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SUMMARY

Recent experiments in divergent fields of birdsong have revealed that vocal performance is important for reproductive success
and under active control by distinct neural circuits. Vocal consistency, the degree to which the spectral properties (e.g. dominant
or fundamental frequency) of song elements are produced consistently from rendition to rendition, has been highlighted as a
biologically important aspect of vocal performance. Here, we synthesize functional, developmental and mechanistic
(neurophysiological) perspectives to generate an integrated understanding of this facet of vocal performance. Behavioral studies
in the field and laboratory have found that vocal consistency is affected by social context, season and development, and,
moreover, positively correlated with reproductive success. Mechanistic investigations have revealed a contribution of forebrain
and basal ganglia circuits and sex steroid hormones to the control of vocal consistency. Across behavioral, developmental and
mechanistic studies, a convergent theme regarding the importance of vocal practice in juvenile and adult songbirds emerges,
providing a basis for linking these levels of analysis. By understanding vocal consistency at these levels, we gain an appreciation
for the various dimensions of song control and plasticity and argue that genes regulating the function of basal ganglia circuits
and sex steroid hormones could be sculpted by sexual selection.

Key words: songbird, stereotypy, reproductive success, practice, performance, anterior forebrain pathway, basal ganglia, levels of analysis,

behavioral evolution.

Introduction

In his seminal book ‘The Study of Instinct’, Nikolaas Tinbergen
(Tinbergen, 1951) outlined four levels of analysis that he argued
were crucial for a comprehensive analysis of behavior: adaptive
significance (i.e. function), ontogeny (i.e. development),
mechanism (i.e. physiology) and evolutionary history (i.e.
phylogeny). While studies on these distinct levels can
independently yield valuable insights, integrating findings from
different levels of analysis can lead to novel interpretations,
hypotheses and synergies (MacDougall-Shackelton, 2011).

Birdsong provides a rich opportunity for such integration. The
vocal signals (i.e. songs) of male songbirds are important for
attracting females and defending territories and, therefore, are
under sexual selection pressure to provide honest information about
the singer’s quality and intentions (Bradbury and Vehrencamp,
2011; Catchpole and Slater, 2008; Hauser, 1996; Nowicki and
Searcy, 2004). The songs of songbirds are not innate but, like
human speech, must be learned during development. Songbirds
learn their vocalizations by memorizing and imitating the
vocalizations of other individuals and use sensory and social
feedback signals to shape their songs during development (Beecher
and Brenowitz, 2005; Brainard and Doupe, 2000; Doupe and Kuhl,
1999; Goldstein and Schwade, 2010; King et al., 2005; Konishi,
2004). Songbirds have evolved specialized neural circuits that
regulate the learning, control and performance of song (Bolhuis and
Gabhr, 2006; Brainard and Doupe, 2002; Konishi, 2004; Mooney,
2009; Nottebohm and Liu, 2010; Wild, 2008). Further, individual
and species differences in the function and organization of these
circuits are postulated to underlie individual and species differences

in vocal learning, control and performance. Taken together,
research from these various perspectives has demonstrated that
birdsong is important for reproductive fitness, influenced by
developmental experiences, controlled by distinct neural circuits
and shaped by evolutionary history and selection forces.

Here, we review functional, developmental and mechanistic
studies pertaining to vocal consistency. We specifically define
vocal consistency as the ability to consistently produce the spectral
structure of a song element (‘syllable”) or phrase across renditions,
including its dominant or fundamental frequency, note shape and
duration. We first review recent behavioral studies on the adaptive
significance of vocal consistency, and then summarize recent
neurophysiological investigations into the control of vocal
consistency. We concentrate on how activity in basal ganglia and
vocal motor circuits influences vocal consistency, but do not
describe the constraints imposed by peripheral vocal organs in
detail. Subsequently, we elaborate on the role of vocal practice and
propose directions for future studies. By reviewing the significance
of vocal consistency to reproductive success as well as the
biological control of vocal consistency, we reveal potential
mechanistic substrates that have been shaped by selection pressures
and, more generally, emphasize the importance and power of
understanding behavior at multiple levels of analysis.

The relevance of vocal performance and consistency
Historically, evolutionary and ecological studies of birdsong have
focused on repertoire size (i.e. the number of distinct songs or
elements in a male’s repertoire) as a marker of song and male
quality (reviewed in Catchpole and Slater, 2008). This emphasis
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was based on the notions that learning more song elements is
difficult and that the number of song elements learned serves as an
honest indicator of quality. The importance of repertoire size was
supported by the fact that many species learn and produce a variety
of song types and by classic studies demonstrating that females
prefer males with larger song repertoires, even in species that sing
only a limited number of song types (Catchpole and Slater, 2008;
Searcy and Yasukawa, 1996).

However, the ubiquity and importance of female choice for large
song repertoires has recently been challenged. Byers and Kroodsma
(Byers and Kroodsma, 2009), for example, reviewed 47 published
field and laboratory studies and did not find compelling evidence
of female choice for larger repertoires. Most field studies failed to
find female preference for larger repertoires, and within species that
demonstrated preference for large repertoires, the strength of
preference was not consistent across studies. Wiley (Wiley, 2000)
and Byers and Kroodsma (Byers and Kroodsma, 2009) also review
studies arguing that the method of song delivery in species with
song repertoires is incongruent with female preferences for large
repertoires: males tend to repeat one song type before switching to
another song type (‘eventual variety’) instead of switching songs
rapidly (‘immediate variety’) (e.g. Byers, 1995; Kroodsma et al.,
1999). Additionally, phylogenetic studies of song evolution have
found that reductions in repertoire size are not uncommon (e.g.
Cardoso and Mota, 2007; de Kort and ten Cate, 2004; Irwin, 1990;
Price and Lanyon, 2004; Price et al., 2007). For example, Price and
Lanyon (Price and Lanyon, 2004) report that the strength of sexual
selection pressure (as measured by the degree of sexual
dimorphism) is correlated with a decrease, not an increase, in
repertoire size for oropendolas and caciques. These studies suggest
that female preference for repertoire size might not be as prevalent
or important for reproductive success as previously proposed.

Recently, an increasing number of behavioral ecologists have
used adult song performance as a metric for male quality (reviewed
in Podos et al., 2009). For example, a number of studies illustrate
that rapidly producing song elements that span a broad range of
frequencies is difficult and that females prefer males that can
produce such difficult vocalizations (e.g. Ballentine et al., 2004;
Podos, 1997; Vallet and Kreutzer, 1995). In addition, Lambrechts
and Dhondt (Lambrechts and Dhondt, 1988) highlight motor
constraints on producing sequences of vocalizations in rapid
succession and propose that the ability to produce song elements at
a consistent rate serves as an honest indicator of a male’s physical
capabilities.

There are at least two reasons for this increased emphasis on the
quality of vocal performance (Byers and Kroodsma, 2009; Byers
et al., 2010; Gil and Gahr, 2002; Podos et al., 2009). First, an
examination of vocal performance is relevant to all avian species
in which song is used to assess conspecifics, not just to species that
sing multiple song types. Consequently, understanding the
relevance of vocal performance can lead to more general
hypotheses about the evolution of birdsong. Second, from the
perspective of the receiver, assessment of vocal performance
requires less time and memory than assessment of repertoire size.
For example, hundreds of renditions of songs are required to
thoroughly assess the breadth of song types and variants in
songbirds with medium to large repertoires (e.g. Botero et al., 2008;
Smith et al.,, 1997), whereas an adequate assessment of the
difficulty of syllable production, even in species with large
repertoires, requires only one or a few songs (e.g. de Kort et al.,
2009). Further, the repetitive nature of song delivery during social
interactions in some species facilitates assessment of vocal

performance over an assessment of repertoire size (e.g. Botero and
Vehrencamp, 2007; Byers and Kroodsma, 2009; Vehrencamp et al.,
2007; Wiley, 2000). Accordingly, vocal performance not only has
broad relevance but also is an attractive trait to study from the
perspective of both the signaler and receiver.

One feature of vocal performance, namely vocal consistency, has
recently received attention not only from ethologists and behavioral
ecologists but also from neuroscientists and psychologists. Vocal
consistency refers to the ability to replicate the acoustic features of
song from one rendition to the next. For example, in species that
produce songs containing pure tones as song elements (e.g. the
whistle of a white-crowned sparrow song, the ‘fee’ and ‘bee’
elements of a chickadee song), vocal consistency can be reflected in
the ability to precisely produce the same frequency across songs. The
ability to produce consistent vocalizations requires the generation of
consistent vocal motor commands by the nervous system, the
accurate coordination of syringeal and respiratory muscles on a fine
timescale, and muscular resistance to fatigue (Lambrechts and
Dhondt, 1988; Suthers and Zollinger, 2008). Additionally, the right
and left sides of the avian syrinx are unilaterally innervated and
therefore independently controlled (e.g. Halle et al, 2003;
Nottebohm et al., 1976) (reviewed in Suthers and Zollinger, 2008;
Suthers et al., 2004; Williams et al., 1992; Zollinger et al., 2008), and
as a result, the consistent production of song elements requires
bilateral coordination, both centrally and peripherally (Ashmore et
al., 2008; Schmidt, 2003; Vu et al., 1998; Wild, 2008). Because of
the requirement to produce consistent vocalizations, behavioral
ecologists consider vocal consistency a measure of vocal
performance that could honestly signal male quality. Furthermore,
given these motor demands, it is not surprising that song is not highly
consistent from the outset of singing but that vocal consistency
emerges across development: vocalizations of juvenile songbirds are
initially ‘noisy’ (e.g. high spectral entropy) and variable, and
subsequently become more structured and consistent with increased
practice (e.g. Amold, 1975; Clark et al., 1987; Marler and Peters,
1982; Nottebohm et al., 1986; Podos et al., 1995; Tchernichovski et
al., 2001). Interestingly, this developmental change in vocal
consistency in songbirds mirrors that in humans; the ‘noisy’ and
variable babbles of infants gradually develop into structured speech
phonemes with vocal practice (Doupe and Kuhl, 1999; King et al.,
2005; Goldstein and Schwade, 2010).

Functional (behavioral) studies of vocal consistency

The adaptive significance of a behavior ultimately rests in its effects
on reproductive success. To assess the functional relevance of vocal
consistency, researchers have analyzed how it varies across
seasons, ages and social contexts as well as how it relates to
dominance, female preference and the number of offspring sired.
To analyze vocal consistency, researchers have measured the
variability [coefficient of variation (CV) or standard deviation] of
syllable structure (e.g. fundamental or dominant frequency) or
calculated cross-correlations of the spectrogram of different
renditions of a syllable.

A number of studies have demonstrated that the consistency with
which song syllables are produced changes across season. For
example, male canaries, Serinus canaria, produce syllables that are
spectrally variable from one rendition to the next outside the
breeding season but perform syllables with greater consistency
across renditions during the breeding season (Nottebohm et al.,
1986). Smith and colleagues (Smith et al., 1995; Smith et al., 1997)
provide comprehensive analyses of vocal consistency in Gambel’s
white-crowned sparrows, Zonotrichia leucophrys gambelii, and
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song sparrows, Melospiza melodia, and illustrate similar increases
in vocal consistency from non-breeding periods to the breeding
season. For example, the consistency with which song sparrows
produce syllables (i.e. spectral cross-correlation) is ~10% higher
during the spring than the autumn (Smith et al., 1997).

Similar increases in vocal consistency have been found with age
in adult songbirds. For example, in adult banded wrens,
Thryothorus pleurostictus, tropical mockingbirds, Mimus gilvus,
and great tits, Parus major, syllable consistency increases by ~3%
over 1 year (Botero et al., 2009; de Kort et al., 2009; Rivera-
Gutierrez et al., 2010). In zebra finches, Taeniopygia guttata, the
consistency of syllable structure is ~40% higher for adult males
4 years and older than for adult males less than 6 months old (Kao
and Brainard, 2006). A number of studies have found that females
preferentially mate with older males, possibly because older
individuals have demonstrated viability (by surviving) and are often
able to outcompete younger individuals (e.g. Hegyi et al., 20006;
Hyman et al., 2004). The fact that older males produce more
consistent songs suggests that females can gather information about
the age of a male by assessing his vocal consistency and use this
information to select potential mates.

In addition to gradual changes across seasons and with age, vocal
consistency can rapidly change depending on the social context. In
adult zebra and Bengalese finches, the structure of syllables is
significantly more consistent when males produce courtship song
to females than when males produce interleaved renditions of non-
courtship song in isolation (Fig.1) (Kao et al., 2005; Kao and
Brainard, 2006; Leblois et al., 2010; Olveczky et al., 2005; Sakata
et al., 2008; Teramitsu and White, 2006). For example, the trial-
by-trial variability in fundamental frequency is ~30% lower for
courtship song than for non-courtship song in the Bengalese finch,
Lonchura striata var. domestica (Sakata et al., 2008). Because the
quality of courtship song is important for securing mating
opportunities, these data provide indirect evidence that vocal
consistency could be important for male reproductive success.

More direct evidence for the adaptive significance of vocal
consistency comes from recent field studies. In the chestnut-sided
warbler, Dendroica pensylvanica, males that produce more
consistent songs sire more extra-pair offspring than males that
produce less consistent songs (Byers, 2007). Specifically, Byers
(Byers, 2007) measured the highest and lowest frequencies,
frequency of peak power, and start and end times for each song
bout (in addition to other song features such as the number of
syllables, singing rate and song duration), then analyzed the degree
to which the mean and CV of these measures explained variation
in reproductive success (number of genetic offspring outside the
male’s own nest). He found that males that sired more extra-pair
offspring produced songs with less variation in the frequency of
peak power and lowest frequency. In contrast, features like the
number of syllables, total song and syllable repertoire size,
frequency bandwidth and song duration did not significantly
explain variation in reproductive success. Similarly, male banded
wrens that produce more consistent song (based on spectral cross-
correlations) are more likely to secure extra-pair copulations than
males that produce less consistent song (Cramer et al., 2011). In a
number of songbird species, dominant males, which enjoy greater
reproductive success, produce more consistent songs. Dominant
male tropical mockingbirds produce more consistent syllable
structure than subordinate males (Botero et al., 2009); dominant
black-capped chickadees, Poecile atricapillus, maintain a more
consistent frequency ratio and relative amplitude between the fee
and bee notes of their songs compared with subordinates (Christie
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Fig. 1. The structure of song syllables is more consistent when male zebra
finches produce courtship song to females than when they produce non-
courtship song in isolation. (A) A spectrographic representation (intensity as
a function of frequency and time) of a zebra finch song, with unique labels
above each unique song element (‘syllable’). Dashed lines indicate the time
window in which fundamental frequency (FF) was measured for the syllable
‘a’. (B,C) Two histograms displaying the distribution of FF for the syllable ‘a’
when this bird produced non-courtship (B) and courtship song (C; line
indicates Gaussian fit to data). In this example, there was a significant
decrease in the variability of FF when the bird produced courtship song
relative to when he produced non-courtship song. However, there was no
significant change in the mean FF across contexts. Redrawn and adapted
from Kao and Brainard (Kao and Brainard, 2006).

et al., 2004; Hoeschele et al., 2010); and dominant great tits show
less drift in inter-phrase interval during song strophes (Lambrechts
and Dhondt, 1986). Finally, male great reed warblers,
Acrocephalus arundinaceus, with more consistent (and longer)
whistle note durations have larger harems (Wegrzyn et al., 2010).
These studies provide strong support for the notion that vocal
consistency influences reproductive success.

A laboratory study in the zebra finch suggests that female
preference for more consistent syllable production could contribute
to the increased reproductive success of males with more consistent
syllable production. Using a phonotaxis assay, Woolley and Doupe
(Woolley and Doupe, 2008) demonstrate that females strongly
prefer the more consistent courtship song to the less consistent non-
courtship song. Additionally, they found that the strength of
preference for courtship song over non-courtship song correlated
with the magnitude of difference between courtship and non-
courtship song in the consistency of syllable structure. The degree
to which mate choice in a more naturalistic setting depends on vocal
consistency is unknown, but this study warrants further
investigation into female preferences for consistent songs.

Taken together, these findings are compatible with the notion
that the consistency of syllable production influences reproductive
success and could play an important role in the evolution of
birdsong. Differences in vocal consistency across males could
signal information about ability, age and quality, and females could
use this information to select mating partners.
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Mechanistic (neurophysiological) studies of vocal consistency
Mechanistic investigations have capitalized on the finding that vocal
consistency gradually changes across development and rapidly
changes across social contexts to identify pertinent neurobiological
processes. Changes in activity within the neural circuits controlling
song are likely to contribute to both gradual and rapid changes in
vocal consistency. There are two main neural circuits regulating
song production, control and plasticity: the vocal motor pathway
(VMP) and anterior forebrain pathway (AFP; Fig.2A). The VMP,
which includes the forebrain nuclei HVC (proper name) and RA
(robust nucleus of the arcopallium), is directly responsible for
producing the motor commands for song (Fee et al., 2004; Mooney,
2009; Reiner et al., 2004). Neurons in HVC and RA show patterned
activity during song production (reviewed in Fee et al., 2004;
Hahnloser et al., 2002; McCasland, 1987; Olveczky et al., 2011;
Prather et al., 2008; Sakata and Brainard, 2008; Sober et al., 2008;
Yu and Margoliash, 1996), and perturbations of activity in HVC and
RA lead to acute vocal motor changes (Ashmore et al., 2005; Long
etal., 2010; Vuetal., 1994; Wang et al., 2008). Of particular interest
here is the finding that the activity of RA neurons, which project to
brainstem nuclei that control vocal and respiratory musculature,
encodes and controls the spectral composition of syllables (Ashmore
et al., 2005; Leonardo and Fee, 2005; Sober et al., 2008; Vu et al.,
1994; Wohlgemuth et al., 2010; Yu and Margoliash, 1996). For
example, in adult Bengalese finches, variation in the premotor
activity of RA neurons correlates with variation in the fundamental
frequency of syllables (Sober et al., 2008). Therefore, changes in the
activity of neurons in the VMP, especially in RA, contribute to
changes in vocal performance.

The AFP is an avian basal ganglia—thalamic—forebrain circuit that
shares many properties with mammalian basal
ganglia—thalamic—cortical loops, including a central role in vocal
learning and control (Brainard, 2004; Doupe et al., 2005; Graybiel,
2005). The output nucleus of the AFP, the lateral nucleus of the
anterior nidopallium (LMAN), sends glutamatergic projections to
RA and, thus can influence activity and plasticity in the VMP as well
as vocal performance and plasticity. Classic studies demonstrate that
LMAN is crucial for the development of accurate and stereotyped
imitations of tutor songs (Basham et al., 1996; Bottjer et al., 1984;
Scharff and Nottebohm, 1991; Sohrabji et al., 1990). Syllable
structure is initially variable when juvenile birds start vocalizing but
becomes progressively more consistent as song develops (e.g.
Amnold, 1975; Clark et al., 1987; Marler and Peters, 1982; Nottebohm
et al,, 1986; Podos et al., 1995; Tchernichovski et al., 2001).
Correspondingly, the premotor activity of LMAN neurons is more
variable across renditions when juveniles produce their variable
songs than when adults produce their consistent songs (Kao et al.,
2008; Olveczky et al., 2005). This suggests that LMAN introduces
more variable activity into the VMP when juveniles produce song
than when adults produce song, thereby making juvenile
vocalizations more variable. The causal contribution of LMAN to
vocal consistency is underscored by the finding that inactivation of
LMAN neurons in juvenile zebra finches acutely increases the
consistency of syllable structure and RA premotor activity (Olveczky
et al., 2005; Olveczky et al., 2011) and that lesions of LMAN cause
song to prematurely ‘crystallize’ on an immature version of song
(Scharff and Nottebohm, 1991). These data illustrate the importance
of the AFP to developmental changes in vocal consistency.

The precise mechanisms underlying developmental changes in
the consistency of song and neural activity remain unclear. It is
likely that feedback and reinforcement mechanisms play a major
role in shaping firing patterns in the AFP and VMP (see below)

(reviewed in Brainard and Doupe, 2000; Konishi, 2004; Mooney,
2009; Olveczky et al., 2011). In addition, developmental changes
in sex steroid hormone concentrations could contribute to
developmental changes in vocal consistency and neural activity in
song circuitry. Neurons in the AFP and VMP are replete with sex
steroid hormone receptors, in particular androgen receptors (Ball et
al., 2003; Brenowitz, 2004). Androgen levels surge at sexual
maturity (reviewed in Adkins-Regan, 2010), a time when song
becomes crystallized, and androgen manipulations affect the
development of vocal consistency. For example, Marler and
colleagues (Marler et al., 1988) castrated male swamp and song
sparrows within a month of hatching and found that only after
testosterone administration did adult castrates produce songs with
adult-typical levels of consistency. Similarly, in zebra finches,
castration and antisteroid treatment prevent or slow down the
maturation of song consistency (Arnold, 1975; Bottjer and Hewer,
1992), and androgen administration to juveniles prematurely
crystallizes song (Korsia and Bottjer, 1991; White et al., 1999).
While the precise mechanisms by which sex steroid hormones
affect the development of vocal consistency are unknown (but see
Livingston and Mooney, 2001; White et al., 1999), we hypothesize
that developmental steroid effects are mediated, in part, by changes
to the variability of activity in the AFP.

Traditionally, the AFP was thought to specifically regulate song
learning and plasticity in juvenile songbirds. However, more recent
investigations into the rapid change in vocal consistency across
social contexts have documented a real-time contribution of LMAN
to vocal consistency in adults. Congruent with a role of RA in vocal
control, the premotor activity of RA neurons is more consistent
during the production of the more consistent courtship song than
during the production of the less consistent non-courtship song in
adult Bengalese finches (Sober et al., 2008). Similarly, the activity
of Area X and LMAN neurons is more consistent during the
production of the more consistent courtship song in adult zebra
finches (Fig.2B) (Hessler and Doupe, 1999; Kao et al., 2005; Kao
et al., 2008). The importance of the AFP to the social modulation
of vocal consistency and neural activity in the VMP is underscored
by studies demonstrating that inactivation of LMAN decreases the
variability of RA activity during singing (Olveczky et al., 2011)
and that lesions and inactivation of LMAN eliminate the difference
in consistency between courtship and non-courtship song in adult
zebra and Bengalese finches (Fig.2C) (Hampton et al., 2009; Kao
et al., 2005; Kao and Brainard, 2006; Olveczky et al., 2005;
Stepanek and Doupe, 2010). Importantly, lesions and inactivation
of LMAN eliminate the social modulation of vocal consistency by
increasing the consistency of non-courtship song to the level of
courtship song. Therefore, LMAN modulates vocal consistency
across social contexts by injecting higher levels of variability into
the VMP when birds produce non-courtship song than when they
produce courtship song.

Collectively, these mechanistic studies highlight the contribution
of avian basal ganglia—forebrain circuits to vocal consistency. In
particular, LMAN, the output of the AFP, contributes not only to
the development of vocal consistency in juvenile songbirds but also
to the rapid social modulation of vocal consistency in adults.
Neurons in LMAN introduce varying levels of excitatory activity
into the VMP, thereby affecting the variability of motor commands
and the degree of vocal consistency. This, in turn, affects the
attractiveness of song. Given the importance of vocal consistency
to reproductive success, these data suggest that sexual selection
could sculpt heritable factors that influence the development and
activity of LMAN neurons.
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Bridging perspectives: the importance of vocal practice
In reviewing functional, developmental and mechanistic studies, one
can highlight common themes that bridge the levels of analysis. One
such theme for vocal consistency is the importance of vocal practice.
The notion of vocal practice was formalized in pioneering
studies of song learning and development (for reviews, see
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Brainard and Doupe, 2000; Konishi, 2004; Marler, 1997;
Nottebohm and Liu, 2010; Mooney, 2009). In the sensorimotor
phase of song development, juveniles engage in vocal practice to
hone their vocalizations into songs that closely match those
memorized during the sensory period. As juveniles first begin to
vocalize and practice, the sounds they produce are highly variable.
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Fig. 2. The importance of the lateral nucleus of the anterior nidopallium (LMAN) to vocal consistency. (A) Schematic diagram of the song system. The song
system of songbirds consists of two main pathways. The vocal motor pathway (VMP; grey) consists of brain nuclei such as HVC (proper name) and RA
(robust nucleus of the arcopallium), and neurons in the VMP encode the motor commands for song. The anterior forebrain pathway (AFP; white) is an avian
forebrain-basal ganglia circuit that is important for song learning and plasticity. The AFP consists of the avian basal ganglia nucleus Area X, the thalamic
nucleus DLM (medial dorsolateral nucleus of the thalamus) and the cortical-like nucleus LMAN. LMAN is the output of the AFP and can influence activity in
the VMP via its projections to RA. (B) LMAN neurons show patterned activity during singing and different levels of trial-by-trial variability across social
contexts. Plotted from top to bottom are spectrograms of the sequence ‘abcdefg’ for courtship and non-courtship song and raster plots summarizing the
spiking activity of a single LMAN neuron across different renditions during courtship and non-courtship song. Each tick in the raster plot represents a single
spike, and each row represents a single rendition of the sequence ‘abcdefg’. Importantly, the activity of this LMAN neuron is more consistent across
renditions when the bird produces courtship song than when he produces non-courtship song. This suggests that LMAN could introduce less variability into
the VMP when birds produce courtship song, thereby reducing the variability in VMP activity and vocal motor output. Redrawn and adapted from Kao et al.
(Kao et al., 2008). (C) Lesions of LMAN eliminate the social modulation of vocal consistency. Plotted are the coefficients of variation (CV), a measure of
variability (inverse of consistency), of fundamental frequency (FF) for individual zebra finch syllables. Open circles refer to data collected before LMAN
lesions whereas filled circles refer to data collected after LMAN lesions.There was a significant effect of social context on syllable consistency before LMAN
lesion (white cross), with CV being higher for non-courtship song than for courtship song, but no effect of social context following LMAN lesion (black cross).
Redrawn and adapted from Kao and Brainard (Kao and Brainard, 2006).
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Empirical, theoretical and computational studies of reinforcement
and motor learning (including song learning) emphasize that this
variability serves as the substrate upon which feedback and
reinforcement signals act to improve motor function (Doya and
Sejnowski, 1998; Liu and Nottebohm, 2007; Margoliash et al.,
1991; Sutton and Barto, 1998; Troyer and Doupe, 2000). In
particular, the nervous system uses information from motor
variability to reinforce motor commands that produce desired
outcomes and weaken motor commands that produce undesired
outcomes. This leads to the development of more accurate and
consistent motor commands. With regard to song development, the
variable vocalizations of juveniles are shaped by sensory feedback,
in particular auditory feedback, as well as behavioral feedback from
conspecifics to form a song that resembles the memorized song and
is effective at eliciting responses from conspecifics (Doupe and
Kuhl, 1999; Goldstein and Schwade, 2010; King et al., 2005;
Marler, 1997; West and King, 1988). Consequently, feedback and
reinforcement signals during vocal practice hone the nervous
system (and vocal periphery) and allow for the development of
communication signals that are refined and consistent in structure.

Traditionally, vocal practice was thought to no longer be
important following sexual maturation and song crystallization.
This idea was based on studies demonstrating that the removal of
auditory feedback did not significantly affect adult song
performance in emberzine sparrows (e.g. Konishi, 1965). However,
more recent studies in estrildid finches and other songbird species
demonstrate that auditory feedback is crucial for the maintenance
of consistent adult song and suggest that vocal practice continues
to be important in adult songbirds (reviewed in Brainard and
Doupe, 2000; Konishi, 2004; Leonardo and Konishi, 1999;
Mooney, 2009). For example, syllable structure and sequencing
rapidly degrade and become less consistent following deafening in
adult zebra and Bengalese finches (Brainard and Doupe, 2001;
Horita et al., 2008; Nordeen and Nordeen, 1992; Okanoya and
Yamaguchi, 1997; Sakata and Brainard, 2006; Woolley and Rubel,
1997). Manipulation of auditory feedback and reinforcement
signals can drive adaptive changes to song structure (Andalman and
Fee, 2009; Charlesworth et al., 2011; Tumer and Brainard, 2007;
Sober and Brainard, 2009; Warren et al., 2011), and urban noise
alters vocal performance in numerous populations of adult
songbirds (reviewed in Slabbekoom and Ripmeester, 2008).
Additionally, auditory feedback likely contributes to the recovery
of consistent song structure following peripheral injury in adult
zebra finches (Bhama et al., 2011). These data illustrate that adult
song continues to represent a state of vocal practice and plasticity
in which feedback and reinforcement mechanisms are engaged to
refine and maintain consistent vocal performance.

Given the importance of motor variability and feedback to vocal
practice, the degree to which adult song is considered vocal practice
should depend on the amount of motor variability and magnitude
of auditory feedback contributions. As mentioned previously, the
level of vocal motor variability is greater during the production of
non-courtship song than courtship song in finches (Kao and
Brainard, 2006; Sakata et al., 2008). Furthermore, auditory
feedback contributes more to the control of non-courtship song than
to courtship song (Kobayasi and Okanoya, 2003; Sakata and
Brainard, 2009). These behavioral studies indicate not only that
there is greater opportunity for reinforcement and motor learning
during non-courtship song but also that feedback mechanisms are
more engaged during non-courtship song. Neurobiological studies
are consistent with these findings and suggest that neural plasticity
mechanisms are more engaged during non-courtship song. In

particular, in song system nuclei, immediate early gene expression
and bursting activity, both of which correlate with increased
plasticity, are greater when birds produce non-courtship song than
when they produce courtship song (Hessler and Doupe, 1999;
Jarvis et al., 1998; Kao and Brainard, 2006; Kao et al., 2008).
Collectively, these studies have led to the framework that non-
courtship song represents a heightened state of vocal practice
relative to courtship song, whereas courtship song represents a
heightened state of vocal performance. Thus, this ‘practice versus
performance’ framework postulates that non-courtship and
courtship songs serve distinct purposes, and this framework
hypothesizes that reinforcement and feedback signals should have
greater effects on vocal plasticity when birds produce non-courtship
song than when they produce courtship song.

Vocal practice has also been discussed in the context of age- and
season-dependent changes in vocal consistency. In a number of
songbirds, including tropical mockingbirds, banded wrens, great
tits and zebra finches, vocal consistency increases with age, and it
has been proposed that older males have more consistent songs
because of increased opportunity for vocal practice and refinement
(Botero et al., 2008; de Kort et al., 2009; Kao and Brainard, 2006;
Pytte et al., 2007; Rivera-Gutierrez et al., 2010). Similarly, it has
been proposed that vocal practice contributes to the higher levels
of vocal consistency during the breeding season than during the
non-breeding season. Generally speaking, birds produce fewer
songs outside the breeding season, when song is less consistent (e.g.
Nottebohm et al., 1986; Smith et al., 1995; Smith et al., 1997). As
testicular hormone levels increase at the onset of the breeding
season, males engage in more singing. This increased singing
provides more opportunities for vocal practice, and birds can more
readily hone their vocalizations and test their potency against rivals
as they establish their territories. Indeed, testosterone-induced
increases in singing rate precede the increase in syllable
consistency in white-crowned sparrows, suggesting that increased
practice causes improvements in vocal performance (Meitzen et al.,
2009a). As the breeding season comes to an end, physiological
changes (including photorefractoriness and a decrease in androgen
levels) cause singing rate to decrease, which could, in turn,
contribute to the decline in vocal consistency during the non-
breeding season (e.g. Ball et al., 2003; Smith et al., 1995; Smith et
al., 1997). Just as athletes become ‘rusty’ after periods without
practice, the decrease in singing outside the breeding season could
make song less consistent.

The potential role of vocal practice in age-dependent and
seasonal changes to vocal consistency suggests another
interpretation of the contribution of singing rate to reproductive
success. Numerous studies document that singing rate (i.e. the
number of songs per unit time) correlates with reproductive success
and that females prefer males that are more active singers (reviewed
in Catchpole and Slater, 2008). Because of the metabolic and
predation costs of singing (Catchpole and Slater, 2008; Oberweger
and Goller, 2001; Ward and Slater, 2005), the traditional
interpretation of this finding is that males that sing more represent
higher quality males because they have sufficient energy to allocate
to singing and are adept enough to avoid the additional predation
cost incurred by singing. However, another interpretation based on
the findings reviewed here is that males with higher singing rates
enjoy higher reproductive success because they engage in more
vocal practice and, as a consequence, perform their songs with
greater consistency. This alternative framework predicts that the
effect of singing rate on reproductive fitness could be mediated by
vocal consistency. This framework also raises the possibility that
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singing rate and vocal consistency are additive such that males that
produce consistent vocalizations more frequently are more
attractive and successful than males that produce less consistent
vocalizations less frequently.

In summary, the studies reviewed here suggest a potential
contribution of vocal practice to reproductive success. Vocal
practice in juvenile birds allows for the development of variable
vocalizations into consistent songs, which are important for
securing reproductive opportunities, and vocal practice in adult
songbirds allows for the refinement and maintenance of consistent
song. Vocal practice could contribute to seasonal and age-
dependent plasticity in adult vocal consistency as well as individual
differences in vocal consistency. Taken together, selection for vocal
consistency could act upon mechanisms regulating vocal practice,
including the motivation to practice, the ability to learn and
improve from vocal practice, and the variability of activity of VMP
and AFP neurons. Interestingly, these studies on vocal practice also
highlight the importance of vocal variability for vocal plasticity
(e.g. to maintain accurate and consistent vocalizations in response
to environmental change or peripheral injury). Given the
contribution of the AFP to vocal variability and consistency, this
suggests that selection has built a circuit that introduces greater
levels of variability into the VMP when vocal motor variability is
important (e.g. during vocal practice) and less variability when
consistency is important (e.g. during courtship interactions).

Concluding remarks and future directions

Here we review functional, developmental and mechanistic studies
dealing with the importance and control of vocal consistency in
songbirds. We focus on vocal consistency as a metric for vocal
performance because consistent vocal performance depends on the
generation of consistent neural commands for song as well as the
coordination and resilience of peripheral vocal musculature.
Functional (behavioral) studies demonstrate that individual
differences in vocal consistency translate into differences in
reproductive success. Developmental studies reveal that vocal
consistency gradually emerges from variable vocalizations, and
mechanistic investigations illustrate that avian forebrain and basal
ganglia circuits and sex steroid hormones are involved in the
regulation of vocal consistency. In reviewing these studies, we find
that examinations at all of these levels of analysis emphasize the
importance of vocal practice for vocal consistency. Practice hones
the nervous system as well as the vocal periphery so that birds are
better able to produce consistent vocalizations. We propose that
selection pressure for increased vocal consistency could be acting
upon the physiological processes regulating vocal practice in both
juvenile and adult songbirds. We hope that this review serves as an
example of the power of integrating multiple levels of analysis and
encourage similar syntheses in other fields to generate hypotheses
about mechanisms underlying behavioral evolution.

Another function of this review is to inspire future lines of
inquiry for songbird research and better integration across
disciplines. Overall, we encourage more investigations into the
relationship between vocal consistency, vocal practice and
reproductive success, as well as into mechanisms underlying
vocal practice and consistency. The studies published to date are
encouraging and motivate similar experiments in other songbird
species as well as non-songbird species. It will be important for
future studies to elucidate the degree to which vocal consistency
influences reproductive success through female preference for
consistency (e.g. Woolley and Doupe, 2008) versus male—male
interactions (e.g. de Kort et al., 2009; Rivera-Gutierrez et al.,
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2011). Documenting differences in vocal consistency across song
types that serve different functions [e.g. territorial vs courtship
(e.g. Byers, 1995; Liu and Nottebohm, 2005)] and assessing how
experimental manipulations of vocal consistency (e.g. lesions of
LMAN) affect a male’s attractiveness to females and dominance
status could provide insight into the means by which vocal
consistency influences reproductive success. It will also be
informative to reveal the degree to which developmental
experiences that influence song learning and consistency [e.g.
nutritional and immunological stress (Holveck et al., 2008;
Podos et al., 2009)] do so by affecting vocal practice. Such
studies would shed light on the mechanisms of developmental
effects. We encourage further studies into the mechanisms
underlying seasonal changes in vocal consistency (e.g. Meitzen
et al., 2007a; Meitzen et al., 2007b; Meitzen et al., 2009b; Park
et al., 2005) that draw parallels with the mechanisms underlying
developmental changes in vocal consistency. In particular, given
the importance of the AFP to developmental and context-
dependent changes in vocal consistency, it will be informative to
assess the magnitude of AFP contributions to seasonal changes
in vocal consistency (but see Benton et al., 1998). Broadly
speaking, it will be important for future studies to disentangle the
magnitude of genetic and environmental contributions to
individual differences in vocal consistency. Genes, the
environment and gene—environment interactions could affect the
amount of vocal practice, feedback processing and the
organization of central and peripheral pathways, all of which can
constrain and influence vocal consistency, and understanding
these contributions could provide insight into the biological basis
underlying individual differences in reproductive success.
Finally, because the importance of vocal consistency has been
investigated in only a handful of songbird species, we have not
explicitly addressed the influence of evolutionary history on
vocal consistency. To gain insight into evolutionary influences,
it will be important to reveal how the performance of and
preference for consistent songs are affected by phylogenetic
history and selection pressure. Relatedly, it has been
hypothesized that the VMP and AFP evolved from brain areas
that regulate non-vocal motor functions [e.g. flying, walking and
foraging; see Feenders et al. (Feenders et al., 2008), Tokarev et
al. (Tokarev et al., 2011) and references therein], and it would
be useful to understand the degree to which song consistency has
specifically been selected for as an indicator of age, experience
and song learning ability versus indirectly selected for as a by-
product of general selection for consistent motor production
(reviewed in Byers et al., 2010).
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