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Abstract

Studies of vocal learning in songbirds typically focus on the acquisition of sensory templates for
song imitation and on the consequent process of matching song production to templates. However,
functional vocal development also requires the capacity to adaptively diverge from sensory
templates, and to flexibly assemble vocal units. Examples of adaptive divergence include the
corrective imitation of abnormal songs, and the decreased tendency to copy overabundant
syllables. Such frequency-dependent effects might mirror tradeoffs between the assimilation of
group identity (culture) while establishing individual and flexibly expressive songs. Intriguingly,
although the requirements for vocal plasticity vary across songbirds, and more so between
birdsong and language, the capacity to flexibly assemble vocal sounds develops in a similar,
stepwise manner across species. Therefore, universal features of vocal learning go well beyond the
capacity to imitate.

Vocal imitation is among the most mysterious forms of developmental learning. In humans
vocal play (babbling) begins shortly after birth, and it develops gradually over the first year
of life [1]. Early babbling vocalizations are composed of simple and unstructured sounds,
but within several months one can identify vocal elements that are clearly derived from the
native language, and those structured sounds then further evolve into words [2]. However,
little is known about the developmental trajectories leading from primitive vocalizations into
specific words, and about the brain mechanisms involved in developmental vocal learning in
humans. Much more is known about vocal development in songbirds. Song development
goes through similar stages to those of infant babbling [3]. Juvenile songbirds can copy song
syllables of adult birds (“tutors’) with striking accuracy [4][5]. It is now possible to track
trajectories of vocal changes leading to imitation continuously over development [6], and to
identify the emergence of syllable types and the differentiation of prototype syllables [6,7].
Song learning and production is controlled by a set of distinct brain nuclei collectively
called ‘the song-system’ [8]9]. The role of specific song nuclei in song production and
learning is relatively well understood, including mechanisms of producing rhythm [10]
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[11,12], spectral features [13][14], and gestures [15]. Patterns of gene expressions in song
nuclei [16-18] were identified and associated with the song learning process. Even the role
of transitory behavioral states, such as sleep, on song learning can be examined at behavioral
and brain levels [19-21] over development. We understand fairly well the role of
reinforcement learning [22] in correcting vocal errors [23] and in matching the fine temporal
structure of the sensory template [24],[25]. Of particular interest is how vocal exploration
(variability) is actively regulated by specific song nuclei during the natural time course of
song learning [26][27].

However, the success of birdsong neuroscience in discovering mechanisms of vocal
imitation detracts attention from the fact that exact vocal imitation is not the typical
developmental endpoint in songbirds [28] or in human infants [29]. For example, over-
regularizations during early speech development are not direct imitations of the caregivers
[30,31]. Further, language capacities of infants may surpass that of their parents [31] or
otherwise diverge from the spoken language they perceive leading to a rapid language
changes across generations [30]. Similar effects were observed in songbirds. When a single
juvenile zebra finch is raised together with a single adult bird (tutor) a near-exact match to
tutor song typically emerges [28]. However, if instead of one-to-one vocal tutoring, five
juvenile males are raised together with a single tutor, some birds will diverge from the tutor
song by copying only parts of it [28,32]. Juvenile birds often copy song elements from each
other [33,34], or improvise and remix syllables across tutors to create new song types
[35,36]. Further, in both songbirds and human infants social feedback can strongly affect
vocal development [37]. Overall, imitation per se is only one component of a complex vocal
development, and we suggest that song learning can be used for studying vocal learning
beyond imitation, as a model for language development.

Vocal learning capacities beyond imitation

Figure 1 illustrates that vocal learning is an iterative process with a strong inertia, such that
vocal changes transform already-established vocal sounds. Quite often, the scope of those
vocal changes is highly localized to a specific syllable type [26]. Vocal changes are subject
to strong developmental constraints. For example, HVC is the principal song nucleus that
drives song production in adult birds. However, HVC has no apparent role in the production
of subsong (babbling) in juvenile birds. Instead, the early subsong is driven by a set of
forebrain song nuclei, collectively called the Anterior Forebrain Pathway (AFP) [38].
During song learning, there is a gradual transition of control from AFP, which produces
noisy and exploratory song patterns, to HVC, which produces stereotyped song patterns.
Song learning takes place within the framework of this brain development [39].

How do those internal constraints and external social and auditory inputs shape vocal
changes that eventually add up to an adaptive developmental outcome? Accurate imitation is
an important capacity that allows birds to generate songs that attract mates, deter intruders,
and carry information about group identity (song dialects) via cultural transmission [40]. But
songs also carry information about the individual identity of the bird, and -- perhaps most
importantly -- they should provide information about the qualities of the singing bird. From
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this functional perspective, the cases where the outcome of song learning is not exact
imitation are most interesting.

Range limited and frequency dependent vocal imitation

Spoken language can change remarkably across generations [30], and so does birdsong [41].
As noted earlier, in one-to-one tutoring setups zebra finches usually imitate their tutor very
accurately. But there is an important exception to this rule, which is the biased imitation of
‘abnormal’ songs [42]. For example, canaries’ songs include several back-to-back renditions
(trills, rolls & tours) of the same note type (e.g., AAAA,BBB,...). Training canaries with
species-atypical playbacks such as ABCDE... that lack repetition, initially results in
imitation of that atypical song. But when the bird approaches sexual maturity (or after an
injection of testosterone), the bird abruptly transforms its song into the typical reduplicative
AAA,BBB... pattern — which it never heard [43].

Another example is the imitation of isolates’ songs in zebra finches [41]. Zebra finches
raised in complete social and acoustic isolation develop abnormal song, called isolate song.
Abnormalities include long and monotonous syllable types, and deviation from the species-
typical song syntax, wherein each syllable type normally appears only once (hon-
reduplicatively) within each song motif. Intriguingly, when juvenile zebra finches imitate
isolates’ songs they copy them in a biased manner, transforming acoustic features, rhythms
and song-syntax to approximate the wild-type song — which they never heard. Similarly,
human children can “regularize” inconsistent input in sign languages [31]. In songbirds,
such biases can be studied experimentally to promote mechanistic understanding:

As shown in Figure 1, vocal learning might be thought of as an iterative function that
transforms an input (say a song syllable heard), through vocal changes, onto a specific
endpoint vocalization (a mature syllable produced). Within some range of variation, that
mapping appears as if it were a simple identity function, in which learners acquire near
perfect copies of the input. Outside that normal range, however, learners no longer directly
imitate their models [42]; instead, they often “regularize” aberrant input towards the central
tendencies of the wild type. Tracking the imitation of isolate zebra finch songs provides an
opportunity to characterize the regularization function in a manner that can uncover
mechanisms. For example, the imitation of isolate syllables of abnormally long duration
often results in shorter copies (Fig. 2A). To quantify this effect, we plot the duration of
isolate-song syllables versus the duration of the imitation of those syllables, across the entire
range of syllable durations present in isolate songs of several birds (Fig. 2B)[41]. As shown,
for up to about 270ms, imitation of syllable duration is faithful; however, beyond that range,
imitation of duration becomes systematically shorter than that of the sensory template. The
trivial implication of this effect is that across generations of learners, iterations of learning
must eventually result in a distribution of syllable duration where 270ms is the upper bound
—which is indeed the case in wild type zebra finch songs. That is, the wild type range of
syllable durations can be fully explained by recursions of this multigenerational transform,
as opposed to an alternative Darwinian processes such as sexual selection, where the
distribution of durations could have been determined by females mating preferences,
followed by imitation of father’s song in the next generation.
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Figure 2C shows another example of the imitation of isolate zebra finch song. Here there are
only two syllable types in the song, and one of them (B) is about 80% abundant, which is
highly abnormal. The imitation of this song already appears fairly ‘normalized’ (similar to
wild-type songs). A vocal learning graph across the entire range of syllable abundance
(relative frequency) present in isolate songs (Fig. 2D) shows that as long as the abundance
of a syllable type is 30% or less, acquired song faithfully reflects the model, but above that
range, the relative frequency is no longer copied; here the mapping asymptotes at about
25%, again closely matching the upper-bound of wild type range of syllable abundance in a
wild-type zebra finch song. The interpretation of this effect is very interesting: it is a special
case of a negative frequency dependent selection [44] -- a mechanism that can maintain
polymorphism. For example, if a predator develops preferences to the most abundant morph
of its pray, this morph is selected against and becomes rare in the next generation. In this
way, the frequency of rare morphs increases, preventing extinction by genetic drift. Here, a
negative frequency dependent imitation might serve to preserve polymorphism in syllable-
type diversity in the population, which is likely to promote both individual and group
identity in the song repertoire of individuals.

In sum, studying the mappings from auditory input to acquired songs systematically over a
broad range of acoustic features can help us understand mechanisms that shape the
development of species-specific vocal repertoire, and the establishment of vocal culture
across generations. Whether such effects can explain language evolution is, however, an
open question: frequency dependent effects were observed in speech development. For
example, the chances that a child will over-regularize a verb (e.g. sing->singed) is inversely
proportional to the frequency of that verb in the spoken language [45]. More generally,
infants are sensitive to statistical distributions of synthetic words [46]. Studying such effects
in the context of adaptive divergence and language change could be complemented by
mechanistic investigations in songbirds.

The development of combinatorial abilities

The ability to flexibly rearrange vocal elements is the cornerstone of human language.
Although human languages differ greatly from songbird systems of vocalization, in recent
work we found a surprising commonality in how vocal combinatorial capacities were
acquired across species [47]. Juvenile zebra finches were trained to perform one song and
then the training target was altered, prompting the birds to swap syllable order, or insert a
new syllable into a string. Birds solved these permutation tasks in a series of steps, gradually
approximating the target sequence by acquiring novel pair-wise syllable transitions
(sometimes too slowly to fully accomplish the task). In the more complex songs of
Bengalese finches, branching points and bidirectional transitions in song-syntax were
acquired ina similar stepwise manner, starting from a more restrictive set of vocal
transitions. For example, when a Bengalese finch acquires two syllable types, say A and B,
the transitions AB and BA emerge one by one, often weeks apart.

Strikingly, the babbling of pre-lingual human infants revealed a similar developmental
pattern: instead of observing single developmental shift from reduplicated to variegated
babbling (i.e., from repetitive to diverse sequences), as the literature seemed to imply [1], we
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observed multiple shifts, where each novel syllable type slowly acquired a diversity of pair-
wise transitions, asynchronously over development. Thus, for example, after a syllable type
(say “A’) emerges, transitions with that syllables are acquired slowly (say AB, AC, AD...,)
over about 20 weeks until the newly acquired syllable type appears to be ‘connected’ to the
entire repertoire of syllables. Collectively, these results point to the possibility of a common
generative process that is conserved across species. They also suggest that a long-noted gap
between perceptual versus motor combinatorial capabilities in human infants may arise in
part from the challenges in constructing new pair-wise transitions.

Thus, the ability to flexibly rearrange vocal sounds is not present in young infants or
songbirds. Instead, this capacity is acquired over development. In zebra finches, transitions
are acquired “as needed’ based on auditory input (namely, for the purpose of imitation).
However, humans eventually acquire the capability to promptly perform vocal sequences
they never heard or performed before. Therefore, the capacity to rearrange syllables might
be crucial for both imitation and creative expression, although currently there is no direct
evidence to confirm this interpretation of the results.

A comparative approach for studying vocal learning beyond imitation

We reviewed evidence showing that birdsong is an appropriate model system for studying
vocal learning beyond imitation focusing on two types of mechanisms: those that promote
adaptive deviation from templates, and those that allow flexible production of combinatorial
sequences. These mechanisms can bridge between birdsong learning, language
development, and language evolution research. For example, Neyogi [30] and Kirby [48]
attempted to resolve the tension between language learning and language evolution by
studying the multi-agent (i.e., learning from parents, learning from peers) and multi-
generational language learning process. Those studies attempt to explain the changes that
occur in spoken language across generations by either modeling, or experimenting with the
complex dynamics of recursive learning. We suggest that studying mechanisms of vocal
learning beyond imitation in songbirds may provide detailed mechanistic explanation to
some of those phenomena. For example, frequency-dependent vocal learning observed in
songbirds [27] might have an equivalent effect in language learning. This would predict that
if some features of spoken language become too abundant, infants would then tend to
diverge, leading to language change across generation. If this is true, than discovering brain
mechanisms that might be shared across song development and language development could
become feasible. Such lines of research might bridge between brain mechanisms of learning
at the individual levels and at time scales of cultural evolution [48].

In sum, adaptive vocal development, both in humans and songbirds, extends significantly
beyond mere imitation and template-matching. Studying such processes across songbirds
and human infants, and across levels of brain function, is an exciting new direction for
future research.
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Figure 1. A scheme of developmental vocal learning
Vocal learning is a slow, iterative developmental process of progressively shaping vocal

change that eventually leads to an integration in a complex communication system that
endows an animal with individual identity (e.g., a unique song), a group identity (integrated
in a vocal culture) and a means for coordinating behavior with other individuals (including
affiliation, aggression and courtship behaviors). The capacity to imitate is only one factor
that shapes the outcome of vocal learning over development.
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Figure 2. Vocal learning as a functional transform
A-B quantitative examination of the input/output relationship with respect to syllable

duration. A, sonograms of isolate song (top) and its imitation (bottom). Red bars outline an
isolate syllable of long duration, and its shorter version in the imitation of that song by a
juvenile zebra finch. B, a plot summarizing the imitation of isolate syllables with respect to
syllable-duration across eight birds who imitated isolate songs. As shown, syllable durations
are copied faithfully within an input range of up to about 270ms. Above this range, imitation
is invariably shorter than the sensory input. C-D, frequency dependent imitation. C,
sonogram of isolate song showing a rare syllable type (A) and an abundant syllable type (B).
In the imitation of this song, the rare syllable becomes more abundant and the abundant
syllable becomes more rare (note also that its spectral features are not accurately copied). D,
a plot, same as in B, but for relative frequency (abundance). Note that the imitation of
relative frequency is faithful in the range of 10-25%, but for higher abundance, the imitation
asymptotes on about 25%. Altered from Feher et al. [41]
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