, 39: 178-188. do0i:10.1111/j.1439-0310.1975.tb00907.x

Todt, D., & Naguib, M. (2000). Vocal interactions in birds: the use of song as a model in communication.

Advances in the Study of Behavior, 29, 247-296.

Wickler, W., & Sonnenschein, E. (1989). Ontogeny of song in captive duet-singing slate-coloured

boubous (Laniarius funebris). A study in birdsong epigenesis. Behaviour, 111(1), 220-233.

Wickler, W., & Lunau, K. (1996). How do east African bush shrikes Laniarius funebris recognize male
and female tutors during gender dialect development?. Naturwissenschaften, 83(12), 579-580. doi:

10.1007/bf01141986

Wright, T., & Christine R. Dahlin. (2007). Pair duets in the yellow-naped amazon (Amazona

auropalliata): Phonology and Syntax. Behaviour, 144(2), 207-228.

Zann, R. (1990). Song and call learning in wild zebra finches in south-east Australia. Animal Behaviour,

40 (5), 811-828.

36



Zhang, G., Li, C., Li, Q., Li, B., Larkin, D.M., Lee, C., Storz, J.F., Antunes, A., Greenwold, M.J.,
Meredith, R.W. and Odeen, A., (2014). Comparative genomics reveals insights into avian genome

evolution and adaptation. Science, 346 (6215), 1311-1320.

37



ACCEPTED MANUSCRIPT

o AL
3 J\\m" A L v

(s)

38



memorization [ song structure
- interaction rules ?--------------m-nmm-
—————————— -song (repertoire) production---—-----------------
-—--—-countersing with neighbors—

--song (both sexes)—-—---———-—-——- duet rules new duet rules

production ——-correct sex song —————- correct sex song/duet production——-——-———-—

R - prentssibling:

Hatch-=sm oo - ) Disperse--—? Establish territory

mate/ neighbors

39



ACCEPTED MANUSCRIPT

A. Responses of songbirds in alternating duets are fast

marmosets

E

i

humans

yellow-crowned gonolek

black-headed gonolek

LEATRIEY

male canebrake wrens
female canebrake wrens
male black-bellied wrens —
female black-bellied wrens —
male happy wrens ]
%
\Y
-03 0.2 -0.1 o 0.l o2 03 0.4 5.6 57

40



ACCEPTED MANUSCRIPT

B. Latencies in sound production are unknown
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C. Production of response could overlap with comprehension of incoming phrase
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