parrots (350+ species), hummingbirds (300+ species), and oscine
songbirds. (The oscines, a suborder of the Passeriformes, have a
worldwide distribution and demonstrate vocal learning.
Taxonomically, the oscines are defined by the complex
musculature of the vocal organ, the syrinx.) Since many of these
bird species are relatively easy to maintain in the lab, sing
readily, and are diurnal, the pre-eminence of bird song as a
model system is understandable.
Beginning in the early 1950s at Cambridge University,
William Thorpe’s and Peter Marler’s work on the development of
bird songs and alarm calls led the way to a systematic analysis of
song behavior, yielding a bountiful harvest of insights into the
stages of song learning, critical periods, the role of auditory
models for song, and song dialects. As understanding of the
nuances of birdsong deepened and grew richer, the next step was
to begin use experimental approaches to ask questions about the
neural bases and correlates of vocal learning and
communication.
Songbirds (and their cousins, the parrots and hummingbirds)
offer several advantages in their attempt to understand the brain
processes that underlie complex learned behavior. First is the
song itself. Because adult song is a complex sound repeated in a
stereotyped manner, it can be easily recorded, quantified, and
analyzed. Since young birds imitate the songs of adults, it is easy
to follow the learning process by recording the tutor’s song and
successive versions of the young bird’s song. As a signal used in
communication, song is affected by the conditions and social
context the singer experiences – and, in turn, song affects the
conspecific listeners’ subsequent behaviors; all of these factors
can also be observed and quantified. The second major
advantage is the ease with which songbirds can be managed.
Several species have been domesticated and can readily be
raised and studied in the laboratory; some may produce three
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The flowers appear on the earth;
the time of the singing of birds is come,
and the voice of the turtle dove is heard in our land.
- Song of Songs
Sumer is icumen in, Lhude sing cuccu!
- Anon
The ousel-cock so black of hue
With orange-tawny bill,
The throstle with his note so true,
The wren with little quill;
The finch, the sparrow, and the lark …
- Shakespeare

Bird song has never lacked for admirers drawn by its aesthetic
qualities. But to the scientist, bird song is also of interest because
it represents an evolutionary flowering of vocal learning. Among
mammals, vocal learning - the imitation of sounds used in
communication – is extremely rare, having been demonstrated in
one primate species (humans), the cetaceans (whales and
dolphins), and two bat species (there is also some evidence for
vocal learning in pinnipeds). In contrast, almost 5,000 species of
birds, distributed among three groups, learn their songs or calls:
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generations each year. The third advantage is that the neural
circuitry which mediates singing behavior is well described
(Reiner et al., 2004), and there is a growing recognition that the
avian brain is based on the same organizational scheme as that of
mammals (Ferries, 2004; see also Ferries and Perkel, this volume).
Finally, methods and databases that harness the powerful tools of
molecular biology for understanding genetic mechanisms are in
place for studying the acquisition and expression of singing
behavior, and the genome of one songbird will soon be
sequenced (Clayton, 2004; see Arnold and Clayton, this volume).
Thus bird song is currently the best – or perhaps the only – model
system that allows the use of neural, genetic, and molecular
analyses to be brought to bear on the study of a complex
communication system that is learned by imitating a model.
This chapter focuses upon the culmination of vocal learning,
the songs and calls of adult birds. Even the simplest and most
stereotyped of songs has levels of complexity that can potentially
muddy the waters of interpretation. However, this very
complexity, evolved by the animals in their natural environment,
allows bird song to serve as a model for a variety of phenomena
that cannot be investigated using behavioral protocols designed
(by humans) specifically for use in the lab.

19% of the studies of vocal learning in songbirds. More than twothirds of all such studies use one of three domesticated species
(zebra finches, canaries, and Bengalese finches) as subjects; these
species breed readily in captivity and are not stressed by human
presence and the laboratory environment. While some wildcaught birds (e.g., European starlings, black-capped chickadees
Parus atricapillus) can adapt to captivity, other species may not
unless they are captured as nestlings and hand-reared (a difficult,
time-consuming process). Hence the choice of the primary
species used for laboratory-based studies of vocal learning is,
understandably, most often based upon criteria other than the
properties of the song.
For most songbird species, only the males sing. However,
females may sing as much as males in duetting species such as
the bay wren ( Thryothorus nigricapillus; Farabaugh, 1982).
Female canaries do not sing during the spring breeding season,
but may sing quietly during the fall (Pesch and Güttinger, 1985);
female zebra finches do not sing, and differences in the song
circuitry of males and females are correlated with the differences
in singing behavior (Nottebohm and Arnold, 1976; see also
Bolhuis, this volume). Not surprisingly, male bird songs and
brains have been the primary focus of research on the basis of
song learning, although comparative studies of females have and
will continue to provide insights about hormonal influences on
and brain mechanisms for song behavior and learning.
A bias towards studying males of domesticated songbird
species may have affected our current view of vocal learning,
since it is all too easy to generalize from male zebra finches (or
canaries) to “birds”. Fortuitously, the songs of the two most
commonly used species – the canary and the zebra finch – have
different structures as well as different learning trajectories. Even
so, these two species’ songs cannot begin to span the full range
of avian vocal learning. Neither zebra finches nor canaries are
mimics; adults of species adept at mimicry (such as the
mockingbird Mimus polyglottus and mynah Gracula religiosa),

The diversity of bird songs
Much of what we know about how bird song is related to the
bird brain is based upon the study of a very small subset of
songbirds (see Kaplan, this volume). One species (the zebra
finch, Taeniopygia guttata) accounts for approximately half of all
studies of the neural basis of vocal learning, and the second most
popular subject, the canary (Serinus canaria) represents a further
14% of such studies. Six additional species (European starlings
Sturnus vulgaris, song sparrows Melospiza melodia, whitecrowned sparrows Zonotrichia leucophrys, brown-headed
cowbirds Molothrus ater, swamp sparrows Melospiza georgiana,
and Bengalese finches, Lonchura domestica) account for another
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sparrows, Passerculus sandwichiensis) or whether new songs may
be learned each year (in open-ended learners, e.g. canaries).
Notwithstanding these species differences in the timing and
repetition of song learning, the four classic stages (sensory
learning, subsong, plastic song, and crystallization) are readily
apparent in the developmental trajectories of most songbirds.
What material do young birds learn? Most often, it is the
sounds and structure of the songs their parent(s) and/or neighbors
sing. Some species, such as the canary and white-crowned
sparrow, will copy songs played through speakers. Others, such
as the zebra finch, must have an interactive relationship with the
song model, either in the form of an adult bird (Price, 1979) or a
key that is pecked to trigger a song playback (Adret, 1983;
Bolhuis et al., 1999; Tchernichovski et al., 2001; see Saar et al.,
this volume). In species that learn from tape recordings (such as
the chaffinch Fringilla coelebs and white-crowned sparrow),
young males prefer to imitate the adults with which they interact,
even if they first encounter singing males well after the time they
would normally have crystallized their songs (Petrinovitch and
Baptista, 1987; Nelson, 1998). Song development is also guided
by innate predispositions (Marler, 1989). Young male sparrows
that are deafened or deprived of the opportunity to listen to any
adult tutor (live or recorded) during song development develop
songs that deviate substantially from a normal song yet still retain
some characteristics of the species-typical song (Marler and
Sherman, 1983 and 1985). Hand-reared young male chaffinches
exposed only to recorded songs from a variety of species tend to
copy the songs with conspecific properties (Thorpe, 1958 and
1961). Young white-crowned sparrows (Rose et al., 2004) and
canaries (Gardner and Nottebohm, 2005) tutored with songs that
have normal notes but defective or incomplete syntax learn the
notes from the tutor songs and assemble those notes into a song
with species-appropriate syntax. When a young male song or
swamp sparrow hears only recorded songs, both the units of
sound (syllables, notes, and elements) and the organization of

can produce accurate imitations after hearing a single example of
a sound. “Action-based learning”, the pruning of excess songs
from the repertoire at the end of the song learning period (Marler,
1997), is important for species such as song sparrows and swamp
sparrows, but does not appear to occur in zebra finches or
canaries. Including mimics and birds that exhibit action-based
learning among the species used for studies of the neural basis
vocal learning might yield both new insights and new questions.

The song learning process
The primary impetus for studying bird song is its value as a
model for vocal learning with parallels to human speech. Song
learning has several stages (Marler, 1981): first, a sensory learning
period, during which the young male listens to and memorizes
the song of a socially salient adult model; second, a subsong
stage, akin to the babbling of human infants, during which the
young male produces sounds and listens to the results, calibrating
his vocal instrument; third, plastic song, during which the young
male adjusts his song to approximate the memorized model;
finally, crystallization, when the song becomes fixed in its adult
form and the components of the song and the order in which they
are sung become stereotyped (see Hultsch and Todt, this volume).
These stages may be separate and distinct during development, or
may overlap (particularly in the case of the first and second
stages). For seasonally breeding birds such as canaries, the stages
of song learning usually begin during the summer, soon after
fledging (when young birds leave the nest) and crystallization
occurs the following spring, when young males are ready to breed
for the first time (Nottebohm et al., 1986). In contrast, birds that
are not seasonal breeders may complete all of the stages of song
learning during a more compressed period; zebra finches reach
sexual maturity at about 90 days, and song crystallizes at that
time (Immelmann, 1969; Price, 1979). Species also differ in
whether song is fixed after it crystallizes during the first year (in
critical-period learners, e.g. zebra finches and Savannah
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those units within the song, or syntax, may influence the choice
of a model to copy (Marler and Peters, 1977 and 1988). So,
while exposure to a specific song from a specific tutor strongly
influences what a young bird learns, genetic predispositions
influence both the choice of a model and how it is subsequently
produced.
As well as copied elements, the songs of young males may
include altered or novel notes; such notes are considered to be
“improvised” or “invented”. Learned song notes may also be
rearranged to generate a new order. For these reasons, the
learned song may not be an exact copy of the tutor’s song, but it
usually includes many notes that are near or exact matches of the
material copied from one or more adult models. Thus the song
material that is learned depends both upon genetic
predispositions for certain acoustic and structural properties and
upon the characteristics of the songs sung by socially salient
conspecific birds – with an admixture of “creative” contributions
when young birds improvise new song units or arrangements of
copied units. Species differ in the relative amounts of imitation
and improvisation that contributes to an individual’s song – from
those that produce near-exact copies of adult models to those that
improvise nearly all of their notes (e.g. sedge wrens Cistothorus
platensis; Kroodsma and Verner, 1978).
Identifying the neural mechanisms that underlie imitative song
learning is the “holy grail” of the field (see chapters by Adret and
Bolhuis, this volume). Researchers have focused most heavily
upon two aspects of bird song: first, the neural basis for the
production of stable, crystallized song, and second, the processes
that are responsible for changes in that song during development,
during seasonal re-learning, or after inducing plasticity in adults.
Understanding either of these processes requires a comprehensive
analysis of the endpoint of song learning, the adult crystallized
song. The remainder of this chapter will examine the production
of song by adults – what is sung, how it is sung, and how the
social context of singing affects song performance – with

reference to the species most commonly used in laboratory
studies of bird song, the zebra finch.

Characteristics of adult song: stereotypy and repertoires
The most salient feature of adult song (for the human and
presumably also for the avian listener) is its stereotypy – both in
the acoustic structure of the song syllables and, for many species,
the sequencing of the syllables. Crystallization, the final stage of
learning, is usually accompanied by an increase not only in
stereotypy, but also in the volume and amount of singing,
particularly for seasonal breeders such as canaries. This is not
surprising as song is often used for territory defense and
advertisement; a louder song is more effective in establishing a
presence over a wide area. Because frequent, loud singing is
energetically expensive (Oberweger and Goller, 2001), softer
singing during song learning is presumably less costly, and also
less likely to attract predators. However, zebra finch song
remains relatively quiet, most probably because the object of the
song in this highly social species is generally no more than a few
meters from the singer. An increase in stereotypy of syllable
structure and of the ordering of syllables does occur in both
zebra finches and canaries, and appears to be a universal
characteristic of adult bird song.
An individual male’s crystallized song consists of a distinct
repertoire: a set of elements, notes, syllables, phrases, motifs, or
songs from which all of his singing is drawn. In some species the
repertoire may be limited to a small set of syllables or notes that
are each sung in nearly every utterance; for others, recordings of
many songs may be needed to define a large repertoire. A zebra
finch’s repertoire is quite small, ranging from 3 to 15 notes,
sometimes called elements or syllables (Zann, 1996). Each song
opens with a series of identical repeated introductory notes
followed by one or more repetitions of a “motif” that consists of
most or all of the repertoire of song notes delivered in a fixed
sequence, without any repeated notes (Figure 1a). Most of a
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zebra finch’s song output consists of the “canonical motif” (or
“canonical song”), a note sequence that is repeated in a nearly
invariant fashion and lasts about one second (Figure 1a). Other
species, such as the canary (Nottebohm and Nottebohm, 1978) or
starling (Chaiken et al., 1993), may have a repertoire of dozens of
notes grouped into syllables that are repeated to form trills or
phrases (Figure 1b). These trills or phrases are strung together to
form the song, which may continue for well over a minute. Each
phrase is often associated with a particular successor, but the
sequence of phrases sung within a given song is rarely an exact
replicate of the previous song.
For this reason, it may be
necessary to record several minutes of song to accurately describe
an individual’s repertoire. Still other species (such as song
sparrows and redwinged blackbirds) may have a repertoire
consisting of several distinct songs, each of which is stereotyped
and each of which differs from other songs, or song types, in the
repertoire.
Such species may sing with “immediate variety”,
changing their song type with each successive song, or with
“eventual variety”, (Kroodsma, 1982) repeating a song type
several times before changing to another song type in the
repertoire.
The patterns of song behavior represented by the two most
often studied species, zebra finches and canaries, do not span the
entire range of songbird performance, but do represent relatively
distant points within that spectrum. There are important aspects
of song repertoires that are not well represented in studies of brain
mechanisms for singing based on these two species: neither
canaries nor zebra finches have repertoires with multiple song
types, and domesticated birds do not form song dialects (distinct
songs associated with specific geographic regions), nor do they
mimic recently heard sounds or provide a clear example of
action-based learning (the pruning of learned material based on
the observed behaviors of conspecifics). Nevertheless, the two
species have two different types of repertoires organized in
different ways and learn their songs according to different

schedules. Despite these differences, both species (like all
songbirds except mimics) have song learning trajectories that
culminate in a stereotyped and crystallized adult song. Although
the salient characteristic of the crystallized song is its stereotypy,
there does remain some potential for variation. The types and
sources of this variability are interesting in their own right and
also provide a bridge between studies of crystallized song and
song learning.

Adult song variability
Crystallized zebra finch song is among the least variable
songs, consisting as it does of a relatively few notes that are
delivered in a fixed sequence. Yet even in these songs a limited
form of variability exists: notes can be omitted from the
beginning or end of the song (Sossinka and Böhner, 1980;
Williams and Staples, 1992). This type of variability is akin to
flexibility in the order of phrase delivery in canary songs and in
the order of song types in species with multiple song type
repertoires. The way notes or song types are ordered during
crystallized adult song performance may reflect both events that
occurred during song development and events that occur during
the performance of the song.
Although the father’s song is often the only or most important
source of material for the son’s song, the evolution of vocal
learning has made it possible for young birds to acquire song
material from males other than their fathers, presumably thus
increasing their ability to form dialect groups and to attract mates
(Nottebohm, 1972). In the lab, however, song may be learned
exclusively from the father (as when offspring are raised in singlefamily cages), or from a song chosen by the researcher and
played back through a speaker (canaries) or a dummy male that
‘sings’ when a key is pecked (zebra finches). These social and
song environments are impoverished compared to those
experienced by wild birds; after fledging, a wild young zebra
finch male interacts with many adults within the colony.
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Figure 1. Structure of zebra finch and canary song.
The sonograms show recordings of a portion of one zebra finch’s song (a) and one canary’s song (b); expanded segments from each of these two recordings
are also shown. The dark bar along the 0 kHz line denotes 0.5 seconds for the longer song segments and to 0.1 seconds for the expanded sections of the
song. Sound amplitude, in the form of an oscillogram, is shown along the 8 kHz (zebra finch) or 6 kHz (canary) line. The terminology for song structures
differs slightly from some existing practices to ensure that similar units in the two species’ songs have consistent labels.
a. In the zebra finch song, introductory notes (i) precede a series of motifs, some of which may be truncated. A motif consists of a repeated sequence of
unique notes. A note is defined as an uninterrupted sound; each note may include one or more elements. An element is defined as a unit of song that has a
coherent time/frequency structure that distinguishes it from neighboring elements within a note. For example, note 7 has an initial element with strong
frequency modulation, followed by a constant-frequency element. In such constant-frequency elements the harmonic nature of zebra finch vocalizations can
be clearly seen: element 7b has a fundamental frequency of approximately 650 Hz, and eleven harmonics (integer multiples of the fundamental frequency)
can be readily distinguished. Note: this song included five additional motifs that are not shown here.
b. Canary song consists of a string of phrases, each made up of many repeats of a single syllable. A syllable may consist of a single note (as in phrase 6) or
may be made up of two or more notes. The syllable that is repeated to form phrase 2 (see expanded version) is made up of two notes, an extended nearly
constant-frequency 2 kHz note and a short higher-frequency note. The short sound at approximately 4 kHz is the second harmonic of the loudest portion of
note a and does not represent a third note in this syllable. The sonogram shown here was drawn from a recording provided by Dr. Fernando Nottebohm’s
laboratory.
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A breeding aviary with multiple pairs can be used to expose a
young male zebra finch to multiple song models, and in such an
environment young zebra finch males often copy song elements
from more than one adult male (Williams, 1990; Figure 2).
Copying from more than one male occurs in many species,
particularly when males acquire large repertoires and/or are
exposed to widely varying song models before breeding. When
multiple tutors contribute to a song, elements copied from a
specific tutor are associated with each other within the structure of
young male’s song.
Nightingales ( Luscinia luscinia) h a v e
repertoires of up to 100 songs, which they learn as “packages” of
approximately four songs copied from a single tutor (Hultsch and
Todt, 1989a, and this volume). As adults, the young males sing the
songs within a learned package in the same order the tutor used,
and packages copied from a given tutor are likely to be sung in
succession (Hultsch and Todt, 1989b; Hultsch, 1991). The
structure of canary song, with its strings of repeated syllables and
predictable transitions between syllables, may represent a similarly
“packaged” structure that could also reflect units of song learned
from individual tutors. Zebra finches, despite their much less
complex song, have a similar within-song structure: “chunks” of
approximately three notes are learned as units (Williams and
Staples, 1992). When multiple tutors provide source material for a
young male’s song, the notes copied from each tutor are not
intermixed, but rather chunks of notes from each song are sung in
sequence. Because the order of learned chunks are often
rearranged, the learned song may be novel even when a young
male copies all of its song notes from a single tutor (Figure 3a). The
performance of the song also reflects this chunked structure; if the
singer truncates a motif, the breaks in the normal sequence most
often occur at chunk boundaries (Figure 3b). Thus, like the
repertoire of the nightingale (and possibly that of the canary) the
adult song of the zebra finch has a hidden level of organization that
reflects processes that occurred during song learning.

Figure 2. Multiple tutors for a single zebra finch song.
The song of a young male zebra finch raised in an aviary with eight adult
males. The presumptive father of the young male sang the song denoted
“tutor male 1”, but because of the potential for extra-pair copulations and
egg dumping, paternity cannot be conclusively attributed to the adult in
whose nest the young male hatched. The young male copied the first four
notes (four elements) from the social father, and copied the remainder of
the song (5 notes made up of 8 elements) from a second male (tutor male
2). The young male’s introductory note was not copied from either tutor.
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Figure 3. Chunks of zebra finch notes are copied and sung as units.
a. The motif of an adult male zebra finch that was copied by several young males in an aviary environment (the same male’s motif appears as tutor male 2 in
Fig. 2). The motifs of six young males that copied the adult are also shown; notes that were copied from the adult male are numbered to correspond with the
notes in the tutor’s song. Beneath each of the copied motifs, bars denote notes that were copied as continuous sequences, or chunks. One of the copied song
motifs shown in A, with bars indicating the copied chunks. Arrows and associated percentages denote the proportion of motifs ending after each note during
an extended series of recordings. Two song recordings including a total of seven motifs are shown; arrows denote the end of each motif. The final note in
each motif is highlighted. Truncated motifs ended between, and not within, the chunks of notes copied as sequences from the adult male’s song.
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Individual variation in the stereotypy of adult song
Individuals’ songs are strikingly different from each other.
Even birds tutored by the same adult will sing different songs,
because of variation in the number of units copied, the accuracy
of the copies, and the ordering of the subunits of song. Several
factors act in concert to generate these individual differences.
Young male zebra finches mutually influence each other’s copy
accuracy; the fastest learner in a nest sings the most accurate
copy of the model song, while his brothers diverge from the
model in different ways (Tchernichovski et al., 1999). Individual
differences in brain characteristics influence learning; birds with
larger forebrain song centers tend to have larger song repertoires
in both canaries (Nottebohm et al., 1981) and zebra finches
(Ward et al., 1998; Airey and DeVoogd, 2000).
Another source of individual variation arises from differences
in the way adults perform their songs. Some males sing readily,
others do not; some unmated male zebra finches sing only to
particular birds, while others sing readily to many potential mates;
some males sing long bouts, while others may sing equal numbers
of motifs in shorter bouts; some male’s songs may vary somewhat
between renditions, while others’ will be more stereotyped; some
male zebra finches sing several introductory notes before each
song bout, while others may sing only one introductory note or
forego these notes altogether.
Figure 4. Motif variation in tutored and untutored zebra finch song.
a. A continuous recording of 15 seconds of untutored male zebra finch
song. Each of the seven motifs sung in this segment is a different variant.
In comparison, Fig. 1a shows five motifs from a song of a normallyreared male; the complete song included ten motifs (seven of them the
canonical motif) and three motif variants. b. Motif variability differs
among normally reared birds, and is lower than in untutored birds.
Within a recording of approximately 100 motifs, the frequency of each
motif variant was sung was tabulated and motif variants were ordered
from most common to least common. This plot shows the cumulative

proportion of the total number motifs sung that are included as each
successive motif variant is added to the sample. The number of motif
variants needed to generate 85% of all motifs sung (a level represented
by the dotted line) can be used to describe the variability of an adult
male’s song. A typical pattern of motif variation for a normally reared
male is shown by the diamonds (the 85% level is reached with 2.18
motif variants), the extreme for normally reared males by the triangles
(8.69 motif variants were required to reach the 85% level), and a
distribution seen only in untutored males by the circles (21.67 motifs
were required to reach the 85% level).
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Such variability in the performance of crystallized adult song,
which is apparent even in critical-period learners such as zebra
finches, has largely been ignored in studies of the neural basis of
behavior because the presence of a ‘canonical’ song is valuable for
studying the neural patterns associated with multiple examples of
the same complex behavior.
However, variability does exist in the adult songs of both
canaries (where the sequences of phrases is not fixed) and zebra
finches (in the form of alternative motifs that omit or add particular
notes). One way to analyze individual variability in adult male
zebra finch song is to compare the numbers of unusual syllable
transitions and canonical syllable transitions within a sample of
approximately 100 songs (Scharff and Nottebohm, 1991). Another

measure calculates the minimum number of different motif types
needed to account for 85% of all song motifs in a sample of at least
100 motifs. Either of these measures demonstrates that there is
substantial variability between normally-reared males in song
stereotypy (Figure 4).
The fact that such variation in adult song exists, even in zebra
finches – a species that sings one of the simplest and most
stereotyped of songs – indicates that variability may play an
important role in behavior. One possible reason role for adult song
variability might be to allow the singer to tailor his stereotyped song
to fit the preferences of a specific listener, such as a rival or a
potential mate.
to particular versions of a young male’s attempts at song. The
male’s observations of the female’s actions strongly influences what
he sings subsequently, and so the female directs the trajectory of
song development (West and King, 1988). Although evidence for
powerful listener effects in other species is not as compelling as for
cowbirds, zebra finches because they grow up in social colonies
and their early songs are heard by many other birds, are a species
in which listeners’ responses could affect song development. In
the laboratory, untutored males raised with deaf adult females sing
more frequently than do untutored males raised with hearing adult
females. The songs of the males raised with deaf adult females are
similar to those of untutored males, with less stereotypy and more
atypical syllables than in the songs of males raised with hearing
adult females (Figure 5). In contrast, the presence of a hearing
female alters the course of untutored song development so that the
outcome approximates normal song – possibly because the hearing
female provides feedback to the young male about the content of
his song. Siblings also affect the outcome of song development,
although it is not clear whether the effects are due to his hearer’s
responses or to what a young bird hears his siblings sing. Young
males housed together converge on the same version of an
untutored song (Volman and Khanna, 1995), and males within a

The influence of a listener upon song development
A male that never hears a song tutor or model develops an
abnormal song. This “untutored song” retains many characteristics
of normal zebra finch song but is marked by unusual note structure
and decreased stereotypy (Price, 1979; Williams et al., 1993). High
frequency notes and upsweeps are much more common in
untutored song, as are repeated notes and a highly variable note
order (although it is usually very difficult to define a canonical
pattern in tutored zebra finch song). It has been generally assumed
that the unusual properties of untutored song are due to the
absence of a song model, but some of the abnormal features of
untutored song may arise in part because of the absence of l
feedback from the behavioral responses of a conspecific listener.
Hearing a model is clearly crucial for normal song
development. Nevertheless, in the absence of a model, listeners
can guide song development towards a normal outcome – which is
the case in brown-headed cowbirds (which are brood parasites and
so do not hear appropriate song models until relatively late in
development). An adult female listening to a young male responds
selectively by flipping her wing or changing her posture in response
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Figure 5. Audience effects upon zebra finch song development.
a. Examples of the songs of males reared with and without tutors
(the untutored male was raised with a male sibling of the same age).
Elements that are similar to zebra finch calls are shaded. Non-call
elements (bold) include high-frequency elements with few
harmonics, upwardly modulated elements, and click trains. b. The
presence of a hearing female during development decreases the
proportion of non-call elements incorporated into a young male’s
song. In recordings made after birds reached 90 days of age, males
reared with at least one hearing companion (an adult male tutor, a
hearing mother or a hearing adult female companion) used
significantly fewer non-call elements in their songs than did males
that were housed alone or with deaf conspecifics (deaf mothers and
deaf adult female companions; p < 0.001). The condition of the
mother is designated first, followed by the condition of the adult
female companion. Young males were housed with their mothers for
the first four weeks after hatching, and then housed with the adult
female companion until reaching at least 90 days of age. c. Males
raised with an adult male song model sing a highly stereotyped
sequence: fewer than 5% of transitions between elements are
atypical (those not present in the canonical motif). In contrast, males
raised with adult females sing a less stereotyped song with a
significantly greater number of atypical transitions (p < 0.05).
Untutored males were recorded at 200 days, well after the age when
song normally crystallizes (90 days); normal males were recorded at
150 days. d. During song learning (60-75 days), males reared with
deaf females sing more frequently than than did males housed with
hearing females (p < 0.001). Singing rates were measured as the
average time spent singing during 30-minute recording sessions.

normally reared clutch influence the accuracy of each others’
copies of the model (Tchernichovski et al., 1999).
Conspecifics’ influence on song development can thus be
exerted in two ways: first, by providing a model song to copy, and
second, by listening to the developing song and providing
behavioral feedback about what was sung. The relative importance
of these two contributions may vary depending upon the species

and the circumstances, but the potential role of a listener during
song development should not be ignored.

The influence of a listener upon adult song performance
Crystallized adult male birdsong has two well-documented
functions – territory defense and mate attraction – that have
evolved specifically to influence listeners’ behavior. Thus it is not
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surprising that listeners’ behaviors in turn affect adult song
performance in several ways. The visual and auditory presence as
well as the gender of conspecifics affects the amplitude and tempo
of song delivery. Singing male zebra finches adjust the amplitude of
their songs as the social context changes (Cynx and Gell, 2004), as
do nightingales (Brumm and Todt, 2004). The tempo of undirected
zebra finch song is slightly slower than that of directed song
(Sossinka and Böhner, 1980), and song tempo also varies
systematically throughout the day, increasing during periods when
the birds sing frequently (Glaze and Troyer, 2006). Repeated
exposure to females over a period of weeks, as when directed song
is recorded at frequent intervals, is associated with an increase in
song tempo (Williams and Mehta, 1999). “Listener effects” are not
restricted to these relatively simple song parameters, but extend to
the order and identity of the notes or songs that are sung.
Species with multiple songs, such as the nightingale (and
potentially those with multiple phrases, such as the canary or
starling) may have preferred song orders, but these are strong
statistical trends rather than invariant rules. The order in which
syllables or songs are sung can be influenced by the responses of
other birds. When two rival males “countersing” from adjacent
territories or as part of a territorial incursion, the delivery of a
male’s repertoire often shifts. “Song matching” is a form of song
performance in which a male sings the song in his repertoire that
best matches the song being sung by the rival of the same species
(e.g., the indigo bunting Passerina cyanea, Payne, 1983;
meadowlark Sturnella magna, Falls, 1985; song sparrow, Stoddard
et al., 1992). Countersinging males may also shift the timing of
their songs so that they overlap the songs of the rival male, as in the
nightingale (Naguib and Todt, 1997; Naguib, 1999). The
chickadee not only overlaps its rival’s song (Mennill and Ratcliffe,
2004) but also shifts the pitch of the song so that it assumes a
specific relationship to that of the other male (Weisman and
Ratcliffe, 2004). Since wild canaries sing many syllables in a
variable order and their songs function in territorial advertisement

and defense, they are likely to engage in countersinging – and
indeed domesticated males are more likely to sing in the presence
of other singing males or similar sounds. Canaries might then
perform a type of song matching by shifting the usual syllable
sequence in order to best match that of the countersinging male. If
shifts in syllable order could be triggered in response to specific
playback tapes, canaries could provide a valuable model for
studying variation in behavioral sequences, a phenomenon that has
not been examined at the level of neural mechanisms.
In contrast to species that broadcast high-volume song from a
large, defended territory that provides the male with access to
resources needed for reproduction, zebra finches sing a lowamplitude song intended for listeners within a few meters (Zann,
1996). This song has two forms associated with different social
contexts: a courtship song that is “directed” at a specific bird, and
“undirected” song, which is sung without an obvious object
(Sossinka and Böhner, 1980). The two forms of the song consist of
the same syllables given in the same order, but undirected song is
characterized by greater sequence variability. Undirected songs
are more likely than directed songs to include truncated motifs,
start in mid-motif, or use atypical transitions between notes (Figure
6). Chipping sparrows (Spizella passerina) also adjust the
variability of their songs according to the social context: the dawn
song, directed at close range to other males, is variable in length,
and the day song, broadcast to distant birds, is of fixed length (Liu
and Nottebohm, 2005). These audience-dependent differences in
the variability of song structure are associated with differences in
gene expression in the song basal ganglia circuitry. For both zebra
finches (Jarvis et al., 1998) and chipping sparrows (Liu and
Nottebohm, 2005), singing the more variable form of the song
activates expression of a transcription factor (ZENK) in the basal
ganglia portion of the song circuit, while the less variable form of
the song does not (see Mello and Jarvis, this volume). Although the
role of social context in generating the two types of neural
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activation patterns and associated song variability is not yet clear, it
is of considerable interest.
Behavioral feedback from non-singing females can influence
the form of adult male song. Brown-headed cowbirds provide the
classic example of this phenomenon (King and West, 1983; 1989).
After observing (and comparing) female responses to his own and
other males’ songs, an adult cowbird male may shift his singing to
approximate a successful male’s song. As brood parasites that are
raised by other species, cowbirds are a special case in which
flexibility in adult song may be at a premium, but female responses
to adult males also affect the delivery of zebra finch song. The
probability that a male will truncate or add a note to his canonical
motif is affected by any calls the female gives while he sings (Figure
7). Since individual females respond differently to a male’s song,
repeated exposure to a specific female may result in a shift in a
male’s canonical motif when particular notes within the repertoire
are either omitted or sung more often. In this way, an adult male
with a crystallized, stereotyped song may still tailor its contents to
fit the fashion favored by the female.

Visual displays associated with song
Figure 6. Differences between directed (courtship)
and undirected song in the zebra finch.

Many songbirds broadcast their songs over a wide area from a
hidden location, and such songs can be accurately represented as a
purely auditory signal. Other songs are accompanied by stylized
movements, or “dances”, and displays of plumage, ranging from
simple adjustments of feather posture to complex and dramatic
deployment of specialized plumes, as in birds of paradise. Such
displays may be delivered by solitary singers, or be performed by
groups of males at leks (a lek is a traditional display area consisting
of a cluster of small territories each occupied by a courting male;
lekking species include the black grouse and several manakins).
More subtle displays are common as well. Canaries sing with a
raised head and loosely fluffed throat feathers, and zebra finches
adjust their plumage so that the normally rounded head becomes a

During courtship song the male orients himself to and directs a display, or
dance, at a conspecific individual. A male singing undirected song
neither orients towards an individual nor performs a courtship display.
Song stereotypy also differs in these two contexts.
a. Transitions between elements are less stereotyped during undirected
song than during courtship song. Thicker lines in this diagram represent
transitions that are more frequently observed. The box denoted “i”
represents introductory notes.
b. Males singing courtship song (black bars) use more introductory notes
(p < 0.01) and sing more motifs in each song (p < 0.01).
The data for this figure and analysis were drawn from Sossinka and
Böhner, 1980.
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Figure 7. Female calls affect male song delivery in zebra finches.
a. Individual male and female zebra finches were placed so they could see but not hear each other through a lucite partition, and the experimenter controlled
which bird could hear the other by relaying a recording to a speaker on the opposite side of the partition . Here the female could not hear the male, but the
female’s vocalizations were played to the male (note the presence of the female’s calls in the recording of the male). Motifs and notes are designated,
respectively, by bars and numbers under the sonogram of the male’s song (calls are not numbered). The unusual calls and motif structure sung when the
female first called were repeated for several motifs before the male returned to a more standard motif structure. b. The average female call rate was not
affected by males’ ability to hear the calls, but female calls increased significantly (p < 0.05) when females could hear the males’ vocalizations. c. Whether
or not males could hear a female did not significantly affect the number of atypical motifs the males sang. d. Female call rate was significantly higher
(p < 0.05) during atypical motifs, indicating that when males could hear a female’s call, they were more likely to sing atypical motifs.
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“flat top”. Zebra finch males also perform a courtship dance, a
series of hopping and bobbing movements oriented to a female, as
part of directed song (Morris, 1954).
While singing, many birds open and close their beaks to
change the gape, or beak aperture. The primary function of
variations in gape is most probably to adjust the resonance of the
vocal tract, and so to emphasize sounds of a particular frequency;
an open beak yields a shorter vocal tract that emphasizes higherfrequency sounds (Westneat et al., 1993; Hoese et al., 2000; see
also Goller and Cooper, this volume). Changes in beak gape are
tightly coupled to specific song syllables, and beak movements are
also clearly visible to a nearby observer. In a similar fashion, throat
movements that reflect changes in the volume of the upper
respiratory tract that track changes in syllable frequency (Riede et
al., 2006) can be visually emphasized by the “flashing” of
contrasting throat feathers. For a nearby listener, changes in the
beak gape and throat feathers provide visual correlates of some of
the structural features of song, and may serve to accentuate parts of
the song.
The dance steps of a courting zebra finch male (hops, head
movements, and wing movements) vary somewhat from song to
song, are not as tightly coupled as beak movements to the acoustic
structure of specific syllables. Like the patterns of changes in beak
gape, however, the overall pattern of dance movements that
accompanies an individual’s song is very similar to the pattern of
the bird that provided the auditory model for the song (Figure 8;
Figure 8. Coordination of zebra finch song with beak movements and the courtship dance.
The motifs of an adult tutor and a young male that copied the song are shown at the top and bottom, respectively. The final note in the tutor’s song (shaded)
was not copied, and the copied song includes an improved note (shaded). The beak and dance movement data from the copied song were shifted to the left
to align copied notes to corresponding notes in the tutor’s song (as indicated by arrows above the copied song). Videotapes of approximately 100 motifs
were examined, and the positions of beak movements (opening or closing) within each motif were determined, as were the positions within each motif of the
beginning of “dance movements”. Beak movements were highly stereotyped within the motif, and dance movements showed less rigid but distinctive
patterns coupled to what was being sung. Movement patterns in the tutor’s song and the copied song were significantly correlated (beak movement p <
0.0001; dance movement p <0.001).
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Williams, 2001). Thus these courtship dance patterns must either
be learned from a model or be regulated by a rhythm tied to the
acoustic structure of the song.
The reliable coupling of dance and beak movements to the song
suggests that the traditionally-defined song circuitry also engages
other motor patterns, perhaps using respiratory circuits and other
pathways outside the song system (Wild, 2004, and this volume). It
further suggests that listeners’ responses to a particular song may be
affected by the visual signals associated with the song as well as
bythe acoustic parameters of the song; advances in monitor
technology now make it possible to use video stimuli to test such
relationships (Galoch and Bischof, 2006). Although the acoustic
properties of song are far more tractable for analysis and for
research into vocal learning and motor patterns, the biological
function of the song may be difficult to separate from the
movements that make up an associated visual signal.

steroids are found in the hypothalamus, limbic system, and
midbrain (McEwen et al., 1979), all of which are thought to affect
motivational states. Sex steroid receptors are found in the same
areas of songbird brains as well as in the cells of song circuit nuclei
(Arnold et al., 1976; Gahr, 2001). In the canary and other openended learners, seasonal changes in song circuitry are associated
with fluctuations in day length and circulating testosterone levels
(Nottebohm, 1980; DeVoogd and Nottebohm 1981; Nottebohm et
al., 1987; Canady et al., 1988; Rasika et al., 1994; Bernard and
Ball, 1997; Ball et al., 2004). Testosterone plays an especially
important role in mediating the rapid increase in stereotypy that
accompanies song crystallization. Artificially high testosterone
levels in development cause early crystallization of song in zebra
finches (Korsia and Bottjer, 1981), and reducing testosterone levels
or blocking testosterone receptors delays song crystallization in
sparrows (Marler et al., 1988). In zebra finches, the song itself is
stable after crystallization at 90 days, but manipulating circulating
testosterone levels does affect singing (Arnold, 1975; Adkins-Regan
and Ascenzi, 1987). Castrated male zebra finches sing less than do
their intact counterparts, and implanting testosterone-filled silastic
capsules is widely and effectively used to induce higher singing
rates in intact adult males. Testosterone supplementation does,
however, affect what is sung as well as how often the bird sings:
the fundamental frequency of zebra finch song notes may drop
substantially (Cynx et al., 2004) and it is possible that tempo and
stereotypy are also increased.
Adult male zebra finch song has the potential for a latent form
of plasticity. When auditory feedback is disrupted during song
production by deafening (Nordeen and Nordeen, 1992) or
introducing auditory interference (Leonardo and Konishi, 1999;
Cynx and von Rad, 2001), adult the song structure and stereotypy
are lost over a period of weeks or months (see chapters by Woolley
and Brainard, this volume). Adults may also reconfigure
crystallized songs after their vocal output is disrupted by any of a
number of interventions, including syringeal nerve section

Hormones, motivation and song performance
As a behavior that is affected by day length, sex steroids and by
the presence of specific individuals that are potential rivals or
mates, bird song is presumably under the influence of brain areas
associated with emotion and motivation (Arnold, 1975; Marler et
al., 1988; Nowicki and Ball, 1989). Studies of the role of
photoperiod and hormones on song circuitry have tended to focus
upon structures related to the mammalian cortex and basal ganglia
(Smith et al., 1997; Tramontin et al., 1999; Ball et al., 2002), but
motivational influences on song are likely to be mediated by
structures such as the hypothalamus and limbic system (see Ball, et
al., this volume).
Links between song circuitry and the
hypothalamus and limbic system have not yet been fully defined,
but are likely to be similar to those in non-songbird species such as
the ring dove (see Cheng and Durand, 2004).
The effects of sex steroids (testosterone, and its metabolites) on
song performance are well known. In mammals, receptors for sex
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Figure 9. Testosterone reduces adult song plasticity in zebra finches.
a. An example of adult song plasticity. The four distinct notes in the original motif were all retained (in a noisier form) in recordings made one day after one
of the nerves serving the vocal organ (syrinx) was severed. Notes that did not change subsequently are shaded throughout. By the time of a recording made
two weeks after the injury, note 4 had been deleted and two new notes (A and B) had been inserted at the end of the motif. These changes persisted in all
subsequent recordings. The lengths of the deleted and added notes were summed and expressed as a the percentage of the length of the original motif.
b. The proportion of the song motif that changed after nerve injury varied widely among males. Birds with larger testes were significantly less likely to
change their songs (p < 0.05). c. Circulating hormone levels were manipulated by implanting testosterone or flutamide (a testosterone receptor blocker).
Birds with testosterone implants altered a smaller proportion of their song motifs than did birds with flutamide implants (p < 0.05).
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(Williams and McKibben, 1992), muting (Pytte and Suthers, 2000),
or mechanical interference with phonation (Hough and Volman,
2002). At least one of these forms of adult plasticity is sensitive to
circulating testosterone; adult male zebra finches with high
testosterone levels are less likely to change their songs after
syringeal nerve section (Figure 9; Williams et al., 2003). Thus
testosterone’s effects on adult song performance and plasticity in
zebra finches are consistent with the better-understood role of
testosterone during development.
The powerful relationships between testosterone and song rate,
stereotypy, and the potential for adult plasticity all point to a role
for testosterone in reducing variability in song performance while at
the same time increasing song production. However, testosterone’s
effects cannot do not account for all of the variation in adult song
stereotypy and performance (Boseret et al., 2006). Brain
mechanisms unrelated to sex steroids most probably contribute to
motivational control of song variability, and factors other than
motivation may also account for aspects of song variability. Given
the variety of factors with a demonstrated relationship to variability
in song performance, it is likely that additional mechanisms for
song variability are yet to be described.

learned while others appear to be innate (Güttinger and Nicolai,
1973; Zann, 1985). Both learned and unlearned calls may vary
geographically, and the variation can take the form of dialects
(Rothstein and Fleischer, 1987; Miyasato and Baker, 1999).
Because of the variety of calls and the variety of contexts in which
they are used, calls may be more useful than song for exploring
how information is communicated; because they are usually simple
acoustically (in comparison to song), learned calls may also provide
a simpler model for studying the brain mechanisms used for
imitating an auditory model (see Vicario, 2004).
Many species’ call repertoires are relatively easy to
characterize: chaffinches have eight different call types, each
associated with a specific behavioral context (Marler, 2004). In
contrast, some call repertoires are larger and may have complex
syntactic structures. Chickadees have a simple, two-noted song,
but have two complex calls, the “gargle” and the characteristic
“chick-a-dee” call, which may vary from utterance to utterance.
The “chick-a-dee” call consists of four different note types, each of
which may be repeated several times before proceeding to (or
skipping) the next note type (Hailman et al., 1987). Responses to
variants of these combinatorial calls suggest that different
configurations convey specific information about the intentions of
the caller, such as proceeding towards or away from a food source
(Freeberg and Lucas, 2002).
Adult zebra finches have nine call types (Zann, 1996): one
alarm call, three calls given while nest building, an agonistic call, a
distress call, and three calls given frequently in the course of daily
activity (the long, stack, and tet calls). More than one type of call
may be given within a short interval, but the calls are not combined
to form complex sequences. The best-studied zebra finch call is the
long call, which is the loudest sound a zebra finch makes and is
given when a bird is isolated or responding to another bird at a
distance (for this reason the long call is also called the “contact
call”). The long call is sexually dimorphic: males’ calls are shorter
and consist of a two parts, a harmonic “tonal” portion and a rapidly

Calls
In addition to their songs, songbirds’ vocal repertoires include a
number of calls - shorter, simpler vocalizations. The number and
type of calls varies from species to species, but most songbirds have
contact calls (used to identify and track other individuals), alarm
calls (to give warning of a predator), agonistic calls (to denote
intention to supplant or attack) and food-associated calls (such as
begging calls emitted by young). Some call types are used yearround, while others may be given only within the breeding season;
some calls may be given only by one sex, while others are used by
all members of a species. Although the ontogeny of calls has not
been studied as systematically as song, it is clear that some calls are
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modulated portion, while females’ calls include only a long tonal
portion (Zann, 1984). Males learn their long calls, but females do
not (Zann, 1985), and the sexually dimorphic circuitry that
underlies song learning is also important for call learning (Simpson
and Vicario, 1990). Variation in both sexes’ calls can convey
information about individual identity, and the presence and identity
of an audience affects how males respond to their mates and other
familiar females (Vignal et al., 2004).
Because zebra finches’ long calls can be elicited by placing an
individual out of sight and hearing of other birds and playing back
recorded long calls, a “dialogue” of sorts between an experimenter
and a bird can be generated. The length of the long call, the sex of
the caller, and the sex of the responder all affect the probability that
an isolated zebra finch will respond to a long call with a long call
of its own (Vicario, et al., 2002). This sex difference in responses to
long calls disappears after lesioning the RA, a nucleus in the vocal
motor pathway that is important for the production of learned songs
and calls (Vicario et al., 2001).
Figure 10. Zebra finch and black-capped chickadee calls.
a.
Among the most common zebra finch calls are the long, or
“contact” or “distance” call, which differs between males and females,
and the softer stack and “tet” calls (which are similar in males and
females). All of these calls may be given singly or in clusters. b .
Combinatorial syntax in black-capped chickadee (Parus atricapillus) calls.
The “chick-a-dee” call from which this species gets its common name is
distinctive and recognizable but is also highly variable. It consists of four
notes, labeled A, B, C, and D, with structure that varies from bird to bird
(three examples of each note type are shown). “Chick-a-dee” calls tend
to follow simple, semi-Markovian rules to generate sequences from these
three syllable types: a syllable can be followed by another syllable of the
same type or by a type with a letter later in the alphabet. The 13
examples shown here, drawn from a single recording of four wild birds,
show some of the variety of utterances that can be assembled from these
four syllables and the simple syntactical rules (note that these examples
include two “violations” of the rules).
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Studies such as these show the potential of using the system of
songbird calls to investigate the behavioral and brain rules for
vocal communication. Applying this approach to other call types
- perhaps especially to combinatorial calls such as those of the
chickadee – may provide an avenue towards understanding the
meanings of vocalizations as they are decoded and understood by
the birds

behavior that is acquired through imitative learning, is still of
central importance to neuroscience. Adult birdsong, because it is
a well characterized and easily analyzed behavior, also provides
an opportunity for examining mechanisms responsible for
variations in song related to the unique experiences of the singer
and the social context in which they occur.

Summary and conclusion

Acknowledgements
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