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Vocal imitation is often described as a specialized form of learning that facilitates social
communication and that involves less cognitively sophisticated mechanisms than more “perceptually
opaque” types of imitation. Here, we present an alternative perspective. Considering current evidence
from adult mammals, we note that vocal imitation often does not lead to learning and can involve a
wide range of cognitive processes. We further suggest that sound imitation capacities may have evolved
in certain mammals, such as cetaceans and humans, to enhance both the perception of ongoing actions
and the prediction of future events, rather than to facilitate mate attraction or the formation of social
bonds. The ability of adults to voluntarily imitate sounds is better described as a cognitive skill than as
a communicative learning mechanism. Sound imitation abilities are gradually acquired through practice
and require the coordination of multiple perceptual-motor and cognitive mechanisms for representing and
generating sounds. Understanding these mechanisms is critical to explaining why relatively few mammals
are capable of flexibly imitating sounds, and why individuals vary in their ability to imitate sounds.
Keywords: mimicry; copying; social learning; singing; emulation; imitatible; convergence;
imitativeness
In his seminal text, Habitat and Instinct, Lloyd Morgan
(1896, p. 166) describes two general kinds of imitation:
instinctive imitation and intelligent or voluntary imitation.
The examples he provides of intelligent imitation mostly
involve reproducing sounds—a child copies words used
by his companions, a mockingbird imitates the songs of 32
other bird species, a jay imitates the neighing of a horse, and
so on. In fact, most of the examples of “imitation proper”
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that Morgan provides consist of birds reproducing the
sounds of other species. Similarly, Romanes (1884) focuses
almost exclusively on reports of birds imitating songs,
music, and speech in his discussion of imitation. These classic portrayals of vocal reproductions as providing the best
and clearest examples of imitation stand in stark contrast
to current psychological discussions of imitation, which
often classify examples such as those given by Romanes
and Morgan as non-imitative performances that merely
resemble actual imitation (Byrne, 2002; Heyes, 1996).
When did phenomena that were once considered archetypal
examples of voluntary imitation transform into a footnote of
modern cognitive theories? Was some discovery made that
fundamentally changed our scientific understanding of the
processes underlying vocal imitation? Have psychologists
or biologists succeeded in explaining what vocal imitation is
and how it works to the point where little can be gained from
further study? Or, have theoretical assumptions led scientists to underestimate the cognitive mechanisms required
for an individual to be able to flexibly imitate sounds?
In the present article, we attempt to identify what
exactly vocal imitation entails, and to assess whether
current explanatory frameworks adequately account for this
ability, including its apparent rarity among mammals. Past
theoretical and empirical considerations of vocal imitation
have often focused on the ability of birds to learn songs
or reproduce speech (Kelley & Healy, 2010; Margoliash,
2002; Nottebohm & Liu, 2010; Pepperberg, 2010; Tchernichovski, Mitra, Lints, & Nottebohm, 2001), especially
during development, or on the sophisticated ways in which
birds interactively copy songs (Akcay, Tom, Campbell, &
Beecher, 2013; Molles & Vehrencamp, 1999; J. J. Price &
Yuan, 2011; Searcy, DuBois, Rivera-Caceres, & Nowicki,
2013). In contrast, vocal imitation by mammals other
than humans has received little attention. When mammalian vocal imitation has been discussed, it typically has
been described as a vocal learning mechanism, because
of its presumed involvement in vocal repertoire development (Janik & Slater, 1997, 2000; Tyack, 2008). Although
imitation clearly has an important role in learning, imitation by definition involves performance (via reproduction)
and thus can exhibit varying degrees of success. Moreover,
the effectiveness of imitation is itself an index of learning
(e.g., we say a tennis player has reached expertise in serving
when he or she can demonstrate the coordination exhibited
by a professional). Thus, we argue here that vocal imitation by adult mammals is better viewed as performance of a
learned skill, and that a closer examination of those species
and individuals that have acquired this skill to a high degree
can clarify the mechanisms that underlie vocal imitation
abilities. Currently, the only mammals that have clearly
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demonstrated the ability to voluntarily imitate sounds are
primates (particularly humans) and cetaceans (whales and
dolphins). The main goals of this article are to reassess the
available evidence on vocal imitation in these two groups
and to provide new perspectives on how to better integrate future investigations of vocal imitation phenomena.
The paper is divided into six sections. In the first two
sections, we consider alternate conceptualizations of vocal
imitation (both historical and modern) that have different
theoretical implications for the origin and role of vocal
imitation. These alternate frameworks function as hypotheses against which we compare the literature summarized
in subsequent sections. In section three, we discuss possible
constraints on vocal imitation with respect to sounds that
are imitatible by human and non-human primates, and also
consider the degree to which the vocal motor system, as
opposed to other motor systems, is attuned to the imitation
of sound. Section four evaluates past reports that cetaceans,
a group of mammals famous for their vocal flexibility, are
capable of imitating sounds. Consideration of evidence from
both primates and cetaceans leads to the proposal that sound
imitation may serve a critical role for spatial perception
and the coordination of actions (section five), in contrast
to other accounts, which focus on its role in the development of social communication. Finally, in the sixth section
we discuss possible mechanisms for vocal imitation, highlighting an existing computational model of speech learning and imitation that may provide an integrative theoretical
framework for conceptualizing the representational mechanisms underlying the sound imitation abilities of mammals.

I. What Is Vocal Imitation?
Over the past century, researchers have used varying
terminology to describe animals’ reproduction of sounds.
In some cases, the same term has been used to describe
different classes of phenomena. In others, different terms
have been applied to the same phenomenon. For instance,
the terms vocal mimicry and vocal copying have often been
used as either synonyms for vocal imitation, or as a way
to distinguish particular kinds of imitative or non-imitative
vocal processes (Baylis, 1982; Morgan, 1896; Witchell,
1896). Marler (1976a) distinguished cases in which vocal
production is modified as a result of auditory experience
(vocal learning) from cases in which an individual produces
sounds of a novel morphology by imitating previously
experienced sounds (vocal imitation). Similarly, in their
description of vocal developmental processes in bottlenose dolphins (Tursiops truncatus), McCowan and Reiss
(1995) distinguished vocal learning, which they suggest
occurs mainly during development, from vocal mimicry,
which they describe as an imitative process that contributes
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to vocal learning (see Wickler, 2013, for a discussion
of how the term mimicry might best be applied to sound
production). To avoid potential confusion, we provide
a glossary detailing our use of terminology (Table 1).
There is general consensus that vocal imitation must
involve some attempt (intentional or incidental) to match an
auditory event with the vocal motor system. The nature of
this ability, however, has been a point of debate. Early on,
Thorndike (1911) rejected the proposals of Morgan (1896)
and Romanes (1884) that vocal reproductions by birds were
examples of imitation. Thorndike seemed to believe that
vocal imitation required less sophisticated mental capacities than other kinds of imitation. He claimed that the ability to copy sounds was a specialized capacity possessed by
a few select bird species, and that, “we cannot . . . connect
these phenomena with anything found in mammals or
use them to advantage in a discussion of animal imitation” (1911, p. 77). Many researchers have subsequently
endorsed Thorndike’s characterization of vocal imitation,
either explicitly or implicitly (Byrne & Russon, 1998;
Galef, 1988; Heyes, 1994; Shettleworth, 1998). For example, Tyack and Clark (2000) described the vocal imitation
abilities of cetaceans as “the most unusual specialization
in cetaceans.” In contrast, several experimental psychologists have argued that vocal imitation abilities are not
specialized at all, but simply reflect basic mechanisms of
conditioning (reviewed by Baer & Deguchi, 1985; Kymissis & Poulson, 1990). Some researchers describe vocal
imitation as a specialized social learning mechanism that
enables individuals to rapidly acquire new communicative
signals (Bolhuis, Okanoya, & Scharff, 2010; Janik & Slater,
2000; Kelley & Healy, 2011; Sewall, 2012; Tyack, 2008),
whereas others classify all instances of vocal reproduction
as non-imitative phenomena (Byrne, 2002; Galef, 1988;
Heyes, 1996; Zentall, 2006). In the following, we critically consider each of these approaches to explaining what
vocal imitation is, noting their strengths and limitations.

Is Vocal Imitation an
Outcome of Instrumental Conditioning?
Instrumental (operant) conditioning is a learning
process in which the consequences of an action determine
its future likelihood of occurring (Domjan, 2000; Immelmann & Beer, 1989). Miller and Dollard (1941) suggested
that apparently copied actions (including vocal acts) might
in some cases only match by coincidence, having been reinforced independently of any similarities in performance. In
such situations, some apparent cases of vocal “imitation”
can be viewed as an instance of instrumental conditioning,
referred to as matched-dependent behavior. For example,
one could train a dog to produce whining sounds whenever
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it hears the cries of a baby. The dog’s whines might be
acoustically similar in certain respects to the baby’s cries,
but these similarities are coincidental; the dog might just
as easily have been trained to bark or to open a door whenever it heard the cries. Though the trained behavior may
match the discriminative stimulus, it is not the degree of
match per se that leads to reinforcement. Miller and Dollard
distinguished matched-dependent behavior from copying,
in which the presence of reinforcement is contingent on
the successfulness of matching. Learning to sing a melody
by matching the sounds produced by an instructor would
be an example of this kind of vocal copying. The teacher
uses feedback to reinforce correct matches and to punish
mismatches. The main difference between matched-dependent behavior and copying in Miller and Dollard’s framework is that a copier directly compares his acts (or their
outcomes) with those of a target to evaluate their similarity, such that the level of detected similarity becomes a cue
controlling behavior. A commonality across matched-dependent behavior and copying is that changes in vocal behavior
are described as reflecting reinforcement histories alone, and
thus do not require any specialized learning mechanisms.
Miller and Dollard’s explanation for acts of vocal imitation (construed as copying or matched-dependent behavior)
continues to be endorsed by some psychologists (Heyes,
1994, 1996). For instance, Heyes (1994, p. 224) suggested
that, “copying is virtually synonymous with vocal imitation.”
This interpretation of vocal imitation rests on four major
assumptions: (1) a vocalizing individual initially produces
sounds at random, after which a subset are rewarded; (2) all
a vocalizing individual needs to be able to do to reproduce
a sound is recognize similarities between produced sounds
and previously perceived sounds; (3) mismatches between
an internally stored model of a previously experienced sound
and percepts of produced sounds drive instrumental conditioning (see also the discussion of auditory template matching in section six); and (4) such mismatches correspond to
errors in production. Like those of many previous researchers, the examples of vocal copying provided by Heyes focus
mainly on song learning and speech reproduction by birds.
Mowrer (1952, 1960) similarly proposed that vocal
imitation, even in humans, was a consequence of instrumental conditioning rather than a specialized ability. He
suggested that for such conditioning to occur, a sound
produced by a model initially had to be established as a
secondary reinforcer by being associated with pleasant
outcomes. Later, a “babbling” individual (e.g., a parrot or
human infant) might occasionally make a similar sound.
Assuming that the vocalizing individual generalized from
its past experiences with the secondary reinforcer, hearing
the self-produced sound would reinforce the immediately
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preceding vocal act. The more similar to the original sound
the babbled sound was, the more reinforcing it should be,
leading to a kind of autoshaping or successive approximation in which the vocalizing individual is differentially
self-rewarded based on how closely it produces copies
of the original sound. By this account, vocal imitation is
simply an automatic, trial-and-error process that depends on
initial rewards from another organism to establish certain
sounds as secondary reinforcers. Mowrer thus describes
vocal imitation phenomena as the result of latent learning
about associations between sounds and rewards. He notes
that sounds can only maintain their efficacy as secondary
reinforcers if they are occasionally supplemented by external social reinforcements. Thus, as in Miller and Dollard’s
(1941) explanation of copying, Mowrer claimed that feedback from a teacher is critical for vocal imitation to occur.
Baer and colleagues (1967) later showed that explicitly trained vocal imitation in children immediately generalized to novel sounds. They suggested that topographical
similarity between a performed act and a perceived act
could become a conditioned reinforcer, which could lead
to generalized imitation across different stimuli (see also
Garcia, Baer, & Firestone, 1971; Gewirtz & Stingle, 1968;
Zentall & Akins, 2001). Their proposal parallels Miller
and Dollard’s (1941) claim that recognition of similarity is
a critical component of vocal copying, and again requires
reinforcement of imitative vocal acts by a teacher. In Baer
and colleagues’ generalized imitation framework, a vocalization is imitative if it occurs after a vocal act demonstrated by another individual, and if the form of the model’s
vocalization determines the form of the copier’s vocalization. The proposal that generalized vocal imitation can
be viewed as a consequence of operant conditioning has
received some support from recent studies of the role of
vocal imitation in speech development by children (Poulson, Kymissis, Reeve, Andreators, & Reeve, 1991; Poulson, Kyparissos, Andreatos, Kymissis, & Parnes, 2002).
Collectively, past theoretical analyses of vocal imitation
by experimental psychologists have often focused on establishing that this phenomenon can be viewed as an outcome
of instrumental conditioning with few if any unique characteristics. These accounts generally do not explain why vocal
imitation abilities are absent in most mammals. Given that
mammals are quite capable of being instrumentally conditioned, some researchers have suggested that the rarity of
vocal imitation abilities in mammals reflects limitations
in vocal control (Arriaga & Jarvis, 2013; Deacon, 1997;
Fitch, 2010; Mowrer, 1960). However, this explanation
remains speculative (Lieberman, 2012), and others have
suggested that what is missing are mechanisms that make
it possible for an organism to adaptively adjust existing
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vocal control mechanisms. For example, Moore (2004)
hypothesized that an organism must possess specialized
imitative learning mechanisms beyond those necessary for
instrumental conditioning before vocal imitation becomes
possible (see also Subiaul, 2010). Thus, Thorndike’s (1911,
p. 77) view that vocal imitation abilities are “a specialization removed from the general course of mental development,” has resurged in recent years and is currently the
dominant view among biologists studying vocal imitation.

Is Vocal Imitation a
Specialized Type of Vocal Learning?
As noted above, Marler (1976a) defined vocal learning as a process whereby vocal production is modified as a
result of auditory experience. More recently, this term has
been used to refer to any type of learning that involves vocal
systems (Arriaga & Jarvis, 2013). Several reviews of vocal
learning by mammals suggest that it represents a specialized
form (or actually several different forms) of motor learning
(Egnor & Hauser, 2004; Janik & Slater, 1997, 2000; Jarvis,
2013; Sewall, 2012; Tyack, 2008). Within modern vocal
learning taxonomies, vocal imitation is often described as
a particular type of vocal learning called vocal production
learning (Fitch, 2010; Tyack, 2008) or production learning (Byrne, 2002; Janik & Slater, 2000). Vocal production
learning, defined as the ability to modify features of sounds
based on auditory inputs, has been distinguished from
contextual learning, which is said to consist of learning how
to use or comprehend sounds (Figure 1). Janik and Slater
(2000) divided vocal production learning into three “forms”
depending on which articulators were thought to be involved.
Tyack (2008) identified over a dozen forms based on how
Figure 1. Taxonomy proposed by Janik and Slater (2000) in which vocal
learning is distinguished from contextual learning and subtypes of vocal
learning are associated with different effectors. In this framework, vocal
imitation of amplitude and duration features involves respiratory learning,
imitation of frequency contours or pitch involves phonatory learning, and
imitation of timbre involves articulatory learning.
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animals used the sounds (e.g., vocal production learning
involving sounds used for echolocation). The three kinds
of vocal production learning proposed by Janik and Slater
correspond to acoustic features controlled by the vocalizing
individual, including: (1) duration and amplitude; (2) pitch
or frequency modulation; and (3) relative energy distribution
or timbre. They hypothesize that modifying the duration and
amplitude of a sound represents the simplest form of vocal
learning (because these features depend mainly on respiratory control), and that modifying frequency components
through control of vocal systems requires more advanced
mechanisms (Janik & Slater, 1997, 2000). They also suggest
that, because of its rarity, the ability to copy (i.e., imitate)
novel sounds is the most advanced form of vocal learning.
A simple way of thinking about the distinction between
contextual learning and production learning proposed by
Janik and Slater (2000) is that contextual learning determines when animals produce the sounds they know how
to make, whereas production learning determines what
sounds they know how to make. For instance, situations
in which animals respond to hearing certain sounds by
producing similar sounds (e.g., dogs that bark when they
hear barking or infants that cry when they hear crying)
would not qualify as vocal imitation or vocal learning by
these criteria (Andrew, 1962). These cases would meet the
criteria for contextual learning, however, because sound
usage is context dependent. Such phenomena are typically
referred to as instances of vocal contagion (Piaget, 1962).
Byrne (2002), following the terminology proposed
by Janik and Slater (2000), describes instances of vocal
contagion as a kind of contextual learning1 in which heard
sounds prime particular vocal acts, a process that he refers
to as response facilitation. He describes vocal production
learning as a potentially more interesting case because it
includes the generation of new vocal acts and therefore
requires more than just response facilitation. Nevertheless,
he suggests that such vocal acts are not imitative, because
in some cases only the outcomes of the actions are reproduced (see also Morgan, 1896). For instance, a mynah bird
reproducing speech sounds cannot replicate the speech
acts of a human, because the bird does not use the same
vocal organs to produce sounds (however, see Beckers,
Nelson, & Suthers, 2004; Patterson & Pepperberg, 1994).
Vocal imitation of novel sounds often has been touted
as the clearest evidence of vocal production learning (Fitch,
2010; Janik, 2000; Tyack, 2008). The basic logic underlying
1 By biologists’ definition of learning, vocal contagion is a kind of learning
because auditory inputs lead to a change in behavior. Psychologists
would instead classify vocal contagion as an elicited behavior or a
reflexive action.

past emphasis on the imitation of novel sounds is that if a
vocalization is not novel, then one cannot be sure that imitation actually occurred. The origins of this criterion can be
traced to Thorpe (1956, p. 135), who proposed that, “By
true imitation is meant the copying of a novel or otherwise improbable act or utterance, or some act for which
there is clearly no instinctive tendency.” Herman (1980)
was one of the first to suggest that copying novel sounds
requires more sophisticated cognitive mechanisms than
modifying features of existing vocalizations (see also
Baylis, 1982). He noted that many mammalian species
can be trained to adjust their existing vocalizations into
new forms or usage patterns (Adret, 1993; Johnson, 1912;
Koda, Oyakawa, Kato, & Masataka, 2007; Molliver, 1963;
Myers, Horel, & Pennypacker, 1965; Salzinger, 1993;
Salzinger & Waller, 1962; Schusterman, 2008; Schusterman & Feinstein, 1965; Shapiro & Slater, 2004), whereas
few species show any ability or inclination to copy novel
sounds. Hearing individuals vocalize in ways that resemble the vocalizations of other species forcefully suggests
that one has witnessed an imitative act. However, as originally noted by both James (1890) and Thorndike (1911),
observations of an organism producing a novel action that
resembles human actions, however precisely, does not
provide strong evidence that the organism is imitating.
Conversely, the fact that production of familiar vocalizations can potentially be attributed to mechanisms other than
imitation does not provide strong evidence that those vocalizations are not truly imitative. Such ambiguities severely
limit the usefulness of current taxonomical approaches for
describing and understanding vocal imitation processes.

Limitations of the Vocal Learning Framework
Problems with defining vocal imitation. Past emphasis
on specifying criteria for reliably identifying instances of
vocal imitation have led researchers to focus almost exclusively on situations in which similarities between a produced
sound and other environmental sounds seem unlikely to
have occurred by chance (e.g., when the sound is novel and
acoustically complex). However, the fact that human observers perceive an animal’s vocalizations as strikingly similar
to a salient environmental sound (e.g., electronic sounds,
speech, or melodies), either through subjective impressions
or quantitative acoustic analyses, is no more evidence that
vocal imitation has occurred than the fact that certain photos
of the surface of Mars look like a face is evidence that aliens
reconfigured the landscape into that shape. Videos showing examples of cats and dogs producing vocalizations that
are aurally comparable to the phrase, “I love you,” are now
commonplace, and yet few if any scientists would view
these as evidence that these pets are imitating human speech.
VOLUME 9, 2014
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This is because many different mechanisms can lead to the
production of atypical sounds. A novel vocalization might
be a seldom-used part of an individual’s repertoire, the
result of some combination of previously learned vocal acts,
or an aberration resulting from atypical genetics, diseases,
or neural deficits. If an elephant produces a sound that
resembles that of trucks (Poole, Tyack, Stoeger-Horwath, &
Watwood, 2005) or speech (Stoeger et al., 2012), it remains
possible that these sounds are ones that a small number of
elephants infrequently make, independently of whether they
have ever heard trucks or speech. Alternatively, vocalizations may have been modified through differential reinforcement to more closely resemble those of environmental sounds (which would represent a case of contextual
learning using the taxonomy shown in Figure 1). Consequently, the novelty criterion does not reliably differentiate vocal imitation, vocal learning, or contextual learning.
In contrast, human research benefits from experimenters’ ability to explicitly instruct human participants to intentionally imitate sound sequences (e.g., Mantell & Pfordresher, 2013). In these experiments, researchers assume
that participants are following instructions and earnestly
attempting to imitate sounds. This assumption implies that
both accurate and inaccurate reproductions of any sound
sequence (novel or familiar) are viewed as valid attempts
at vocal imitation. A second branch of human vocal imitation research exploits the tendency for human speech
patterns to align with (become more similar to) previously experienced speech stimuli (e.g., Goldinger, 1998).
In these studies, experimenters instruct their subjects to
perform a vocal task such as word naming without actually telling them to imitate sounds. Researchers assume that
when an individual produces speech with features similar
to those produced by a speaker s(he) has been recently
exposed to, then this performance is indicative of spontaneous vocal imitation. Human vocal imitation research thus
uses contextual factors as criteria for identifying imitative
acts rather than idiosyncratic features of vocalizations.
A second criterion that has occasionally been used to
exclude vocal performances from involving imitation is that
an action (vocal or otherwise) can only be considered imitative if the specific movements of a model are replicated
(e.g., Byrne, 2002). An oddity of this criterion is that if a
dolphin were to copy sounds produced by a sea lion, then
this would not count as imitation, because dolphins and sea
lions have different sound producing organs. However, if
a second dolphin copied the first dolphin’s “barking,” then
this would count as imitation, because the imitator shares
the same vocal organs as the model, and thus would likely
replicate the sound producing movements of the model
(see Wickler, 2013, for a more extensive critique of such
COMPARATIVE COGNITION & BEHAVIOR REVIEWS
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distinctions). The logical consequence of this exclusionary criterion is that cross-species vocal imitation is impossible, because “imitation” requires identical physiological production constraints. However, defining imitation
in this way does little to clarify what humans and other
animals are doing when they seem to be copying sounds
they have heard. Furthermore, it creates a false dichotomy
between vocal imitation and other more visible forms
of sound imitation (e.g., imitating a percussive rhythm).
Problems with equating learning and performance.
A basic assumption underlying the claim that imitation
of novel sounds provides the clearest evidence of vocal
production learning is that, because the organism is producing an “otherwise improbable” sound that it has not been
observed to produce before, it must have gained the ability to do so through its auditory experience (i.e., it must
have learned how to produce the sound by hearing it). It is
clear, however, that the individual imitating the sound had
the vocal control mechanisms necessary for producing the
novel sound prior to ever hearing that sound. Hearing the
novel sound merely set the occasion for the individual to
express an already present capacity. By analogy, a person
who has never seen a motorcycle before and sits on one
for the first time does not spontaneously acquire the motor
control needed to sit on a motorcycle simply by seeing
someone else sit on one. Instead, the person generalizes
existing sitting skills to a novel object. Similarly, an organism that copies features of a novel sound it has heard is
applying existing vocal production skills to a novel auditory object. For example, upon hearing a tugboat horn, a
child may successfully reproduce the long, low, shifting,
spectrotemporal pattern on her first try, at least in relative
pitch terms. There is no reason to think that experience
with an unfamiliar percept somehow endows an observer
with previously unavailable motor control abilities (Galef,
2013). Consequently, reproduction of novel sounds does
not provide clear evidence of vocal production learning,
and such performances actually might be better viewed as
evidence of contextual learning, because it is the context that
determines when the individual reproduces a novel sound.
It is important to note that psychologists’ use of the
term learning differs from how this term is used colloquially and by biologists in that psychologists view learning as
a long-lasting change in the mechanisms of behavior that
results from past experiences with particular stimuli and
responses (Domjan, 2000). In contrast, biologists’ definition of learning as “behavioral changes effected by experience” (Immelmann & Beer, 1989), makes no distinction
between short- and long-term changes, emphasizes changes
in actions rather than changes in mechanisms, and makes
no attempt to specify why an action changed. Psychologists
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do not consider changes in behavior as strong evidence of
learning, because many experiences such as fatigue, hunger,
pain, injury, motivation, and drunkenness can also produce
changes in behavior. Furthermore, numerous experiments
have shown that learning can occur without any overt
changes in an organism’s behavior. For these reasons,
experimental psychologists have drawn a distinction
between learning and performance—performance refers
to what organisms do. How an organism performs often
reflects past learning, but there is not a one-to-one mapping
between performance and learning. Because biologists do
not make a similar distinction, some phenomena they might
classify as vocal learning do not meet psychologists’ criteria for learning. In the following, we use the term learning in the psychological sense, but use the phrase “vocal
learning” in the sense preferred by biologists (see Table 1).
From a psychological perspective, production of novel
sounds provides no evidence that learning has occurred. In
fact, the learning that enables an individual to reproduce a
particular sound may occur long before the novel sound is
actually produced. This is not to say that vocal imitation of
familiar or novel sounds never plays a role in vocal learning. Certainly, copying of sounds can afford many opportunities for learning that would not otherwise be available,
especially in young children. Nevertheless, it is important
to recognize that not only does vocal learning occur in
the absence of vocal imitation (reviewed by Schusterman,
2008), but vocal imitation can also occur without involving
any new learning. These facts are clearly problematic for any
taxonomy that defines vocal imitation as a kind of learning.

Synthesis
The two approaches to explaining vocal imitation
described above—defining vocal imitation either as an
outcome of instrumental conditioning or as a kind of learning (the vocal learning framework)—parallel more general
frameworks for describing imitation. For instance, in evaluating strategies for defining imitation, Heyes (1996) identified three basic solutions: the essentialist solution, the
positivist solution, and the realist solution. The essentialist solution is a definition-by-exclusion strategy in which
researchers classify different imitation-like phenomena
using specific criteria in an attempt to identify what is truly
an imitative act. The vocal learning taxonomical framework
is an example of this strategy. Limitations of this approach
are that classifications are only as good as the demarcation
criteria that are developed, and that defining vocal imitation by exclusionary criteria does not clarify what vocal
imitation actually entails. The positivist solution involves
selecting an operational definition for what will be called
vocal imitation. The instrumental conditioning framework

qualifies as this type of strategy because it focuses less on
differentiating vocally imitative acts from other acts, and
more on identifying the conditions that lead to vocal reproductions. Finally, there is the realist solution, which focuses
on explaining behavior in terms of theories about mental
processes that yield testable hypotheses. Cognitive accounts
of vocal imitation by adult humans exemplify this approach.

II. Vocal Imitation Is a Cognitive Process
One reason that vocal imitation often has been described
as a learning mechanism is that comparative studies have
focused on its role in vocal development (Baer, Peterson,
& Sherman, 1967; Marler, 1970; McCowan & Reiss, 1997;
Mowrer, 1952; Nottebohm & Liu, 2010; Subiaul, Anderson,
Brandt, & Elkins, 2012; Tyack & Sayigh, 1997). In particular, there have been extensive comparisons between song
learning by birds and speech learning by humans (Bolhuis
et al., 2010; Doupe & Kuhl, 1999; Jarvis, 2004, 2013;
Lipkind et al., 2013; Marler, 1970)2. From this perspective, vocal imitation provides a way for naïve youngsters
to acquire the communicative abilities of mature adults. In
fact, some researchers have argued that copying of sounds
outside the natural repertoire may be a functionless evolutionary artifact (Garamszegi, Eens, Pavlova, Aviles, &
Moller, 2007; Lachlan & Slater, 1999). Although vocal
imitation abilities can be an important component of vocal
development, the most versatile vocal imitators are adult
humans (Amin, Marziliano, & German, 2012; Majewski & Staroniewicz, 2011; Revis, De Looze, & Giovanni,
2013). Furthermore, humans invariably achieve expertise
in vocal imitation abilities well after learning to produce
speech sounds. The most capable human vocal imitators
perform copying feats that few adults can replicate. One
could even argue that highly developed communication
skills are a prerequisite for the highest levels of proficiency
in vocal imitation, because professional imitators (e.g.,
impersonators, actors, singers) often receive detailed verbal
feedback from instructors and peers over several years.

Viewing Vocal Imitation as a
Component of Auditory Cognition
Cognitive psychologists’ conceptualization of vocal
imitation by adult humans differs dramatically from that
proposed by biologists and comparative psychologists for
vocal imitation by non-humans. In particular, the emphasis
in cognitive studies of vocal imitation is on how sounds and
2 Pepperberg (2005) noted, however, that in many cases it is unclear
whether birdsong learning actually involves vocal imitation (see also
Marler, 1997).
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vocal acts are perceived, how links between percepts and
actions contribute to performance, and how mental representations of events contribute to these processes. From this
perspective, studies of vocal imitation in adults can be viewed
as part of the field of auditory cognition, which focuses
on understanding how mental representations and cognitive processes enable the understanding and use of sound.
In some respects, the cognitive approach to describing vocal imitation represents a return to Morgan’s (1896)
portrayal of imitation. Recall that Morgan divided imitation into two types: instinctive and voluntary. As an example of instinctive vocal imitation, he described a scene in
which a chick comes across a dead bee and gives an alarm
call, which leads a second nearby chick to give a similar
alarm call. Today, the latter part of this scenario would be
described as a case of vocal contagion. Morgan contrasted
this kind of reflexive vocal matching with voluntary imitation, which he also refers to as conscious, intentional, or
intelligent imitation. He noted that voluntary imitation is
not independent of instinctive imitation, but rather builds
on it (see also Romanes, 1884). Notably, frameworks that
describe vocal imitation as either instrumental conditioning
or vocal learning make no distinction between reflexive and
voluntary imitation. This distinction is common in cognitive studies of human vocal imitation, however, and has
recently also been revisited in discussions of motor imitation. For example, Heyes (2011) distinguishes between
two “radically different” types of imitation: a complex,
intentional type that individuals can use to acquire novel
behaviors (voluntary imitation), and a simple, involuntary variety that involves duplicating familiar actions
(referred to as automatic imitation). Cognitive psychologists have also drawn a distinction between overt imitative
acts, which involve the observable, physical reproduction
of sound, and covert imitation, which involves the unobservable, mental, or subvocal reproduction of sounds or
actions (Pickering & Garrod, 2006; Wilson & Knoblich,
2005). These distinctions have important implications for
understanding what vocal imitation is, and for identifying
the cognitive processes that make vocal imitation possible.

Automatic Imitation Suggests
Vocal Imitation Frequently Goes Unnoticed
Automatic vocal imitation has been studied extensively
by speech researchers and has been observed at multiple
levels of processing, including syntactic, prosodic, and lexical alignment in conversation (Garrod & Pickering, 2009;
Gregory & Webster, 1996; Levelt & Kelter, 1982; Neumann
& Strack, 2000; Pickering & Branigan, 1999; Shockley, Richardson, & Dale, 2009). Automatic imitation is modulated by
social factors such as gender (Namy, Nygaard, & Sauerteig,
COMPARATIVE COGNITION & BEHAVIOR REVIEWS

2002), personal closeness (Pardo, Gibbons, Suppes, &
Krauss, 2012), attitude toward the interlocutor (AbregoCollier, Grove, & Sonderegger, 2011), conversational role
(Pardo, Jay, & Krauss, 2010), model attractiveness (Babel,
2012), and even sexual orientation (Yu et al., 2011). Talkers apparently imitate both visual and auditory components
of observed speech (Legerstee, 1990; R. Miller, Sanchez,
& Rosenblum, 2010). Automatic vocal imitation processes
may occur relatively continuously without any awareness by
the vocalizing individual (or others) that they are occurring.
One common way of generating automatic vocal imitation in the laboratory is to have talkers listen to and then
intentionally repeat just-heard speech (a task called shadowing). Listeners can voluntarily replicate speech with a
delay as short as 150 ms (Porter & Lubker, 1980). Shadowing could be viewed as a case of rapid vocal imitation, but
is more often described as word repetition. Rapid production of just-heard words supports the notion that perceived
sounds may be automatically converted into articulatory
commands (Skoyles, 1998). When a talker produces shadowed words in ways that are more similar to the just-heard
words than to his or her spontaneous speech, then this
is viewed as evidence that the talker has automatically
imitated features of the just-heard words (Fowler, Brown,
Sabadini, & Weihing, 2003; Honorof, Weihing, & Fowler,
2011; Kappes, Baumgaertner, Peschke, & Ziegler, 2009;
Mitterer & Ernestus, 2008; Nielsen, 2011; Shockley, Sabadini, & Fowler, 2004). Goldinger (1998) found that immediately shadowed words were more likely to be judged
by external evaluators as matching the just-heard sound
than versions produced after a four second delay. He also
found that when talkers shadowed uncommon words, their
reproductions were more likely to be judged as matching
the just-heard sound than when they shadowed common
words. Similar effects have been observed in tasks in which
talkers replicated unique word features that were encountered up to a week previously (Goldinger & Azuma, 2004;
Nielsen, 2011). These findings suggest that the effects of
automatic vocal imitation mechanisms on speech production may persist for long periods. Further evidence that
experienced sounds may involuntarily affect vocal production comes from the earworm phenomenon, wherein a
person involuntarily mentally or overtly rehearses a catchy
tune that was previously encountered (Beaman & Williams,
2010; Halpern & Bartlett, 2011; Williamson et al., 2012).
People voluntarily shadow words when they are
instructed to repeat them in laboratory studies, but there are
cases in which individuals involuntarily shadow recently
heard sounds in their environment, referred to as echolalia. Echolalia is commonly seen in people with autism and
is also associated with several other disorders (Fay, 1969;
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Schuler, 1979; van Santen, Sproat, & Hill, 2013). It can
involve either immediate or delayed reproduction of relatively complex sequences of speech sounds (Prizant &
Rydell, 1984) or non-vocal sounds (Fay & Coleman, 1977;
Filatova, Burdin, & Hoyt, 2010), and is often viewed as
a contributing factor to dysfunctional language learning
(Eigsti, de Marchena, Schuh, & Kelley, 2011). To date,
detailed acoustic comparisons between heard speech and
echolalic speech have not been performed, so the fidelity with which repeated sounds are copied is unclear.
Collectively, past studies of automatic vocal imitation demonstrate that humans sometimes reproduce
features of previously experienced sounds without intending to do so and without being aware that they are copying heard features. Because automatic vocal imitation is
often not apparent to the vocalizing individual and can
occur after a significant delay, it may be more prevalent than is currently recognized. How automatic imitation relates to voluntary vocal imitation is a key question
that researchers have grappled with for over a century.

Covert Imitation Suggests That Vocal
Imitation May Enhance Perceptual Processing
Virtually all past discussions of vocal imitation assume
that it is a process that primarily serves to enable an individual to produce certain sounds by reference to sounds
previously heard. A recent alternative perspective is that
imitative abilities may instead (or additionally) facilitate the prediction of future events (Grush, 2004; Hurley,
2008; Wilson & Knoblich, 2005). This perspective assumes
that individuals are better able to perceive the actions of
conspecifics if they can construct mental simulations of
ongoing acts (including vocal acts) that occur in parallel
with the perception of those acts. These mental simulations would be available to the individual perceiving the
acts, but would not be evident in the observer’s behavior.
Covert vocal imitation is described as an automatic
process in which a sound is represented, at least in part, in
terms of the motor acts necessary to re-create the sound.
The suggestion is that vocal imitative processing is not a
rare event (as suggested by frameworks that only consider
production of novel sounds to be evidence of imitation),
but is instead a routine component of auditory processing. Echolalia is often interpreted as evidence that auditory processing normally engages an imitative process that
would naturally lead to overt imitative acts if not for being
actively inhibited (Fay & Coleman, 1977; Grossi, Marcone,
Cinquegrana, & Gallucci, 2012). From this perspective,
what is rare is for an organism to produce overt actions that
reveal these representational processes—overt vocal imitation then becomes analogous to “thinking out loud.” Wilson

and Knoblich (2005) suggest that vocal imitation serves
not to enable the acquisition of new sounds, but rather as a
perceptual process that uses “implicit knowledge of one’s
own body mechanics as a mental model to track another
person’s actions in real time” (p. 463). The advantage of
such processing is that a listener can potentially fill in missing or ambiguous information and infer the trajectory of
likely actions in the near future. In section five, we consider
in more detail how such mental simulations may specifically contribute to audiospatial perception by cetaceans.

Voluntary Imitation Suggests That
Vocal Imitation Can Be Consciously Controlled
Piaget (1962) was one of the first psychologists to
collect empirical evidence that automatic vocal imitation
abilities in human infants may provide a foundation for the
later development of voluntary vocal imitation abilities.
He strongly argued that vocal imitation was not an evolutionarily specialized ability. In fact, Piaget starts his book
on imitation by stating that, “Imitation does not depend on
an instinctive or hereditary technique . . . . the child learns
to imitate” (1962, p. 5). Piaget proposed six successive
stages in the development of voluntary vocal imitation in
children: (1) vocal contagion, (2) interactive copying of
sounds, (3) systematic rehearsal of sounds in the repertoire,
(4) exploratory copying of novel sounds, (5) increased flexibility at imitating novel events, and (6) deferred imitation.
Studies of vocal development in parrots led Pepperberg
(2005) to suggest that parrots progress through similar
stages of imitative development. She described three levels
of vocal imitation proficiency, starting with the involuntary copying of sounds, followed by intentional production of copied sounds, which in some cases develops into
more sophisticated, creative sound production including
the recombination of familiar segments into new sounds.
Relatively few researchers have theorized about the
mechanisms or functions of vocal imitation in adult humans.
Donald (1991) described vocal mimesis by adults as differing from vocal imitation in that it involves the invention of
intentional representations as well as “the ability to produce
conscious, self-initiated, representational acts that are
intentional but not linguistic” (p. 168). He noted that vocal
reproduction can serve communicative purposes, but may
also function simply to represent an event to oneself. In his
framework, vocal mimesis allows for the self-cued recall of
previously perceived sounds, as well as the control of how
those sounds might be transformed during reproductions;
vocal acts that were initially involuntary (e.g., laughing) can
be explicitly recalled and used intentionally, for instance in
reenactments of past episodes or when acting out a scene.
Donald proposed that the cognitive basis of vocal mimesis
VOLUME 9, 2014
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Figure 2. Donald’s (1991) qualitative model of vocal mimesis in adult
humans. The mimetic controller integrates episodic representations with
outputs from self-representational systems to control how sounds are
produced and to compare external events with self-produced actions.

involves a combination of episodic memory abilities and
“an extended conscious map of the body and its patterns
of action, in an objective event space; and that event space
must be superordinate to the representation of both the self
and the external world” (p. 189). He describes the main
outputs of this system as consisting of self-representations
and episodic memories. Thus, his proposed mimetic system
(Figure 2) builds on and encompasses an episodic memory
system, which some describe as one of the most advanced
cognitive systems in adult humans (Tulving, 2002).
The idea that episodic memory representations play a
key role in vocal reproduction has also been discussed in
relation to speech shadowing tasks (Goldinger, 1998). Goldinger proposed that each word exposure generates a memory
trace that resonates with previously encoded traces of the
same word. When there are fewer past traces in memory (i.e.,
the word is uncommon), resonance with the current word
presentation is weak. As a result, the unique vocal characteristics of the just-heard word are more likely to be retained
in the mental representation that drives the shadowing
production plan. Unlike traditional descriptions of episodic
memory, which assume that such memories are consciously
accessed, Goldinger’s proposal implies that such memories
may also automatically shape vocal production. Essentially, the idea is that memories of recent auditory episodes
may continuously modulate how a listener vocalizes.
The capacity of adult humans to voluntarily copy sounds
is best viewed as a cognitive skill that requires refined perceptual-motor control and planning abilities. Cognitive skills
are abilities that an organism can improve through practice
COMPARATIVE COGNITION & BEHAVIOR REVIEWS
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or observational learning that involve judgments or processing beyond what is involved in performing perceptual-motor
responses (Anderson, 1982; Mercado, 2008; Rosenbaum,
Carlson, & Gilmore, 2001). Relevant cognitive processes
that may contribute to an adult’s vocal imitation skills
include conscious maintenance and recall of past auditory
or vocal episodes, selective attention to subcomponents of
experienced and produced sounds, identification of specific
goals of reproducing certain acoustic features, and awareness
of possible benefits that can be attained through successful
sound reproduction. From a cognitive perspective, an imitative vocal act is a memory-guided performance rather than
a learning mechanism, and an individual’s ability to flexibly
perform such acts will depend strongly on how that individual mentally represents both sounds and sound producing actions (Roitblat, 1982; Roitblat & von Fersen, 1992).
The most impressive vocal imitation abilities of adult
humans involve voluntary, highly experience-dependent
skills that are more reminiscent of soccer skills than of
learning mechanisms. Soccer players can all walk, run,
and judge the consequences of their motor acts, but these
abilities are insufficient to make someone a professional
soccer player. Similarly, the ability to make sounds, recognize similarities between sounds, and remember sounds are
all necessary for vocal imitation, but these abilities do not
make a person a professional impersonator. It would not
make sense to say that a toddler uses his soccer abilities
to learn how to walk, and it may similarly be questionable to say that a toddler uses his vocal imitation abilities
to learn how to talk. What the toddler does in both cases
is learn how to flexibly control his or her actions based
on past experiences. S(he) gradually learns to voluntarily run and kick in strategically advantageous ways
and also gradually learns to voluntarily produce sound
features based on memories of past percepts and actions.

Synthesis
Past attempts to understand the nature of vocal imitation reflect the ways in which this phenomenon has been
used as an explanatory construct. Psychologists have often
noted the important role that vocal imitation may play in
language learning, and consequently have emphasized how
the availability and guidance of adult speakers may contribute to learning when infants copy their examples. Biologists have also stressed how vocal imitation can facilitate
the vocal learning of communicative signals. Consequently,
it is perhaps only natural that researchers have traditionally described vocal imitation as a learning mechanism. In
contrast, it seems less likely that an adult human shadowing speech in a laboratory, or humming a tune while exiting a concert, is doing so to learn how to speak or to hum.
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Identifying when vocal imitation abilities are used provides
hints about what those abilities may be for, but those hints
may be misleading when only a subset of the relevant
contexts are considered or when those abilities are difficult
to observe. Without understanding the mechanisms that
underlie sound imitation, and without any ability to monitor
those mechanisms, it is simply not possible to definitively
identify instances in which vocal imitation is occurring.
What then is vocal imitation? Clearly, different fields
offer different ways of answering this question. Historically, animal learning researchers have described vocal
imitation as the generalization of a conditioned response
that is acquired through a supervised learning process. In
this framework, acquisition of vocal imitation abilities (and
consequent vocal communicative capacities) is subserved
by general mechanisms of associative learning, rather than
adaptively specialized vocal learning mechanisms. Animal
behavior researchers, in contrast, have treated vocal imitation as a highly specialized adaptation that serves primarily
to increase the flexibility with which animals can expand
or customize their vocal repertoire. In this context, vocal
imitation is the learning mechanism. Finally, cognitive
psychologists construe vocal imitation as a consequence
of multiple voluntary and involuntary representational
processes. From the cognitive perspective, vocal imitation may help an organism learn, but this capacity can also
be enlisted when no learning or vocalizing is occurring.
In the following, we use the term vocal imitation to
refer to the vocal reenactment of previously experienced
auditory events, essentially endorsing the framework developed by cognitive researchers studying vocal imitation in
adult humans. Moreover, we claim that vocal imitation is a
complex cognitive ability that involves coordinating action
and perception. As such, vocal imitation can both be learned
and in turn facilitate learning. The strength of this definition, and the cognitive approach more generally, is that it
encompasses voluntary and automatic imitation, including
covert imitation, and gives a clearer sense of the scope of
cognitive processes that may contribute to vocal imitation
abilities. A potential weakness of this definition is that it
does not provide specific criteria for distinguishing imitative
vocal acts from those that are non-imitative. As history has
repeatedly shown, however, identifying such demarcation
criteria is a formidable task, made all the more difficult by
an incomplete understanding of the mechanisms underlying
vocal imitation. Taxonomical distinctions may be useful for
classifying different vocal phenomena, but it is less clear
that they provide a viable framework for understanding
what vocal imitation is or how it works. Instead, we focus
on understanding how past experiences with various sounds
enable some organisms to reproduce them. Because cognitive

psychologists have studied vocal imitation most extensively
in primates (primarily humans), we first consider the factors
that determine when primates imitate sounds, as well as the
features of sounds that primates are most likely to reproduce.

III. Sound Imitation by
Human and Non-Human Primates
When considering the factors that constrain an individual’s ability to imitate sounds (or likelihood of doing
so), a key question is: what makes a sound more or less
imitatible? The answer to this question may vary across
species and even within and across individuals of the same
species. Wilson (2001b) defined imitatible stimuli as those
for which an individual’s body can engage in an activity
in which its configuration and movement can be mapped
onto the configuration and movement of the stimulus, even
if the mapping is not perfect and only applies to a limited
set of properties of the stimulus. Most humans can easily
imitate at least some speech sounds, but all other primates
cannot. This has generally been interpreted as evidence
that humans have unique capacities for imitating sounds.
It remains possible, however, that sounds exist that at least
some non-human primates might easily imitate, but that
humans would find difficult or impossible to imitate. In the
following, we suggest that a primate’s ability to imitate a
particular sound depends, at least in part, on how the individual represents the sound and sound producing actions.

Imitating Sounds Non-Vocally
If vocal imitation is defined as the vocal reenactment
of previously heard events, then sound imitation can be
viewed as a generalization of this ability that includes
both vocal and non-vocal reenactments. Past emphasis on
understanding how vocal imitation enables individuals to
learn to produce novel vocalizations has distracted attention away from instances in which organisms use non-vocal
motor acts to reproduce sounds. According to Wilson’s
(2001b) definition of imitatible stimuli, any soundproducing movements of an individual’s body that can be
mapped onto features of heard sounds can potentially make
that sound imitatible. Thus, it is important to consider all
available sound producing body movements when evaluating the imitatibility of a sound for a particular species.
There have been several anecdotal reports of animals
non-vocally reproducing environmental sounds such as
percussive knocking (e.g., Witchell, 1896). This phenomenon has only recently been studied scientifically, however.
Moore (1992) reported that a parrot (Psittacus erithacus) reproduced knocking sounds by drumming its head
on objects after repeatedly observing a person hitting on
VOLUME 9, 2014
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3 an unvoiced sound produced by placing the tongue between the lips
and blowing
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a door. He later described this behavior as an instance of
percussive mimicry, which he argued was a more sophisticated ability than vocal reproduction. Most reports of
sound imitation by non-human primates involve non-vocal
sound production (for rare exceptions, see Kojima, 2003;
Masataka, 2003). Marshall, Wrangham, and Arcadi (1999)
observed that chimpanzees (Pan troglodytes) exposed to
a male that produced a Bronx cheer3 as part of his panthoot call subsequently began using this sound in their own
calls. A captive orangutan (Pongo pygmaeus × Pongo
abelii) independently learned to whistle and was able to
match the duration and number of whistles produced by a
human model (Lameira et al., 2013; Wich et al., 2009; see
Figure 3a). Though performed with the mouth, whistling
is a non-vocal motor act requiring fine control of lip positions and airflow. Most recently, infant chimpanzees have
been shown to adopt particular non-vocal sound production
techniques (kisses, lip smacks, Bronx cheers, teeth clacking) as attention-getting signals based on the techniques
modeled by their mothers (Taglialatela, Reamer, Schapiro, & Hopkins, 2012). Chimpanzees also can be trained
to produce such non-vocal sounds, suggesting that their
ability to voluntarily generate novel sounds is more flexible than previously thought (Hopkins, Taglialatela, &
Leavens, 2007; Russell, Hopkins, & Taglialatela, 2012).
The non-vocal sound imitation abilities of humans
are often taken for granted in music education (Drake,
1993; Drake & Palmer, 2000; Palmer & Drake, 1997). For
instance, a teacher may ask students to clap the rhythm of
a song that they are learning to sing, or ask them to copy
a demonstrated percussive pattern on various instruments.
Conversely, most music students take ear-training classes
that involve having to produce visually presented musical
intervals vocally (called “sight-singing”), with the assumption that this ability will facilitate non-vocal reproduction
of music. A musician that reproduces the melodic sequence
produced by a singing bird or fellow musician when she
plucks strings, presses piano keys, or uses air to make a reed
vibrate, is also imitating the sounds non-vocally (Clarke,
1993; Clarke & Baker-Short, 1987). Many musicians learn
to play songs “by ear,” which involves transforming heard
sounds into the motor acts required to reproduce them
(McPherson & Gabrielsson, 2002; Woody & Lehmann,
2010). Musicians and non-musicians can readily imitate the
intonation patterns of sentences by moving a stylus on a tablet
(d’Alessandro, Rilliard, & Le Beux, 2011). It is not clear
anecdotally, either among human or non-human primates,
that there is anything special about non-vocal reproduction
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Figure 3. (a) Non-vocal sound imitation by an orangutan (adapted from
Wich et al., 2009; Figure 2). Gray lines show spectrographic contours
of whistles produced by a human, and black lines show the contours of
subsequent whistles produced by the orangutan in which the number,
timing, and duration of sounds are similar to features present in the target
sequence. (b) Spontaneous vocal production by an infant chimpanzee
(black lines show spectrographic contour and harmonics) with acoustic
features similar to those of a preceding environmental sound (gray lines),
indicative of vocal imitation (adapted from Kojima, 2003; Figure 9-2).

of sounds relative to vocal imitation. The individuals appear
to be reproducing sounds based on past experiences, regardless of whether the reenactment is produced through the
voice or through some other means. In fact, the perceptual
and cognitive demands appear to be comparable: the individual perceives a sound and then uses that sound as a guide
for controlling motor acts that generate a similar event.
It is possible, however, that vocal and non-vocal sound
imitation involve qualitatively different mechanisms. For
instance, Moore (2004) argues that the parrot’s capacity for copying sounds percussively requires adaptations
beyond those necessary for vocal imitation. In human
studies, some have suggested that processing of different
auditory events (e.g., melodies versus speech) may involve
separate underlying mechanisms (Peretz & Coltheart,
2003; Zatorre & Baum, 2012; Zatorre, Belin, & Penhune,
2002), whereas others argue that there may be significant
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overlap (Mantell & Pfordresher, 2013; Patel, 2003; C.
Price & Griffiths, 2005). Evidence supporting the view that
vocal and non-vocal sound imitation can involve separate
mechanisms was recently reported by Hutchins and Peretz
(2012). In their study, participants who were classified as
either accurate or poor-pitch singers matched pitch either
vocally or manually by using a slider. The slider was used
so that participants could continuously control pitch, as is
the case for vocal pitch control, thus somewhat equating
demands of pitch control across distinct effector systems.
They found that pitch-matching errors in poor-pitch singers were voice specific. In other words, poor-pitch singers
successfully matched pitch using the slider, but not using
their voice. These results suggest that an individual’s ability to reproduce a pitch depends on the specific movements
and associated feedback involved in matching the pitch.
For primates, sounds are imitatible when they are
encoded in such a way that the stored representation of that
sound enables the listener to voluntarily generate motor acts
that produce phenomenological features present within the
originally experienced sound. Note that by this criterion, any
sound that a human hears is potentially imitatible, because
the listener should be able to at least approximate the duration
of the heard sound through some sound producing action. It
is less clear which sounds would qualify as imitatible for
other primates. Based on the currently available evidence,
non-vocal sounds produced with the mouth seem to be relatively easy for chimpanzees and orangutans to reproduce,
whereas vocal sounds are relatively easy for humans to
imitate. Given that some sounds, such as those produced by
conspecifics, will be easier to reproduce than other sounds,
findings regarding which sounds (or features of sounds) are
most imitatible can provide important clues about the factors
that constrain imitation capacities within and across species.

voice, and are better at matching pitch for a female than
a male adult voice, given the greater similarity of female
voice formants and pitch to a child’s voice (Green, 1990).
Mantell and Pfordresher (2013) recently explored differences in the vocal imitation of pitch within two cognitive
domains: music (song) and language (speech). We summarize the results of this study here as a paradigmatic example
of how vocal imitation can be influenced by stimulus structure, and of how the fidelity of imitations can be quantitatively assessed. According to the modular model of audition
proposed by Peretz and Coltheart (2003), pitch processing occurs in domain-specific, information-encapsulated
modules (Fodor, 1983) separate from speech processing.
In a direct test of this framework, Mantell and Pfordresher
compared the accuracy with which people intentionally
imitated the pitch-time contents of spoken sentences and
sung melodies. They created speech and song stimuli that
matched in word content, pitch contour (the pattern of rising
and falling pitch), pitch range, and syllable/note timing.
The difference between the speech and song targets was
that each note of the sung targets conformed to diatonic,
musical tonal rules. Mantell and Pfordresher reasoned that
if the pitch processing system underlying vocal imitation
was truly modular, phonetic information should not influence imitative performance. Thus, the critical experimental
factor was the presence or absence of phonetic information
in the target sequences. They created wordless versions of
all of the speech and song stimuli by synthesizing the pitchtime contents of each of the worded sequences. The wordless
Figure 4. Pitch contours (shown as black dots) extracted from an adult
human’s vocalizations when the individual was instructed to imitate a
target vocal sequence compared with spectral and temporal features of
the target sequence (gray lines).

If sound imitation depends on adaptively specialized auditory-motor processing, then the sound features
that should be easiest for an organism to imitate should
be those present within functional vocalizations produced
by conspecifics. Recent studies of humans provide some
support for the hypothesis that vocal imitation is facilitated for natural vocalizations. For instance, matching of
pitch is more accurate with a human voice timbre than a
synthetic vocal timbre (Lévêque, Giovanni, & Schön,
2012; R. Moore, Estis, Gordon-Hickey, & Watts, 2008) or
with a complex tone (Hutchins & Peretz, 2012; Watts &
Hall, 2008). Adults also match pitch better when the vocal
range of the target is closer to their range, as when female
imitators match a female voice (H. E. Price, 2000). Similarly, children match pitch better when matching a child’s
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Figure 5. Poor-pitch imitators (left) produce vocalizations that do not match the target sounds in absolute or relative pitch, whereas typical adult humans
(right) match both spectral features.

versions sounded like hummed versions of the sentences and
songs, but they lacked all acoustic-phonetic identification
cues. Imitation accuracy was gauged by directly comparing the target sequence with a temporally aligned imitative
production (Figure 4) and by calculating two different quantitative measures of similarity (Figure 5). The first measure,
mean absolute error, assessed the accuracy with which each
imitative production matched the pitch content of the target.
The second measure, pitch correlation, scrutinized the accuracy with which each imitative production tracked the relative (rising and falling) pitch-time contour of the target.
The critical finding of this study was that the presence
of phonetic information in both the target and the imitative
production reliably improved pitch accuracy. Thus, subjects
imitated worded speech and song sequences more accurately
than they imitated wordless speech and song sequences,
despite the fact that the wordless versions were acoustically
simpler (e.g., they lacked complex acoustic-phonetic spectral
information). This finding is contrary to predictions afforded
by a modular framework of music and speech processing,
because if musical pitch processors are encapsulated to
speech, then pitch processing should occur independently
and unhindered (or not facilitated) by any parallel phonological processes. It also contradicts the proposal that imitation
of spectrotemporal contours is inherently more difficult than
COMPARATIVE COGNITION & BEHAVIOR REVIEWS

imitation of other acoustic features (Janik & Slater, 2000).
Mantell and Pfordresher further found that participants
varied in their accuracy at imitating absolute and relative
features of target sequences (see also Dalla Bella, Giguere,
& Peretz, 2007; Pfordresher & Brown, 2007). Specifically,
participants imitated the absolute pitch within songs better
than the absolute pitch in sentences, but imitated the relative pitch-time contours of speech and song equally well.
In Mantell and Pfordresher’s (2013) study, participants
imitated recordings of vocalizations and also synthesized
versions of these recordings, making it possible to examine
whether they adjusted the resonant properties of their vocal
tract in order to imitate the timbre of targets. The synthesized recordings featured a timbre that resembled a human
voice, but that differed considerably from the timbre of vocal
recordings. Analyses of the long-term average spectra during
imitations (Figure 6) suggested that participants adjusted
their own vocal resonances in order to imitate the timbre of
each target, even though this was not necessary according to
instructions, which simply focused on the imitation of pitch
content. As illustrated in Figure 4, participants also naturally matched the temporal structure of heard sequences,
which was also not specifically requested in the instructions.
Thus, when humans voluntarily imitate speech or song
sequences, they spontaneously imitate multiple acoustic
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Figure 6. Long-term average spectra showing that adult humans
spontaneously match the timbre of target sound sequences when targets
are either natural or synthetic.

features of the sequences. Interestingly, when an orangutan
imitated whistle sequences produced by a human (Wich et
al., 2009), it also spontaneously matched the duration and
temporal spacing of target sequences (Figure 3a), suggesting that this propensity is not limited to human imitators.

What Makes a Sound Imitatible?
As noted above, a basic question surrounding the imitatibility of sounds concerns whether, or to what degree, organisms have evolved dedicated systems that are specialized for
imitating certain sound features. The imitatibility of sounds
is not simply based on whether the acoustic properties of
individual sounds resemble those of natural vocalizations.
People are able to vocally reproduce melodies presented on
a piano as well as those that are sung, and infant chimpanzees sometimes imitate environmental sounds (Figure 3b,
Kojima, 2003). The complexity of a target sequence can
strongly limit its imitatibility. At a cognitive level, different kinds of target sequences represent different auditory

domains and may, according to some theories, be processed
by different cognitive modules. Take for instance the difference between a sung melody on the syllable “la” versus a
spoken sentence. Both are auditory sequences, but each is
complex in its own way. Because the former sequence is
heard as “musical,” it may be processed differently from the
latter sequence. Such putative separation across domains
may therefore influence imitatibility and, consequently,
many human studies focus on the structural complexity of
rhythmic, melodic, and phonic combinations rather than
on the relative difficulty of producing individual sounds.
An important ancillary consideration when evaluating the imitatibility of sounds is the flexibility of vocal
production by the imitator. Obviously, an individual who
can imitate a wide range of inputs must be able to engage
in flexible vocal motor control. Flexibility in pitch range
increases dramatically during childhood, and thus may play
a large role in the development of pitch matching abilities
in singing (Welch, 1979). Similarly, poor-pitch singers, who
exhibit a general deficit of vocal imitation, also exhibit an
apparent lack of flexibility in vocal imitation (Pfordresher &
Brown, 2007). Poor-pitch singers also show a larger advantage for matching pitch from recordings of their own voice,
in contrast to matching the vocal pitch of other singers, than
do more accurate singers (R. Moore et al., 2008; Pfordresher
& Mantell, 2014). Finally, when transferring from the imitation of one sequence to another, poor-pitch singers show
a greater tendency to perseverate the previously imitated
pitch pattern than do more accurate singers (Wisniewski,
Mantell, & Pfordresher, 2013). Interestingly, this apparent
lack of flexibility in poor-pitch singers does not appear to
be based on vocal motor control in that poor-pitch singers
exhibit similar pitch range and ability to control a sustained
pitch as accurate singers (Pfordresher & Brown, 2007;
Pfordresher & Mantell, 2009). Instead, their inflexibility
seems to result from dysfunctional vocal imitation abilities.
Even when considering only the performance of adult
humans, there is no fixed scale of most-to-least imitatible
sounds or sound features. Nevertheless, it may be possible to
generate a gross scale of different properties associated with
sounds being more or less imitatible. For instance, sound
features that are imperceptible or sounds (and sequences)
with complex, aperiodic, novel acoustic structures are
typically more difficult to imitate, whereas sounds that
are routinely self-generated tend to be the easiest to reproduce. Interestingly, this scale is the inverse of the criteria
that biologists have developed for identifying instances of
vocal imitation. Specifically, production of highly imitatible
sounds is generally considered to be the least compelling
behavioral evidence of vocal imitation, whereas production
of novel complex sounds (which are often less imitatible)
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is currently considered to be the most compelling evidence.
Consequently, the sounds that an individual is most likely
to be proficient at imitating are also the sounds that scientists are least likely to consider relevant to studies of vocal
imitation. In fact, in the taxonomy of vocal learning abilities proposed by Janik and Slater (2000), some sounds are
inherently impossible to imitate; by their definitional criteria, an individual cannot imitate any sound that is already
within the individual’s vocal repertoire. This constraint
arises from the fact that they view vocal imitation as a
learning mechanism. If vocal imitation is viewed as vocal
reenactment, however, then individuals can potentially
imitate any sound. This includes their own vocalizations, a
process referred to as self-imitation (Pfordresher & Mantell,
2014; Repp & Williams, 1987; Vallabha & Tuller, 2004).
Studies of intentional vocal imitation in humans are
beginning to shed new light on how sound imitatibility varies within and across individuals. They have yet to
reveal, however, why sound imitatibility varies. If a person
is particularly good at imitating a family member’s voice
that is similar to his or her own, is this because the person
possesses an adaptively specialized module that is tuned to
the specific features of sounds produced by relatives? Is it
because shared genetics have led to similar vocal organs?
Or, is it because the person aspires to be like that family
member and has practiced copying particular mannerisms of their role model’s vocal style over many years?
To a large extent, the imitatibility of a sound depends on
what resources the listener brings to bear for perceiving, encoding, and producing sounds. A clearer understanding of the physical and mental mechanisms relevant
to increasing the imitatibility of sounds can be gained
by examining those individuals who have reached the
highest levels of performance—professional imitators.

Expertise in Sound Imitation
If, as we claim, voluntary imitation of sounds is a cognitive skill, then it should be possible to improve imitation
abilities with training. However, if sound imitation is more
of an innate capacity, then individual variations in ability should be less dependent on experience. Earlier claims
that vocal imitation involves feedback-based error correction (Heyes, 1996; N. E. Miller & Dollard, 1941) predict
that the fidelity with which particular sounds are imitated
should increase incrementally as the number of comparisons between produced vocalizations and remembered
targets increases. However, studies of the vocal imitation of
pitch in singing have not shown any improvements across
repeated trials in which participants attempted either to
match the same pitch vocally (Hutchins & Peretz, 2012),
or to repeatedly imitate the same spoken or sung sequence
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(Wisniewski et al., 2013). Likewise, efforts to enhance pitch
imitation accuracy by having participants sing along with
the correct sequence (auditory augmented feedback) have
yielded mixed results and may even degrade the performance of poor-pitch singers (Hutchins, Zarate, Zatorre, &
Peretz, 2010; Pfordresher & Brown, 2007; Wang, Yan, &
Ng, 2012; Wise & Sloboda, 2008). It is clear anecdotally
that individuals can improve their vocal imitation abilities
through instruction and practice. However, simply relying on error correction based on auditory feedback may
not suffice. More successful methods of augmented feedback involve showing the singer a graphical display of
the imitated and target pitches as on-screen icons, with
changes to sung pitch influencing the spatial proximity of these displays (Hoppe, Sadakate, & Desain, 2006).
Anecdotally, evidence that learning experiences can
strongly determine sound imitation abilities comes from the
performances of professional musicians, who often train
and practice for decades to achieve the control necessary
to produce particular sound qualities (e.g., features such
as vibrato or breathiness). Often, musical training focuses
on teaching students how to produce higher quality sound
sequences. This generally means the student must learn to
reproduce the features of sounds commonly produced by
more proficient musicians. The fact that many professional
musicians spend several hours a day performing exercises
to maintain and enhance their musical skills attests to the
important contributions of practice to their ability to flexibly and accurately reproduce sounds in a prescribed way.
A second domain in which imitative skills appear to
be refined through practice is the learning or copying of
non-native languages. Much of the difficulty in learning a new language relates to learning to produce speech
sounds to match some pre-established standard. The ability to imitate foreign languages varies considerably across
individuals (Golestani & Zatorre, 2009; Reiterer et al.,
2011), and is predicted by levels of articulatory flexibility
and working memory capacity (Reiterer, Singh, & Winkler,
2012). Professional actors may learn to reproduce a wide
range of dialects or even foreign languages that they do
not speak when performing dialogue. What exactly are
second language learners or professional actors learning in
these situations? In part, they seem to be learning which
features of speech sounds and vocal gestures they need to
copy. Importantly, speakers do not need to learn the necessary adjustments for each word within a language, but can
immediately apply what they have learned to many novel
words and sentences. In some cases, subtle distinctions in
speech sounds may be extremely difficult for a non-native
speaker to imitate (Ingvalson, Holt, & McClelland, 2012;
Lim & Holt, 2011; Reiterer et al., 2011), again attesting
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to the important role that experience plays in an adult’s
ability to vocally imitate, even when the sounds being
imitated are the naturally occurring speech of other humans.
Learning language or musical skills might depend more
on developing expertise in particular perceptual-motor acts
or on gaining knowledge about symbols and rules than
on improving sound imitation abilities. Some entertainers
have more explicitly developed expertise in sound imitation, however, including professional impersonators, tribute artists, and vocalists described as beatboxers. These
performers all specialize in reproducing speech or musical sound sequences. For example, beatboxers interleave
imitations of both percussive and vocal elements of electronically or acoustically generated sound sequences, often
using novel modes of sound production to capture key
features of the musical sequences being imitated. Like other
musicians, these expert sound imitators gain their unique
skills through extensive directed practice and performance.
Recently, researchers have found that professional
speech impersonators match the general pitch of the fundamental, temporal variations in the fundamental, speaking
rate, prosody, formant structure, and the timbre of model
speakers (Amin et al., 2012; Eriksson, 2010; Eriksson &
Wretling, 1997; Majewski & Staroniewicz, 2011; Revis et
al., 2013; Zetterholm, 2006). Impersonators match the timing
of speech sounds at the sentence or prosodic level rather than
at the word level (Eriksson & Wretling, 1997; Liberman &
Mattingly, 1985; Revis et al., 2013), and vary considerably
in their ability to match particular features. Compared to
amateurs, professional impersonators are more aware of
differences between their vocalizations and those of a target,
and are better able to emphasize features that are likely to be
salient to listeners (Revis et al., 2013). Interestingly, expert
impersonators, like caricaturists, often exaggerate features
of copied sounds such that imitations judged to be most
accurate by listeners generally do not exactly match the
acoustic features of the model (Majewski & Staroniewicz,
2011; Zetterholm, 2006). In fact, when amateur impersonators imitated models, the acoustic properties of their imitations more closely matched the speech of models, but listeners nevertheless judged these attempts as worse copies of
the models than those produced by professionals (Majewski
& Staroniewicz, 2011). These acoustic experiments show
that expert vocal imitators copy and adjust sounds along
multiple acoustic dimensions in parallel, and can do so even
when producing novel speech sequences that incorporate
speech sounds/words that differ from those of the model.
Collectively, evidence from expert imitators suggests
that the enhanced sound imitation abilities of adult humans
reflect a protracted learning process that can extend over
decades. This raises questions about whether differences in

imitation abilities across species might reflect differences
in training histories rather than (or in addition to) differences in adaptive specializations. A related possibility is
that constraints on sound imitation in non-humans may
reflect differences in cognitive plasticity across species
(Mercado, 2008), such that even with comparable training histories and the same cognitive mechanisms available, some species may be better able to acquire the
cognitive skills necessary for flexible sound imitation.
Neither of these accounts requires that humans possess
any adaptively specialized “extra parts” to account for
cross-species differences in vocal imitation abilities.

Synthesis
Past assessments of the sound imitation abilities of nonhuman primates have been unequivocally dismissive. For
instance, Hauser (2009, p. 304) states that, “monkeys and
apes . . . show no evidence for vocal imitation. There is no
capacity (and it has been fifty years of intensive looking by
primatologists), absolutely no evidence for vocal imitation.”
Although there is evidence that adult non-human primates
may modify their vocalizations so that they are more similar
to those of other individuals within a group (reviewed by
Egnor & Hauser, 2004; Owren, Amoss, & Rendall, 2011),
referred to as vocal convergence or vocal matching, it is
unclear whether such convergence is the result of learning
or genetics. Although non-human primates do not vocally
imitate sounds to the same extent as humans, they do have
some capacity to represent a subset of sounds in ways that
enable them to non-vocally imitate those sounds. If flexible
sound imitation abilities are cognitive skills learned through
practice, as the evidence from adult humans suggests, then
a non-human primate might need significant pedagogical
guidance over many years before flexible sound imitating
abilities are evident (see also Pepperberg, 1986). It seems
clear, nevertheless, that non-human primates only rarely
overtly imitate sounds in naturalistic contexts. Consequently, studies of imitation in monkeys and apes may be
less informative than studies of other mammals that more
regularly imitate sounds. Few mammals other than humans
have shown the ability to voluntarily imitate sounds, which
has led some researchers to suggest that vocal imitation requires unique, human-specific neural and cognitive processing mechanisms. By examining the situations
faced by those rare mammalian species that are known
to naturally voluntarily imitate sounds, one can potentially gain insights into the representational demands that
might lead to the kinds of internal processes that would
provide an organism with flexible sound imitation abilities. Identifying similarities and differences between the
imitation abilities of humans and non-humans can thus
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provide important clues about the nature of the mechanisms that determine imitative proficiency and proclivity.

IV. Sound Imitation by Whales and Dolphins
The only mammalian order that includes multiple species with the apparent ability to flexibly imitate
sounds is cetaceans. In the following section, we review
the evidence for sound imitation abilities in cetaceans in
detail, considering not only the strengths and weaknesses
of this evidence, but also how it compares to findings from
human research. Cetaceans provide a particularly important test bed for examining the origins of imitative abilities as well as the mechanisms that underlie such abilities,
because although they have diverged in many ways from
terrestrial mammals, they seem to possess cognitive capacities that are similar in certain respects to those of humans
(Herman, 1980; Marino et al., 2007; Mercado & DeLong,
2010). For instance, bottlenose dolphins are the only
mammals other than humans that have demonstrated the
ability to voluntarily imitate both seen and heard actions
(Herman, 1980, 2002; Kuczaj & Yeater, 2006; Yeater &
Kuczaj, 2010). Humpback whales are the only non-human
mammals that continuously and collectively restructure
their vocal repertoire throughout their adult lives (Guinee,
Chu, & Dorsey, 1983). Given that researchers are severely
limited in their ability to observe and conduct experiments
with cetaceans, the prevalence of observations indicative
of cetacean sound imitation abilities is noteworthy. The
following subsections focus on the sound producing abilities of belugas (Delphinapterus leucas), orcas (Orcinus
orca), humpback whales (Megaptera novaeangliae), and
bottlenose dolphins, four cetacean species often described
as vocal imitators. Evidence suggestive of vocal learning
and imitative abilities has been reported for other cetacean
species (DeRuiter et al., 2013; May-Collado, 2010; Rendell
& Whitehead, 2003), and thus the four species emphasized here are best viewed as a sample of convenience.

Flexible Sound Production Mechanisms
May Enhance Imitative Capacities
Vocal flexibility is a key aspect of vocal imitation and
may be a prerequisite for vocal imitation abilities (Arriaga
& Jarvis, 2013; Deacon, 1997; Fitch, 2010; Mowrer, 1960).
Like most mammals, cetaceans can produce sounds using
both internal organs and other body parts, referred to as vocalizations/phonations and percussive sounds respectively.
Some researchers have questioned using the term vocalization to describe cetacean sounds because, unlike terrestrial
mammals, most cetaceans do not appear to use vocal folds
to produce sounds (Cranford et al., 2011; however, see
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Reidenberg & Laitman, 1988, 2007). For those cetaceans
that produce sounds nasally rather than vocally (which
includes belugas, orcas, and dolphins), it would be more
accurate to say that they possess nasal imitation abilities. As
noted above, the term sound imitation avoids such complications because it does not specify how sounds are reproduced.
Cetacean vocalizations have traditionally been classified first by suborder (i.e., baleen whales vs. toothed whales),
and then either by the acoustic features of the sounds
perceived by the investigator, or in terms of proposed functional classes. The vocalizations of toothed whales have
been classified into three aurally defined categories: clicks,
whistles, and burst-pulse sounds. Clicks are often associated with echolocation, whereas whistles and burst-pulse
sounds are often associated with communication (Herman
& Tavolga, 1980; Janik, 2009a). Baleen whale vocalizations have often been described as being very different from
toothed whale vocalizations and as much more difficult
to classify (Edds-Walton, 1997). Distinctions have been
drawn between calls and songs (Clark, 1990), and between
different kinds of calls (e.g., moans, cries, grunts, and pulse
trains). Edds-Walton (1997) categorized baleen whale
sounds into three functional/contextual categories: contact
calls, winter (breeding) vocalizations, and social sounds.
Popper and Edds-Walton (1997) suggested that the
vocalizations of both toothed and baleen whales could be
collectively classified into three discrete categories based
on their acoustic features: tonal or narrow-band whistles
or moans, pulsed sounds, and broadband clicks. However,
other analyses suggest that these three subjective categories
represent points along a continuum of pulsed vocalizations,
with clicks corresponding to low-rate pulse trains, pulsed
sounds to medium-rate pulse trains, and “whistles” to highrate pulse trains (Killebrew, Mercado, Herman, & Pack,
2001; Mercado, Schneider, Pack, & Herman, 2010; Murray,
Mercado, & Roitblat, 1998). In this context, the term whistle is a misnomer, because the mechanism of sound production is the same as that of clicks and pulsed sounds, namely
vibrating membranes. This interpretation has recently
been experimentally confirmed in bottlenose dolphins
(Madsen, Jensen, Carder, & Ridgway, 2012). Observational
evidence shows that cetaceans can continuously modulate
sounds along this pulse-rate continuum, much as professional human singers do when producing pitches across
a wide range (Mercado et al., 2010; Murray et al., 1998).
In other words, the vocal repertoire of cetaceans is graded
rather than discrete, and vocal control in cetaceans is generally comparable to that of human singers; click trains are
analogous to vocal fry, pulsed sounds share features of
sung vowels, and whistles are comparable to the sounds a
soprano might produce when singing in the whistle register.
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A key difference between how human singers typically
vocalize and the ways that cetaceans vocalize is that some
cetacean species can control two independently vibrating sources simultaneously (Cranford et al., 2011). In this
way, the vocal flexibility of sound production is greatly
increased for cetaceans relative to other mammals, and is
more comparable to the dual syringeal production mechanisms used by many singing birds. Much less attention
has been given to studies of percussive sounds made by
cetaceans (e.g., rhythmic tail slapping), so little is known
about how flexibly cetaceans might use these sound producing modes. In terms of vocal range, cetaceans as a group
are unmatched among mammals. A humpback whale can
produce sounds lower than any human male singer as well
as sounds higher than the highest pitches sung by professional sopranos (Mercado et al., 2010). Dolphins can also
produce a wide variety of tonal sounds as well as ultrasonic clicks (Au, 1993). The various species described
below differ in their specific vocal skills and repertoires,
but all show greater flexibility in sound production than
any mammal other than humans. Thus, unlike non-human
primates, there is no question about whether cetaceans have
the dexterity necessary to imitate many acoustic features.

Speech-Like Sound Production by Belugas
The repertoire of vocal sounds produced by belugas
has been evaluated both in captive animals (Vergara &
Barrett-Lennard, 2008) and wild populations (Chmelnitsky
& Ferguson, 2012), and is historically considered to be
one of the most varied of all cetaceans (Fish & Mowbray,
1962; Schevill & Lawrence, 1949). Like most toothed
whales, they produce a wide range of pulsed sounds, many
of which have been described as whistles or pulsed calls.
In contrast to many other toothed whales, the graded structure of beluga sounds has been consistently noted in past
studies (Chmelnitsky & Ferguson, 2012; Karlsen, Bisther,
Lydersen, Haug, & Kovacs, 2002; Sjare & Smith, 1986).
Belugas appear to be able to produce two independent
calls simultaneously (Chmelnitsky & Ferguson, 2012),
consistent with reports from other highly vocal toothed
whales. Like most cetaceans, belugas are thought to vocalize primarily to echolocate or to socially communicate.
However, assessments of the functionality of sounds (other
than click trains) have been limited mainly to observational studies in which different sound types were correlated with different social contexts (Panova, Belikov,
Agafonov, & Bel’kovich, 2012; Sjare & Smith, 1986).
The social structure within groups of belugas appears
to be fluid. They sometimes form large groups and there are
indications that their sound repertoire varies with context
and number of individuals present (Panova et al., 2012).
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There are no reports of belugas imitating sounds in the wild,
but such behavior would be virtually impossible to detect.
It is also unclear how easily sound imitation by belugas in
captivity would be to identify. Nevertheless, there are at
least two published reports of captive belugas producing
speech-like sounds without explicit training. The first was a
report of an adult male that was heard to produce his name:
Logosi (Eaton, 1979). This beluga was described as being
particularly interested in human visitors, spending much
of his time near viewing windows. He was also described
as producing sounds that resembled the “sound of human
voices heard underwater.” Some listeners described these
sounds as resembling Russian, Chinese, or garbled voices.
A more recent report (Ridgway, Carder, Jeffries, & Todd,
2012) describes recordings of a second beluga spontaneously producing sounds that were “as if two people were
conversing in the distance, just out of range for our understanding.” The temporal patterning of sound production
was also found to be comparable to speech. Trainers were
able to teach the beluga to “speak” on cue, so that the sound
production mechanisms used could be examined more
closely. When the beluga produced speech-like sounds,
atypical modes of sound production were observed in which
the beluga sequentially inflated two vocal sacs. More naturalistic evidence of sound imitation during development
was reported for a captive beluga calf that appeared to adopt
new modes of call production after being exposed to the
novel calls of an adult male that was introduced into his
environment (Vergara & Barrett-Lennard, 2008). Researchers have speculated that belugas may copy the sounds of
conspecifics to facilitate individual and group recognition
or possibly to maintain social bonds (Janik & Slater, 1997).
One interesting feature of speech-like sound production by belugas is that humans speak in air, but the beluga’s
auditory system is adapted for receiving sounds underwater. Consequently, it is difficult to know whether differences between speech-like sounds produced by belugas
and those produced by humans reflect limitations in their
ability to reproduce sounds, or correspond to the effects
of distortion caused either by impedance mismatches at
the air–water interface, or because the beluga heard the
speech with its head out of the water. In other words, a
beluga might be accurately replicating the sounds that
it experienced and still sound like it was producing
distorted or garbled speech. This ambiguity highlights the
fact that the similarity of two sounds is observer dependent; two sounds that are “different” to one observer (or
species) might be “the same” to another, or vice versa.
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Orca Sound Matching:
Imitation of Familiar Vocalizations?
Orcas, commonly referred to as killer whales, are the
largest species of dolphin. Their vocal repertoire is similar
in many respects to that of belugas, except that they produce
relatively more intermediate pulse-rate calls than the higher
pulse-rate “whistles” typical of belugas. Orcas also have
been recorded producing two types of sound simultaneously (referred to as biphonic calls) more consistently than
have belugas (Filatova et al., 2012; P. J. O. Miller, Shapiro,
Tyack, & Solow, 2004). Much of the interest in orca vocalizations comes not from any particularly unusual features
of their calls or their usage, but from the fact that stable
social groups of orcas use a shared repertoire of sounds that
is so consistent that recordings of particular sounds can be
used to identify particular families of orcas (Deecke, 1998;
Filatova et al., 2010; Ford, 1991; Weib, Symonds, Spong,
& Ladich, 2011). The predictability with which groups of
orcas use certain sets of sounds with recognizable acoustic features has led many researchers to conclude that orcas
within each group use a discrete library of 7–17 calls that
is adopted by convention (Ford, 1991; Kremers, Lemasson,
Almunia, & Wanker, 2012; Rendell & Whitehead, 2001;
Strager, 1995). Field observations indicate that orcas use
their sounds differentially depending on the social context
(Ford, 1989; Hoelzel & Osborne, 1986; Thomsen, Franck,
& Ford, 2002). Some of the call types appear to be shared
across social groups, and overlap in repertoires has been
used as an index of the relationships between distinct groups
(Riesch, Ford, & Thomsen, 2006; Yurk, Barrett-Lennard,
Ford, & Matkin, 2002). Longitudinal analyses of call variations within particular groups suggest that the features of
sounds within each group’s repertoire are being gradually
modified over time, and that modifications are constrained
in such a way that the differences in sounds used across
groups are not increasing over time (Deecke, 1998; Grebner
et al., 2011). It has been suggested that just as researchers can
identify families of orcas from their call repertoire, the orcas
themselves may use calls as signifiers of family membership. However, there is currently no evidence that orcas
use sounds in this way. Recent studies suggest that orcas
will match the calls of other orcas that they hear in vocal
exchanges (P. J. O. Miller et al., 2004; Weib et al., 2011).
As with belugas, observations suggesting that orcas
have the capacity to imitate sounds have mostly been
opportunistic. Orca calves in captivity may develop calls
with features similar to those produced by their companions
(Kremers et al., 2012); this has also been reported for adults
(Ford, 1991). Orcas may also copy features of man-made
sounds present in their environment (van Heel, Kamminga,
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& van der Toorn, 1982). There are some indications that
orcas in the wild may imitate the calls of other orcas (Ford,
1991), or sounds produced by other marine animals such
as sea lions (Foote et al., 2006). Interestingly, apparent
reproductions of sea lion barks by a wild orca matched not
only the features of individual sounds, but also the rhythmic production of repeated sounds typical of sea lions
(Foote et al., 2006). The orca that was observed producing sea lion–like sounds was separated from its family
group at a young age, which may have affected this individual’s auditory experiences during vocal development.
Call matching and call sharing are generally not viewed
as clear instances of vocal imitation (Egnor & Hauser,
2004; P. J. O. Miller et al., 2004; Tyack, 2008). Instead,
such repertoire sharing is usually described either in terms
of dialect usage (Deecke, Ford, & Spong, 2000) or vocal
contagion (Andrew, 1962). This interpretation leads to the
somewhat odd situation that if an orca replicates a call that
it just heard (call matching) this would not qualify as an
imitative act, but if it were to bark like a sea lion in response
to that same call, then this would qualify as sound imitation (albeit deferred), because orcas do not normally bark.
Although call matching could potentially be explained as
vocal contagion, or as a case of an orca selecting a known
call from its repertoire, it is important to keep in mind that
these possibilities do not compel the inference that an orca
matching another’s call is not imitating that sound. The orca
matching a call could be doing so by copying features of
the call it recently heard. The presumption that a call should
only be classified as imitative when all other alternative
possibilities have been excluded lacks parsimony. If there is
evidence that orcas can imitate sounds, and no evidence that
they reactively produce calls of a particular type whenever
they hear them (as is typical of vocal contagion), then the
“simplest” explanation is the one for which there is evidence.

Convergence in Humpback Whale Singing
Humpback whales produce sounds in ways that differ
substantially from how dolphins, belugas, and orcas produce
sounds, and that are more similar to vocal production by
terrestrial mammals (Cazau, Adam, Laitman, & Reidenberg, 2013; Mercado et al., 2010; Reidenberg & Laitman,
2007). The sounds produced by humpback whales are also
subjectively quite different from those used by belugas or
orcas. Humpbacks do not produce short duration ultrasonic
clicks, and their sounds are not commonly classified as being
either whistles or pulsed calls. Recent acoustic (Mercado et
al., 2010) and anatomical (Reidenberg & Laitman, 2007)
analyses suggest, however, that many of the qualitative
4 similar to vocal fry produced by human singers
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aural differences in the sounds used by humpback whales
reflect quantitative differences in the size and configuration of their vocal organs rather than mechanistic differences in how they produce sounds. Humpback whales do
produce click trains (Mercado et al., 2010; Stimpert, Wiley,
Au, Johnson, & Arsenault, 2007), but their clicks are much
longer in duration and lower in frequency than those used
by delphinids4. Many of the sounds produced by humpbacks are acoustically comparable to the pulsed calls used
by orcas, but shifted to lower pulse rates. Humpback whales
also produce higher-frequency tonal sounds, referred to as
“chirps” or “cries,” that are comparable to the “whistles”
produced by toothed whales, but with fundamental frequencies an octave or two lower. As in toothed whales and human
singers, the sounds of humpback whales fall along a graded
continuum that corresponds to modulations of the pulse rate
produced by vibrating membranes (Mercado et al., 2010).
Despite these similarities in the acoustic properties of the
sounds produced by humpback whales and toothed whales,
there are some key differences in the ways that humpbacks
use sounds. Most notably, the repertoire of sounds that a
particular humpback whale uses varies from one year to the
next (Mercado, Herman, & Pack, 2005; K. Payne & Payne,
1985). More famously, humpback whales rhythmically
produce sounds in stereotypical sequences for hours with
no break, a behavior that has traditionally been described as
singing (R. S. Payne & McVay, 1971). During singing bouts,
an individual whale may gradually or rapidly expand or
compress the spectrotemporal features of sounds, shift them
into different frequency bands, or vary the rate and elemental structure of sequences of sounds (K. Payne, Tyack, &
Payne, 1983). The repertoire of sounds produced within
songs changes annually such that in each year some distinctive sounds are often no longer evident and others that have
not previously been recorded may be prevalent (K. Payne
& Payne, 1985). Singing by humpback whales is one of the
most dramatic displays of vocal flexibility in any species.
There are no scientific reports of humpback whales
reproducing the sounds of other species or man-made sounds.
Nevertheless, humpback whale singing is often described
as providing the clearest and most impressive evidence of
vocal imitation among all cetaceans (Herman, 1980; Janik,
2009b). This is because singing humpback whales in a
particular region produce similarly structured songs, despite
annual changes in songs. It has been argued that humpback
whales must be copying the songs they hear being produced
by neighboring whales to maintain regional song similarity (Janik & Slater, 1997; Noad, Cato, Bryden, Jenner, &
Jenner, 2000; Rendell & Whitehead, 2001; Tyack, 2000).
Consistent with this idea, singers may change the features of
their songs after being exposed to novel songs. For example,

over a period of a year, whales along the Eastern coast of
Australia gradually adopted the songs of a separate population of whales from the west coast, essentially abandoning
their original song features in favor of those present within
the novel song (Noad et al., 2000). An obvious explanation
for such rapid turnover is that whales on the east coast of
Australia copied the songs of whales from the west coast.
A musician recently collected further evidence that
humpback whale singers alter their songs based on the sounds
they experience when he attempted an improvisational
duet with a singing humpback whale (Rothenberg, 2008).
Rothenberg used an underwater speaker and hydrophone to
create a two-way sound channel with a nearby singing whale.
By broadcasting clarinet sounds underwater in coordination
with the singing whale’s sound production, Rothenberg was
apparently able to induce the singer to modulate features of
its song in ways that matched aspects of the clarinet sounds.
A more conventional, non-interactive playback study also
found evidence that singers modify their songs based on
the features of other songs they hear in their environment
(Cholewiak, 2008). Although neither of these acoustic
interventions provides clear evidence of sound imitation
by humpback whales, they both suggest that singing humpback whales can flexibly adjust their sound production in
real time based on sounds they have recently experienced.
If singing humpback whales are copying song features
produced by other whales, then this is a rather sophisticated
case of deferred sound imitation. First, the songs produced
by humpbacks usually last 15 minutes or more, and typically contain 100+ individual sounds produced in five to
seven different sequential patterns. A singer would need to
encode, retain, and recall multiple properties of an experienced song in order to be able to incorporate these features
into an existing song5. Second, songs produced by an individual whale on any given day can vary considerably in
duration and content, and do not always include all of the
regionally prevalent patterns. In other words, individual
whales hear and produce multiple renditions of songs that
vary in numerous ways (e.g., the number and variety of
sounds, which patterns are included, the number of times
patterns are consecutively repeated, etc.). Third, singers in
many locales will often be exposed to songs from multiple
singers simultaneously. To encode songs received in such
complex auditory scenes, singers would need to selectively
attend to the songs of individual singers while simultaneously hearing other similar songs at different stages within
the sequence, possibly including their own song. Finally,
5 Singers typically modify songs by gradually inserting, deleting, or
modifying existing patterns within their current song, rather than replacing
their songs entirely.
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Multidimensional Sound Imitation
by Bottlenose Dolphins
The sound producing capacities of bottlenose dolphins
have been studied more extensively than those of all other
cetaceans combined. Much of this work has focused on
understanding how dolphins use ultrasonic signals to echolocate (Au, 1993), or on how they use whistles to communicate (Janik, 2000, 2009a; Tyack, 2000; Tyack & Clark,
2000). Like belugas and orcas, bottlenose dolphins produce
a variety of sounds and can produce multiple sound types
simultaneously. Unlike the fortuitous observations of belugas spontaneously producing speech-like sounds in captivity, and of orcas producing sea lion–like sounds in the wild,
the first indications that dolphins could imitate sounds from
outside their typical repertoire came from laboratory studies6. Lilly (1963) described hearing “queer noises” while
conducting brain stimulation experiments designed to
investigate basic mechanisms of motivation and reward
(Lilly, 1958). Recordings used to dictate notes during the
neuroscience experiment revealed that some of the sounds
being produced were similar to other sounds on the recordings, including laughter and vocal dictations. These early
reports that dolphins appeared to be imitating man-made
sounds were initially viewed as implausible (Lilly, 1963).
Lilly subsequently performed several behavioral experiments designed to explore whether dolphins could learn
to reproduce arbitrary sounds (Lilly, 1961, 1965, 1967,
1968; Lilly, Miller, & Truby, 1968). He discovered that: (1)
dolphins could repeat properties of acoustic sequences on
command (e.g., matching the number, rate, and rhythm of
sound bursts); (2) dolphins typically did not replicate the
sounds they copied, but instead reproduced only a subset of
features, for instance by speeding up frequency-modulation
rates and transposing frequencies into a more natural range;
(3) novel vocalizations learned by one dolphin sometimes
6 Lilly (1967) noted that Aristotle reported that dolphins made sounds
with “a voice like that of the human,” so this discovery might be more
accurately described as a rediscovery.
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are copied by companion dolphins; (4) an adult dolphin was
able to learn to copy features of arbitrary sound sequences
produced by humans in as little as 2 hours and immediately
transferred this ability to copying sounds from tape recordings; (5) dolphins were willing to reproduce sound sequences
without any food reinforcement; (6) given repeated presentations of a word or sequence, dolphins naturally modulated
Figure 7. Spontaneous vocalizations produced by a bottlenose dolphin
after broadcasts of computer-generated tonal sounds show that dolphins
initially imitate subcomponents of the experienced sound (top three
images) before producing a more complete copy (adapted from Reiss &
McCowan, 1993; Figure 3). Gray lines show spectrographic contours and
harmonics of the broadcast sound, and black lines show the contours and
harmonics of the dolphin’s sounds. Arrows point to components of the
target sound that are similar to the sound produced by the dolphin.
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a singing humpback whale would need mechanisms for
comparing its own current song with other songs to determine how the songs differ, the kinds of changes required
to make the singer’s song more similar to those it hears,
and whether such changes are warranted. Baleen whales
have generally been viewed as cognitively unsophisticated
compared to their toothed relatives. However, the perceptual,
memory, and attentional processes required to continuously
update song features across decades suggests that humpback whales, at least, possess auditory and sound generating capacities that may match or exceed those of delphinids.
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their production across repetitions, gradually improving
the match of a subset of features; (7) dolphins persevered
in reproducing sounds longer if there were natural variations in the targets than if the sound was reproduced exactly
(e.g., by repeatedly playing back a recording of a stimulus);
and (8) four of four dolphins were able to learn such tasks
with varying fidelity. Although many have questioned the
rigor and objectivity of Lilly’s sound imitation experiments,
particularly his reports that dolphins were imitating human
speech, several of his observations regarding sound imitation by dolphins have since been independently confirmed.
Anecdotal reports of dolphins spontaneously producing “unnatural” sounds similar to ones they were exposed
to in their surroundings provided additional evidence that
dolphins could modify their vocalizations to match environmental features (Caldwell & Caldwell, 1972; Tayler & Saayman, 1973). More formal studies of spontaneous imitation in
dolphins later confirmed that they reproduced components
of computer-generated whistles after as few as 2–20 exposures (Hooper, Reiss, Carter, & McCowan, 2006; Reiss &
McCowan, 1993), and that dolphins replicated not only individual sounds, but also rhythmic patterns of sounds (Crowell, Harley, Fellner, & Larsen-Plott, 2005). In the spontaneous imitation studies conducted by Reiss and colleagues,
some electronic whistles were associated with the introduction of toys into the tank and others were presented alone.
Dolphins reproduced the sounds in both cases, but were
more likely to do so (and with higher fidelity) when the
sound had been paired with a toy (Hooper et al., 2006). As
noted by Lilly (1963), the dolphins often transposed novel
sounds and compressed them in time when reproducing
them (Hooper et al., 2006; Reiss & McCowan, 1993). Additionally, the dolphins’ initial copies of electronic sounds
contained only subcomponents of those sounds, which were
later combined (Figure 7). In some cases, components of
separate sounds were recombined to create novel sounds
that the dolphins had never used or experienced previously
(Reiss & McCowan, 1993). Reiss and colleagues found that
dolphins reproduced sounds immediately after a sound was
broadcast and also at later times. Kremers, Jaramillo, Boye,
Lemasson, and Hausberger (2011) recently reported that
captive dolphins could be heard producing sounds at night
that were reminiscent of humpback whale sounds that were
broadcast as part of public shows during the day. In this case,
the sounds were transposed from the low frequency range
produced by humpback whales into a range more typical of
dolphin sound production. Dolphins appeared to match both
the harmonic structure of the humpback whale calls, as well
as their duration and direction of frequency modulation.
In one of the most controlled experimental studies of
sound imitation to date, Richards, Wolz, and Herman (1984)

/-

+
-
/-

+
-

/-

+

-

/-

+

-

.

Figure 8. (a–d) Sound reproductions produced in experimental tests of
a dolphin’s imitation abilities across trials show that sound production
is reliable across multiple repetitions and that the dolphin is more likely
to replicate some features than others (adapted from Richards et al.,
1984; Figure 4). Gray lines show spectrographic contours of four different
broadcast sounds, and black lines show the contours of the dolphin’s
sounds on multiple trials for each of the sounds.

found that dolphins were able to learn to imitate computergenerated sounds on command. As reported by Lilly (1967)
and Reiss and McCowan (1993), Richards and colleagues
found that dolphins spontaneously imitated sounds before
being trained to do so, rapidly learned to generalize the
sound imitation task to novel sounds, transposed reproductions into a preferred vocal range, and gradually improved
their copies of sounds across trials (Richards, 1986; Richards et al., 1984). Sigurdson (1993) also succeeded in training dolphins to reproduce specific frequency-modulated
sounds, but only after extensive training. He concluded
that the dolphins initially copied more general features of
sounds, and then afterward learned to control details of sound
structure through a process of vocal shaping. Richards and
colleagues found that once a dolphin settled on a particular
mode of imitating a sound, that imitations on subsequent
trials were quite stable (Figure 8). Such stable renditions of
specific targets can provide important information about the
acoustic features that the dolphin attended to, as well as the
precision with which dolphins can replicate these features.
For instance, Figure 8 shows that a dolphin matched closely
the duration of targets as well as the range of frequencies
produced. The dolphin also more closely matched the final
spectral properties of target sounds than earlier components. Although dolphins sometimes transpose sounds when
imitating them, Figure 8 shows that they can also precisely
VOLUME 9, 2014

24

match absolute pitch. Similarly, although they may expand
or compress spectrotemporal properties of a heard sound,
they can also closely approximate rates of frequency modulation within sounds. In fact, Richards and colleagues noted
that the dolphin even imitated transient distortions produced
by the underwater speaker at the onsets of certain sounds.
Research on dolphins is unique in that, although relatively few experiments have been conducted, dolphins have
consistently shown sound generating capacities that have
yet to be observed in any other non-human species. Various
songbirds are able to reproduce environmental sounds with
astonishing fidelity (Dalziell & Magrath, 2012), but none
have shown the ability to replicate electronic sounds on
command, transpose copied sounds into a more appropriate
range, or flexibly match the number, rhythm, and rate of
sounds across trials. Dolphins are also the only non-human
mammal that is known to spontaneously reenact observed
episodes integrating both actions and sounds. For instance,
in an early anecdotal report, dolphins were seen to imitate
a scuba diver cleaning algae from the window of their tank.
Not only did the dolphins use an object to scrub algae off the
window, but they also released bubbles in bouts while doing
so and made sounds described as being almost identical to
those of the diver’s air-demand valve (Tayler & Saayman,
1973). Such performances strongly suggest that dolphins
can flexibly reproduce sounds other than those in their natural repertoire and will occasionally do so in contexts where
sound imitation serves no obvious functional purpose.
Richards (1986) argued that the flexibility with which
dolphins could imitate novel sounds in controlled experiments indicated that they possessed a generalized concept
of imitation that extended to absolute frequency, relative
frequency, amplitude modulation, and inadvertent click
transients. Lilly (1963) had earlier noted similar generalization of a copying task across rhythm, rate, number,
Bronx cheers, and possibly speech. The range and specificity with which dolphins can imitate sounds has yet to be
determined. Given the wide range of sounds that dolphins
are known to be able to imitate, and the fact that they
can match the timing, number, and durations of sound
sequences, they are likely able to reproduce at least some
sequences of sounds (Crowell et al., 2005). Dolphins might
also automatically imitate idiosyncratic features of sounds
produced by conspecifics (as has been observed in studies of human speech), although this has yet to be reported.
Dolphins have been trained to produce a wide range of
sounds on command and to produce matching sounds
when they hear another dolphin produce them (Jaakkola,
Guarino, & Rodriguez, 2010). Such performances traditionally have been viewed as instances of contextual learning,
because the sounds the dolphins reproduce are not novel.
COMPARATIVE COGNITION & BEHAVIOR REVIEWS
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However, no quantitative measures have been made to
assess whether dolphins in these situations naturally adjust
their vocalizations to match those of recently heard sounds.
Herman (1980) described primates and cetaceans as
“cognitive cousins” because despite millions of years of
evolutionary divergence within radically different environments, both groups appear to have converged on similar
cognitive mechanisms for classifying, remembering, and
discovering relationships between events (reviewed by
Herman, 1980; Mercado & DeLong, 2010). In the case of
sound imitation, this convergence is particularly noteworthy
because humans and dolphins are the only mammals that
have shown the ability to voluntarily imitate novel sounds.
Above, we proposed that the ability of adult humans to imitate
sounds is an acquired cognitive skill. Non-human primates
do not appear to naturally acquire such skills (at least not
vocally), raising the question of why dolphins would acquire
a skill that other mammals typically do not. In section five,
we suggest that the answer to this question may relate to
cetaceans’ advanced perceptual use of sound underwater.

Synthesis
A century ago, researchers were optimistic that with the
right training, enculturated chimpanzees would eventually
be able to learn to reproduce speech sounds. At that time,
the idea that a dolphin might be better at imitating sounds
than a chimpanzee would have been considered absurd.
Experimental studies have since shown that dolphins’
capacities for imitating sounds exceed those of all nonhuman primates, and opportunistic observations suggest
that other cetaceans may share this capacity. The evidence
for sound imitation abilities in other cetaceans is anecdotal,
but remains stronger than for most mammals, including
non-human primates. The extent to which adult cetaceans
use their imitative abilities in their daily lives remains
unclear. There have been no studies of automatic imitation
in any cetacean. It is also not known how the fidelity with
which cetaceans can copy different acoustic features varies
either within or across species and individuals. The few
laboratory studies of sound imitation by cetaceans to date
have focused on showing that they can imitate sounds rather
than on revealing how they are able to do this. The extent
to which the sound imitation abilities of adult cetaceans
depend on practice is uncertain, but clearly dolphins can
learn to refine their ability to reproduce man-made sounds,
and field observations suggest that they may also regularly reproduce conspecific sounds in natural interactions.
The willingness of dolphins to interact with humans
in experimental contexts provides numerous opportunities for sound imitation studies that would be impossible
to conduct with humans. Individuals can be trained across
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multiple years to perform a wide range of tasks. In principle, one might control a dolphin’s exposure to many
complex acoustic events, including musical patterns and
sequences of speech sounds. Most importantly, such studies potentially allow for cross-species comparisons that
are not feasible with non-human primates. If the ability
to imitate sounds depends on evolutionarily specialized
processing, then one would expect that cetaceans’ abilities to imitate sounds should differ systematically from
those of humans in ways that directly reflect the many
differences in their ecological circumstances. If, however,
these abilities are highly dependent on training and practice, then it might be possible to endow individuals from
different species with similar imitative capacities by training them on tasks with similar demands. Given that the
functions of sound imitation in adult mammals are poorly
understood, it remains possible that cetaceans and humans
evolved similar capacities to learn imitative skills because
they faced similar perceptual or cognitive challenges. In the
following section, we consider this possibility more closely.

V. Proposed Origins and Functions
of Sound Imitation Abilities
When biologists and psychologists discuss vocal imitation as a learning mechanism, it invariably is in the context
of explaining how and why individuals acquire communicative skills during development. Consequently, when
it comes to explaining why some species have the ability to imitate sounds, many researchers focus on describing the benefits associated with effective communicative
systems, such as enhanced mating opportunities, greater
possibilities for complex social interactions, ability to
identify familiar individuals, and so on. Although such
explanations provide plausible reasons for why adaptations for sound imitation abilities might persist once they
appear in a species, they are less able to account for why
these abilities are so rare among terrestrial mammals.
The sophisticated sound imitation abilities of adult
humans suggest that these abilities may be advantageous for
reasons other than (or in addition to) learning to talk, such
as predicting and perceiving the actions of others (Wilson &
Knoblich, 2005). Below, we consider whether this might also
be true for cetaceans. We conclude that current evolutionary and functional explanations for the prevalence of sound
imitation abilities in cetaceans, which focus on the role of
vocal learning in social communication, are inadequate,
and propose an alternative explanation in which increasing
perceptual-motor and cognitive demands related to non-visually guided movement coordination led to advanced sound
localization abilities that are enhanced by sound imitation

capacities. First, however, we review past attempts to
explain why cetaceans evolved the ability to imitate sounds.

Do Mammals Imitate Sounds
to Enhance Social Communication?
The main hypotheses typically proposed for why different cetaceans imitate sounds are that this ability: (1) enables
group recognition and maintenance of group cohesion
(e.g., in orcas); (2) aids in the learning of a vocal badge
that can be used as a password for access to local resources
(e.g., in bottlenose dolphins); (3) provides a way for males
to increase the complexity of sound production, thereby
increasing their attractiveness to females (e.g., humpback
whales); (4) enables individuals to display their prowess
and better fend off competing males; and (5) helps individuals to recognize each other in noisy environments (Janik
& Slater, 1997; Tyack, 2000). Janik (1999) collapsed these
possibilities into two global hypotheses: the sexual selection hypothesis and the individual recognition hypothesis.
In both cases, the proposed driving force for the evolution
of vocal learning and imitation abilities in cetaceans is a
need to facilitate communication of either fitness or identity.
Janik (2009a) further suggested that sound imitation abilities in cetaceans subserve complex communication mechanisms that are necessitated by complex social systems.
The idea that bottlenose dolphins evolved the ability to
imitate sounds to enable them to develop individual-specific
whistles (referred to as signature whistles) that serve as a
vocal badge or naming signal (Fripp et al., 2005; Janik,
2000; Janik & Sayigh, 2013; Janik, Sayigh, & Wells, 2006;
King, Sayigh, Wells, Fellner, & Janik, 2013; Quick & Janik,
2012), arose from early observations that captive dolphins
in isolation often repeatedly produced a stereotyped whistle
with distinctive features that were specific to the vocalizing
individual (Caldwell & Caldwell, 1965; see Harley, 2008,
for a review). It was later noted that in some situations,
dolphins would produce a whistle that was highly similar to the signature whistle of a tank-mate; these whistles
have been described as being signature whistle imitations
(Agafonov & Panova, 2012; Tyack, 1986). Researchers have
hypothesized that a dolphin might imitate a signature whistle to communicate with or about specific individuals (Janik,
1999; King et al., 2013; Richards et al., 1984; Tyack, 1991).
It has also been suggested that sound imitation serves
an important role during dolphin vocal development,
enabling young bottlenose dolphins to acquire signature
whistles that reflect their lineage (Sayigh, Tyack, Wells, &
Scott, 1990; Sayigh, Tyack, Wells, Scott, & Irvine, 1995;
Sayigh et al., 1999), or social affiliations (Fripp et al., 2005;
Watwood, Tyack, & Wells, 2004). The role of vocalizing
“tutors” in the vocal development of bottlenose dolphins is
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generally thought to be similar to what is seen in human
children and songbirds (Reiss & McCowan, 1993). Observations of dolphins born in captivity support the idea
that vocal development is shaped by the sounds dolphins
experience in their surroundings (Caldwell & Caldwell,
1979; McCowan & Reiss, 1995; Miksis, Tyack, & Buck,
2002; Reiss & McCowan, 1993; Tyack & Sayigh, 1997).
However, such observations provide little evidence that
experience-dependent repertoire acquisition serves primarily to distinctively signify a vocalizing dolphin’s identity,
or that sound imitation plays any role in such a process.
Whereas sound imitation abilities in toothed whales
have been postulated to be important for the learning and
development of acoustic identifiers, the apparent sound
imitation abilities of humpback whales have been described
as serving a role in sexual advertisement (Janik, 2009b;
R. S. Payne & McVay, 1971; Smith, Goldizen, Dunlop, &
Noad, 2008). For instance, Tyack and Sayigh (1997, p. 229)
suggest that, in humpback whales, “vocal learning appears to
function to produce more complex displays through sexual
selection.” Janik (1999) suggested that the ancestors of
humpback whales may have initially evolved sound imitation abilities for individual recognition functions, but that
over time this ability came to serve a reproductive function.

Limitations of Current Evolutionary
and Functional Hypotheses
A prevalent assumption regarding vocal learning and
imitation in cetaceans is that because different species have
divergent social systems, the origins and functions of sound
imitation must be similarly diverse (Janik & Slater, 1997;
Tyack & Sayigh, 1997). For instance, Tyack (2000, p. 307)
speculated that, “it is possible that vocal learning7 evolved
de novo in these different taxa as independent solutions to
different problems posed by their different social organizations.” While it is certainly possible that different cetacean
species developed sound imitation abilities independently
in response to their particular social and reproductive pressures, it is also possible that the origins and functions of
sound imitation in cetaceans are not as disparate as they
might at first appear. For instance, Deacon (1997) hypothesized that cetacean sound imitation abilities are an exaptation of adaptations for skeletal motor control of airflow.
In this scenario, new demands on motor control related to
voluntary breathing gave rise to increased vocal flexibility,
as well as a dissociation between mechanisms involved in
producing reactive/emotive vocalizations and other more
voluntarily produced sounds (see also Mithen, 2009).
7 Here, the term vocal learning is meant to include vocal imitation.
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Deacon’s hypothesis makes no assumptions about the functions of either sound imitation or the sounds being imitated,
and can potentially account for the emergence of vocal imitation abilities in all cetacean species as well as in humans. A
limitation of his hypothesis is that it does not explain any
benefits cetaceans might gain from imitating sounds. In fact,
Deacon suggests that some mammals famous for imitating
speech may have been showing signs of neural dysfunction.
Past proposals that vocal imitation is an evolutionary outcome of either sexual selection or adaptations for
enhanced individual recognition suffer from several limitations. First, these hypotheses attempt to account for the
emergence of vocal learning and imitation abilities in cetaceans in terms of hypothetical functions of the sounds cetaceans produce. However, the specific functions of most
cetacean sounds have yet to be established experimentally.
The hypothesis that humpback whale songs function as
reproductive displays to attract females and repel males is
based on circumstantial evidence (Frazer & Mercado, 2000;
Mercado & Frazer, 2001), and does not account for many
known behaviors of singing whales (Darling, Jones, &
Nicklin, 2012; Darling, Meagan, & Nicklin, 2006; Stimpert,
Peavey, Friedlaender, & Nowacek, 2012). Although there
is substantial evidence that bottlenose dolphins produce
whistles that humans can use to identify them (Harley,
2008; Janik & Sayigh, 2013), there is no evidence that
this is a primary function of whistles or that dolphins have
difficulty identifying other dolphins that are not producing signature whistles (McCowan & Reiss, 2001). Second,
neither the sexual selection nor the individual recognition
hypothesis leads to predictions other than those related
to the speculated functions of a small subset of cetacean
sounds. Consequently, these evolutionary hypotheses are
little more than a restatement of pre-existing functional
hypotheses. Third, the sexual selection and individual
recognition hypotheses require one either to assume that all
cetaceans have a common ancestor that developed sound
imitation abilities for sexual or identification purposes,
after which the functions of these abilities later diverged
dramatically across different species depending on their
social systems (Janik, 1999), or that each species of cetacean independently evolved sound imitation abilities to
meet their particular social needs (Tyack, 2000). Why either
of these scenarios might have occurred in cetaceans, but not
other mammals, is unclear given that many mammals (e.g.,
primates and canids) often engage in complex social interactions in situations where visual information is limited.

Imitating Sounds

A New Hypothesis:
Imitatible Sounds Are More Localizable
Most current hypotheses regarding the origins and
functions of sound imitation in cetaceans were originally
developed as explanations for the evolution of song learning by birds (Thorpe, 1969; Thorpe & North, 1965). Here,
we consider whether sound imitation abilities may provide
adult cetaceans with other previously unsuspected benefits.
Specifically, we assess the possibility that the capacity to
imitate sounds might enable cetaceans to localize sound
sources more accurately. In this scenario, sound imitation
abilities may have appeared early in the evolution of cetaceans and then been preserved throughout the differentiation
of species because the advantages of such capacities persisted
despite differences in social organization and behavior.
As with the communication-focused hypotheses
described above, the idea that vocal learning or imitation
might enhance spatial perception was originally proposed to
account for the evolution of song learning in birds (Morton,
1982, 1986, 1996, 2012). This hypothesis, referred to as
the “ranging hypothesis,” states that a listening bird will
be better able to estimate its distance from a singing bird
if the listener can compare received songs with an internal
representation of the song as it would appear at the source.
Ranging is a perceptual process in which an individual uses
a received sound (or sounds) to estimate the distance to
the source of that sound. Sound transmission can degrade
the acoustic features of a song. By comparing an undistorted representation of the song with the received song,
the listener may identify how transmission has changed
song features. Changes in songs caused by propagation
are thought to be the primary cues that enable birds and
mammals to estimate auditory distance (Naguib & Wiley,
2001). The ranging hypothesis thus suggests that the accuracy with which a listener can judge auditory distance is
constrained by its ability to compare received songs with
internal representations of “pristine” songs. The ability to
imitate a received song, either overtly or covertly, gives the
listener direct access to features of the song as they would
appear at the source. Thus, the ability to imitate sounds could
improve a bird’s ability to estimate auditory distance, which
could give the bird a selective advantage in spatial interactions with competitors. Morton (1996) also suggested that
male songbirds might selectively sing songs with acoustic features that make ranging difficult so that other males
have problems locating them during territorial disputes.
Playback studies in songbirds have tested the ranging hypothesis by comparing territorial birds’ responses to
familiar and unfamiliar songs broadcast within and outside
of a listener’s territory (Falls & Brooks, 1975; Morton,
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Howlett, Kopysh, & Chiver, 2006; Shy & Morton, 1986).
Listening birds responded more aggressively to familiar
songs produced inside their territory than to those outside
of their territory (Shy & Morton, 1986). Listening birds
also expended more energy searching when unfamiliar
songs were produced outside of their territory, suggesting
that they may have been less certain of the singer’s location.
Finally, birds approached a playback speaker more closely
when the song was familiar (Morton et al., 2006), indicating
that they were better able to localize the speaker when it was
broadcasting familiar songs. Although one cannot assume
that all familiar songs are more imitatible than unfamiliar
songs, if a song is familiar because it is within the listening bird’s repertoire, then it is likely to be highly imitatible.
Cetaceans are not generally territorial, but they often
encounter situations in which precise spatial hearing is
important, as evidenced by their use of echolocation.
Echolocation differs from ranging in that an echolocating
animal controls the sounds it uses to localize environmental
features, whereas a ranging animal uses sounds produced
by other animals to localize them. Possible links between
the evolution of echolocation and the emergence of sound
imitation abilities have been previously noted (Tyack &
Clark, 2000), but have received little scientific attention.
Applied to cetaceans, the ranging hypothesis suggests that
sound imitation capacities may have developed in cetaceans
for the same reason as echolocation—to enhance auditory spatial perception in a visually limited environment.
Determining the distance to a sound source might seem
like a rather trivial ability, one that an organism could easily
achieve through mechanisms less complex than sound
imitation. Intuitively, one might suspect that simply looking at the source would usually solve the problem. When
a source is not visible, as may often be the case for cetaceans, then variations in amplitude might appear to suffice
(e.g., the quieter the sound, the farther the source). Amplitude cues are only grossly correlated with source distance,
however, and for sounds propagating in the ocean such cues
would provide little if any information about the trajectory of a vocalizing conspecific. The ambiguity of amplitude cues arises, in part, because individuals may vary how
loudly they produce sounds and because sounds repeatedly reflect from the ocean surface and bottom, creating
complex patterns of constructive and destructive interference. As a result, amplitude can fluctuate dramatically for
reasons unrelated to variations in distance (e.g., Mercado
& Frazer, 1999). It might also seem that if a species can
echolocate, then additional mechanisms for locating other
individuals would be redundant. Undoubtedly, cetaceans do
sometimes use echolocation to range other animals. This is
a much less efficient means of coordinating the movements
VOLUME 9, 2014
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of multiple individuals than passive localization, however,
because it requires that every individual continuously echolocate in multiple directions to keep track of all the other
individuals in a group. Furthermore, such active sound
production would reveal the locations of all members
of the group to prey or competitors, which is likely to be
disadvantageous in many situations. Humpback whales,
belugas, orcas, and bottlenose dolphins are all known to
engage in sophisticated foraging strategies in which multiple animals must coordinate their underwater movements
in three-dimensions to corral prey (Connor, 2000; Wiley
et al., 2011), and they often synchronize their movements
within groups (Fellner, Bauer, & Harley, 2006; Perelberg &
Schuster, 2008). Coordinating invisible movements in the
ocean can be a highly challenging task. A listening whale or
dolphin may need to track multiple sources simultaneously
and to move or produce sounds contingently based on the
sounds it hears. If sound imitation abilities enhance a cetacean’s capacity to monitor and predict the movements of
conspecifics, then sound imitation may be more prevalent
in cetaceans than in terrestrial mammals because reduced
availability of visual cues for coordinating actions underwater increased reliance on alternative perceptual strategies.

Do Mammals Imitate Sounds to
Enhance Their Perception of Actions?
A specific prediction of the ranging hypothesis is that a
listener will be better able to localize the source of a sound if
the listener can reproduce that sound. Unfortunately, it is not
known whether cetaceans’ auditory distance estimates vary
with sound type. In fact, there are no measures of the accuracy with which cetaceans can judge the auditory distance
of any sound source other than targets that they have echolocated (Au, 1993). To test whether imitatible sounds are easier
for cetaceans to localize, one would need to broadcast various sounds at known distances, and then assess how accurately individuals can estimate the distance of the source8.
Given the logistical difficulties associated with conducting
such experiments with cetaceans, an alternative approach
is to first investigate whether other species (e.g., humans)
show improved spatial processing of imitatible sounds.
Predictions of the ranging hypothesis have never been
explicitly tested in mammals, but there have been numerous
studies of auditory distance estimation in humans. Human
sound localization abilities are quite good relative to other
mammals (Blauert, 1997). Nevertheless, the accuracy with
which humans can estimate the distance to a sound source
8 One complication of this approach is that it is difficult to establish how
well a listener can imitate a sound unless the listener is known to make
that sound or actually imitates the broadcast sound.
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varies considerably (Zahorik, Brungart, & Bronkhorst,
2005). Familiarity with sound features can dramatically
improve an individual’s ability to range the source of that
sound (Coleman, 1962; Little, Mershon, & Cox, 1992).
Humans are also known to be better at ranging speech than
artificial sounds (Gardner, 1969), and to be better at ranging
forward speech than speech played backward (McGregor,
Horn, & Todd, 1985; Wisniewski, Mercado, Gramann, &
Makeig, 2012). Because backward speech contains all of
the acoustic information present in forward speech, any
environmental degradation of sound features associated
with propagation will be the same for both forward and
backward speech. Consequently, any differences in an individual’s ability to estimate the distance of these sounds
lies within the listener, not within the received signals.
A recent study of auditory distance estimation by
humans hearing familiar and foreign speech sounds found
that the advantage for forward speech still holds for an unfamiliar foreign language (Wisniewski et al., 2012). Thus,
familiarity per se does not seem to be the key factor that
makes speech more localizable. According to the ranging hypothesis, the greater accuracy at ranging forward
speech comes from the fact that speech is a highly imitatible acoustic event, and thus is encoded in ways that make
replication of the heard sounds possible (Skoyles, 1998).
Backward speech, in contrast, contains acoustic trajectories that would be difficult or impossible to reproduce
with vocal acts (Cowan, Braine, & Leavitt, 1985), and
so cannot be reconstructed with the same fidelity. The
ranging hypothesis thus provides a possible explanation for differences in the accuracy with which humans
can judge auditory distance for particular sound types.
The ranging hypothesis is similar in many respects
to Wilson’s (2001b) and Wilson and Knoblich’s (2005)
hypotheses that imitation may enhance an individual’s
ability to perceive and predict the actions of conspecifics. Wilson (2001b) suggested that mental representations
formed during covert imitation facilitate the flow of information processing between perception and action, especially
when the stimuli and actions are familiar. More specifically,
Wilson and Knoblich proposed that visual perception of
other persons’ behaviors activates covert imitative motor
representations that feed back into the perceptual processing of observed actions, leading to expectations and predictions of ongoing action trajectories. Consistent with this
proposal, people are better able to recognize actions via
point-light displays if the actions are ones that they themselves can perform (Blake & Shiffrar, 2007; Casile & Giese,
2006). Auditory processing of conspecifics’ vocal acts
might similarly activate covert imitative motor representations that facilitate the mental representation of non-visible
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movements of a sound’s source through space. Although the
ranging hypothesis, as proposed by Morton (2012), does
not specifically address the possibility that such acoustically triggered representations might facilitate a listener’s
ability to track or predict a singer’s future actions, it is
likely that more accurate ranging of vocalizing conspecifics would facilitate monitoring of their movements.
Past laboratory studies of sound imitation by dolphins
suggest that they gradually improve the fidelity of their
copies through repeated practice (Lilly et al., 1968; Reiss &
McCowan, 1993; Richards et al., 1984; Sigurdson, 1993),
and that this gradual improvement reflects incremental
refinement of vocal control. Perceptual-motor skill learning related to vocal production thus likely plays a role in
the development of capacities for imitating specific sounds.
The ranging hypothesis predicts that as an individual’s
facility at producing a particular sound improves, his or
her ability to represent and imitate that sound should also
gradually improve, which could indirectly lead to improvements in spatial localization abilities. Thus, vocal learning
may play an important role in the functionality of sound
imitation for cetaceans, but in the opposite direction from
what is typically assumed. Most researchers assume that the
purpose of vocal imitation is to enable individuals to rapidly
learn new ways of producing sounds from others (e.g.,
Whiten & Ham, 1992). The ranging hypothesis suggests
instead that individuals may learn new sound production skills to enhance existing perceptual capacities (for
a review of how motor skills can enhance perception, see
Wilson & Knoblich, 2005). Specifically, rather than imitating novel sounds to increase or specialize their vocal repertoire, cetaceans may practice producing different sounds
to increase their vocal flexibility, thereby increasing the
variety of sounds that they can imitate, which in turn might
increase their ability to localize sources of similar sounds.

Synthesis
Current explanations for why cetaceans evolved the
ability to imitate sounds focus heavily on the role of imitation in vocal repertoire formation and modification. Such
explanations meld well with proposed functions of vocal
imitation in speech and language learning by young children. When cetaceans’ abilities are viewed through the lens
of vocal imitation research in adult humans, however, an
alternative possibility emerges. Namely, that the benefits
of sound imitation abilities for adult cetaceans may relate
more to enhancing the perception and dynamic coordination
of movements than to cementing social bonds, selecting a
moniker, or attracting a mate. Of course, enhanced perceptual and coordination abilities may facilitate a wide array
of functions, including mating, communicating, and other

social functions. Nevertheless, sexual selection
for fitness revealing traits
and adaptive specializations for species-specific
social needs are likely to
involve different adaptations and mechanisms
from those associated
with natural selection for
basic perceptual abilities. The hypothesis that
vocal imitation in cetaceans is a perceptual
adaptation predicts that
the most proficient imitators will be adults rather
Figure 9. Template model of vocal
learning and imitation originally
than immature individudeveloped to explain how birds
als, and that through
learn songs and subsequently used
extensive practice, cetaas a model of vocal imitation.
ceans may be able to
increase not only their
sound imitation skills, but also their capacity to localize sound sources, and their ability to represent and
predict dynamic events. In the following section, we
consider more closely the role that learning plays in
the refinement of sound imitation abilities and explore
whether a unified framework can potentially describe and
explain these abilities in both cetaceans and primates.

VI. Proposed Mechanisms for Imitating Sounds
A successful model of vocal imitation, and of sound
imitation more generally, must be able to account for known
flexibilities in imitative abilities and for documented sensitivities to stimulus complexity. Ideally, the model should
also be able to account for the role of sound imitation in
perception and production across mammalian species.
Having discussed empirical findings from both primates
and cetaceans, we now review some of the leading theoretical models of vocal imitation and consider how well
they account for the available data. In so doing, we revisit
general themes discussed at the beginning of the paper, but
with respect to specific mechanisms proposed by different
theories. By our reading, the literature to date supports the
notion that vocal imitation abilities emerge in mammals as a
learned skill that is suited to the particular constraints faced
by the species in question, and that involves the construction of multimodal representations of acoustic events.
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Vocal Imitation as Template Matching
Researchers studying animals other than humans have
often described the processes underlying vocal imitation as
simple, unimodal, and transparent to the vocalizing individual. For instance, Whiten and Ham (1992) suggested
that to reproduce a sound, a bird only needed to adjust its
output until the produced sound matched what the bird had
originally heard. They contrasted this process with visually
based motor imitation, which they described as requiring
additional levels of representation and greater computational capacities. This auditory-feedback based explanation
of the processes involved in vocal imitation is derived from
a model that was originally developed to account for song
learning by birds—the auditory template model (Konishi, 1965; Marler, 1976b). In the template model, birds
start out with an internal auditory representation of what
a song should sound like (acquired either genetically or
through memorization, Marler, 1997), and then gradually
learn to produce sounds that match this auditory template
through a process of sensorimotor learning (Margoliash,
2002; Marler, 1976b, 1997). Computational instantiations
of the template model show that such error-correction
mechanisms are sufficient to generate sound patterns that
match a prescribed target (Troyer & Doupe, 2000a, 2000b).
When vocal imitation is construed as an instance of vocal
learning, this model provides a relatively simple account
of the necessary underlying mechanisms (Figure 9).
The auditory template model rests on several assumptions that make it problematic as a simple account of vocal
imitation abilities, however, including: (1) heard sounds are
selectively filtered such that particular sequences produced
by conspecifics trigger unique auditory memory mechanisms; (2) experiences of these favored sequences are internally stored via something like the auditory equivalent of
eidetic memory after a single or very few exposures; (3)
once formed, these memories last indefinitely and are
immediately reactivated whenever an individual vocalizes;
(4) any mismatch between the permanent auditory template
and a produced sound will lead to changes in sound production to minimize those differences; and (5) the fundamental process enabling vocal imitation is auditory feedback
(see Petrinovich, 1988, for a more detailed critique of these
assumptions in relation to theories of bird song learning).
Vocal imitation studies in adult humans suggest that
neither detailed long-term auditory memories nor auditory
feedback are necessary to reproduce sounds. A human can
readily imitate a novel melody even if masking noise is
presented over headphones such that it is very difficult for
the person to hear their own vocalizations (Pfordresher &
Brown, 2007), although intonation may deteriorate slightly
COMPARATIVE COGNITION & BEHAVIOR REVIEWS

(Mürbe, Friedmann, Hofmann, & Sundberg, 2002; Ward &
Burns, 1978). According to the template model, the mismatch
between what is produced (voiced pitches) and what is
heard (noise) should lead to large changes in sound production; however, no such changes have been reported. In fact,
much larger changes in vocal production are observed when
auditory feedback exactly matches the produced sound,
but shifted slightly in time (Pfordresher & Mantell, 2012;
Smotherman, 2007). More generally, comparisons between
produced sounds and previously heard sounds are not necessary for an adult human to reproduce novel sounds. In particular, when a person imitates a novel sound for the first time,
feedback cannot guide the vocal act because the motor acts
that constitute the imitative act are selected and executed
prior to any feedback being available. Thus, organisms
that can accurately imitate novel sounds upon first presentation are controlling their sound producing actions such
that they will generate perceived similarities, rather than
using those similarities to discover what actions to perform.
Theories of vocal imitation that assume auditory feedback
renders vocal imitation fundamentally different from other
forms of imitation have conflated the act of vocal reproduction with an individual’s post-hoc assessment of similarities between produced sounds and remembered sounds.
The availability of auditory feedback can be an important component of vocal learning, but it is neither necessary nor sufficient for flexible vocal imitation, and in some
cases may even degrade an individual’s imitation abilities.
Despite the limitations of the auditory template model as
a model of vocal imitation, it can potentially provide insights
into how and why mammals change the way they imitate
sounds over time. For instance, past studies of spontaneous and instructed vocal imitation by bottlenose dolphins
consistently show that dolphins gradually refine their
reproductions of experienced sounds (Lilly, 1967; Reiss &
McCowan, 1993; Richards et al., 1984; Sigurdson, 1993),
with later renditions showing more similarities to targets
than earlier versions. The template model provides a reasonable account of such gradual adjustments in performance.

Vocal Imitation as the Operation
of Adaptively Specialized Modules
Marler (1997), recognizing that the auditory template
model was insufficient to account for vocal imitation by birds
(especially when the sounds being imitated were from other
species), proposed two distinct modes of vocal learning:
one involving the template-based system that is specialized
for learning songs produced by conspecifics, and a second
system, described as “general auditory mechanisms,” that
enabled birds to imitate other sounds by bypassing or overriding the template-based system. Marler’s proposal that
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separate auditory mechanisms might be used for imitating different kinds of sounds converges with a second
way of conceptualizing vocal imitation—as operations
performed by one or more specialized cognitive modules.
A modular architecture of cognition, as originally
proposed by Fodor (1983), assumes that certain cognitive
functions are driven by specialized processors that operate independently from each other. Fodor and others who
have grappled with the notion of modularity have proposed
many features of cognitive modules, but the two features
that dominate the literature include informational encapsulation (a module’s functioning is not influenced by
processing of information in other modules) and domain
specificity (a module is selective with respect to the type
of input it will process). Modular approaches that are relevant to vocal imitation have proposed distinct modules
for imitation, thus leading to the possibility that stimulusspecific modules may mediate certain kinds of imitation.
One modular approach to imitation in general, and
not just vocal imitation, was proposed by Subiaul and
colleagues (Subiaul, 2010; Subiaul et al., 2012). In his
“multiple imitation mechanisms” approach, imitative
modules are divided into vocal imitation, motor imitation (imitation of visually presented information through
manual gestures), and cognitive imitation (copying an
inferred pattern of thought). Superordinate to this division,
he further divides imitation into separate processes for the
imitation of novel versus familiar stimuli. This approach
shares with the perspective we have advocated the idea
that vocal imitation is genuinely a form of imitation, albeit
one that may be guided by distinct mechanisms from other
forms of imitation. However, in proposing that vocal imitation abilities depend on six specialized cognitive modules,
Subiaul’s model diverges from the present account in two
important respects. First, the conceptualization of vocal
imitation as being the dedicated function of two adaptively
specialized systems runs against the present argument that
imitative skills are learned. Second, because the domain
specificity in Subiaul’s model is limited to auditory inputs,
the model does not explain differences in imitation across
domains such as music and language, which we turn to next.
A highly influential modular architecture of auditory
processing was proposed by Peretz and Coltheart (2003).
Although this model was not intended to be a model of
imitation per se, its scope is broad enough to make systematic predictions about imitation within each domain.
According to the Peretz and Coltheart model, individuals are endowed with processing modules specialized for
9 However, an advantage was not found for the imitation of relative pitch
content.

analyzing particular features of sounds that are then used
as a basis for guiding vocal actions. These features are
processed differently for inputs that represent linguistic
versus musical domains. One might use a module specialized for extracting pitch when imitating melodies, another
focused on phonology when imitating speech, and possibly a third when vocally reproducing percussive rhythms.
This framework suggests that different processing mechanisms are required to form particular kinds of auditory
templates and that which template formation process is
used depends on categorical features of auditory inputs.
This approach is consistent with some of the vocal imitation data from adult humans, in particular the general
advantage for imitating absolute pitch content within the
domain of music as opposed to speech9 (Mantell & Pfordresher, 2013). The assumption that these auditory modules
are informationally encapsulated is, however, inconsistent with the observed effects of phonetic information on
the imitatibility of both musical and spoken sentences.
A variant of this multiple module approach was recently
proposed by Patel (2003), in which musical and linguistic
representations are separately constructed by independent,
specialized processing systems, but then manipulated or used
by a third shared system that constrains how both types of
representations are used. For example, an individual’s ability
to parse syntactical structures or to recognize chord progressions might both depend on integrating multiple elements
within a sound sequence. A shared system for sequence
integration might thus lead to correlations in an individual’s
fidelity at imitating different sound sequences, even if the
auditory templates formed by different categories of sounds
are independent of one another. In this view, there are
specialized mechanisms for representing different categories of sound sequences (and forming associated templates),
as well as general cognitive mechanisms that may constrain
an individual’s ability to reproduce all kinds of sequences.

Vocal Imitation as Auditory-Motor Recoding
All of the above models focus on comparisons of auditory representations of sounds as being the key mechanism of vocal imitation, while minimizing the role of
other contributing mechanisms, such as characteristics of
the vocal motor system. These models beg the question
of why so few mammals show vocal imitation abilities,
given that many mammals (including all primates) have
sophisticated auditory systems. As noted earlier, some
researchers have suggested that a more crucial mechanism underlying vocal imitation relates to neural control of
skeletal muscles involved in vocalizing (Arriaga & Jarvis,
2013; Deacon, 1997; Fitch, 2010). Humans have greater
control of tongue and laryngeal movements than most
VOLUME 9, 2014
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other primates and may possess specialized neural regions
for directly controlling these movements. Other species
known to imitate sounds, such as some songbirds, also have
more fine control over vocal membranes than is typical
for mammals. The basic idea proposed by Deacon, Fitch,
and Jarvis is that these specialized motor control circuits
provide humans and a few other mammals with uniquely
flexible vocal control processes, and that it is this heightened vocal dexterity that makes vocal imitation possible.
The role of the motor system in vocal imitation, and
more broadly in perception, has been assessed in studies of
human speech production and imitation. Speech researchers have posited additional mechanisms that may shed some
light on processes that facilitate the imitation of sounds.
Foremost among these is the proposal that received speech
sounds are encoded not only via auditory representations,
but also in terms of the motor gestures required to generate particular speech sounds (Corballis, 2010; Galantucci,
Fowler, & Turvey, 2006; Liberman & Mattingly, 1985;
Lindbolm, 1996; Vallabha & Tuller, 2004; Yuen, Davis,
Brysbaert, & Rastle, 2010), and possibly in terms of the
somatosensory signals that occur during the production of
speech (Guenther, 1995; Studdert-Kennedy, 2000). Wilson
(2001b) similarly suggested that imitatible stimuli are
not represented solely in terms of their unimodal perceptual properties, but also in terms of articulatory gestures.
Such mechanisms provide a ready explanation for how an
individual might reproduce novel sounds without auditory
feedback on a first attempt. Specifically, if the representation that guides one’s vocal acts during vocal imitation is
the motor representation required to produce a heard sound,
then mismatching auditory feedback (or the lack of repeated
instances of mismatching feedback) would have relatively
little impact on vocal performance. Numerous theories have
been proposed for how one might transform acoustic inputs
into “matching” vocal gestures (reviewed by Galantucci
et al., 2006), as this is often suggested as a fundamental
mechanism of theories of speech imitation. When applied to
vocal imitation, this perspective can be viewed as a multimodal representational model in which the key mechanisms
correspond to cross-modal transformations rather than
error correction based on unimodal auditory comparisons.
A related model of rapid speech imitation (shadowing)
developed by Fowler and colleagues similarly suggests that
speech sounds may be encoded in terms of motor representations (Galantucci et al., 2006; Honorof et al., 2011; Shockley et al., 2004). Specifically, they suggest that speech may
be encoded in terms of the actual motor commands used to
control vocal acts rather than (or in addition to) representations of gestures and associated kinesthetic stimuli. Such
abstract control parameters might relate to constraints on
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trajectories of movement patterns (e.g., the order of speech
primitives) rather than the specific motor gestures required to
implement those patterns. The mechanisms emphasized by
this model relate to controlling a nonlinear dynamical system
rather than to creating analog representations of perceived
events (Shockley et al., 2004). This approach provides a
plausible account of why humans automatically imitate
certain features of speech and may also be able to explain
vocal convergence within social groups of non-humans.
A problem this sort of model confronts in accounting
for the present data has to do with the flexibility of imitation as well as the etiology of imitative deficits. On the one
hand, in proposing a specific auditory-vocal equivalence,
such motorically constrained models seem ill equipped
to account for the fact that imitation of sounds can be
performed non-vocally, and that non-vocal sounds can be
imitated vocally, often with high accuracy. On the other
hand, in proposing a simple perceptual/motor equivalence,
which is associated with fluency in speech, such models
have difficulty accounting for the fact that imitative deficits
can occur in individuals who are apparently able to fluently
control phonation and articulation. Moreover, suggestions
of perceptual/motor equivalence assume that the transformation from sensory to motor representations is effectively
a non-issue. This stands in contrast to the apparent basis
of poor-pitch singing, which appears to reflect a deficit of
sensorimotor translation (Pfordresher & Brown, 2007).

Vocal Imitation as Multimodal Mapping
Another approach to modeling vocal imitation is also
based on sensorimotor interactions, but adopts a broader,
more flexible framework than the theories discussed above.
This approach suggests that sensorimotor translation effects
can span multiple perceptual and motor modalities. Such
ideas stem from music cognition researchers who have
suggested that the capacity of musicians to imitate sounds
depends on coordinated auditory, kinesthetic, visual, and
spatiomotor processes (described by Baily, 1985, as “auromotor coordination”), which are developed through experience and which enable some individuals to immediately
reproduce musical patterns either vocally or instrumentally.
At the core of such musical reproduction abilities lies hypothetical mechanisms of auditory imagery, which enable one
to plan and control the production of complex, extended
sound sequences (Baily, 1985; Pfordresher & Halpern,
2013). Auditory imaging can be viewed as analogous to
visualization processes, enabling a musician not only to
reproduce songs, but also to creatively modify those songs
(e.g., transforming them into the styles of various musical
genres, transposing them into different keys, etc.). Expert
musical reproduction is also thought to require sophisticated
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conceptual processes acquired through extensive training,
allowing heard (or imagined) sound sequences to be reproduced in the form of symbolic visual notations (Gordon,
2007). The supplemental mechanisms required for such
flexible reproduction of sounds are not well specified,
but clearly involve more than simple unimodal comparisons. In particular, they seem to require some means of
voluntarily controlling vocal imitation. Consideration of
the possible mechanisms that give rise to voluntary acts
is beyond the scope of the current review. Recent work
points to perception-action links and cognitive control
as critical components (Jeannerod, 2006; Nattkemper,
Ziessler, & Frensch, 2010; Zhang, Hughes, & Rowe, 2012).
Current computational models of speech acquisition
provide quantitative hypotheses regarding the roles multimodal learning and representations play in vocal control
and production (Kroger, Kannampuzha, & NeuschaeferRube, 2009; Tourville & Guenther, 2011; Westermann &
Reck Miranda, 2004). These models can also provide a
useful framework for thinking about how learning contributes to vocal imitation and about the form of the representations that make sound imitation possible. For instance,
the DIVA model is an adaptive neural network model
that can be used to simulate the acquisition of speech by
humans (Guenther, 1994, 1995, 2006; Tourville & Guenther, 2011). The key components of this model closely
match several mechanisms hypothesized to underlie
vocal learning and imitation (Figure 10). In this model,
vocal acts generate auditory and tactile feedback that is
Figure 10. Guenther’s computational model of speech acquisition
(adapted from Tourville and Guenther, 2011; Figure 1). In this model,
multimodal maps acquired through experience make it possible for an
individual to rapidly learn to reproduce novel sounds.
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compared with auditory and somatosensory templates.
The outcomes of these comparisons in turn modulate how
sounds are produced. The model is adaptive in terms of
how heard phonemes become mapped to somatosensory
patterns, how somatosensory patterns are mapped to articulatory control, and how sounds are mapped to phonemes.
The DIVA model initially learns to generate pre-specified phonemes based on the results of essentially random
babbling followed by specific practice (i.e., no vocal imitation is involved). This learning process can be viewed as
a multimodal instantiation of the template model of vocal
learning. In the model, babbling corresponds to induced
random motions of speech articulators. Acquisition of
phoneme production involves finding appropriate parameters to establish desired mappings. Initially, the model
learns to map sensed mouth movements to particular articulator movements. Babbled movements produce tactile
feedback. This stage basically leads to specific coordinated
groupings of articulator movements that generate target
tactile patterns. The mapping that the model learns transforms current states into desired states. Mappings from
auditory representations to tactile representations are similarly learned so that certain sounds become associated with
certain tactile configurations. Essentially, the model learns
the different effector positions that are associated with
different sounds. Importantly, multiple effector positions
can lead to similar sound outputs and the model learns to
approximate these many-to-one mappings. The targets for
production are thus not a single auditory template for each
sound, but a multidimensional space of possible effector
configurations (learned from prior production experiences)
that lead to that sound. The DIVA model assumes that the
speaker (typically construed as a developing child) has a
good representation of the sounds that need to be produced
prior to vocal learning. However, it is well known that
perception of speech sounds is experience dependent and
that perceptual learning and speech production learning
often occur in parallel. It is likely that perceptual learning
gradually refines the target(s) with accumulated experience.
The assumption that perception of speech stabilizes before
productive learning begins is thus an oversimplification.
Within the DIVA framework, vocal imitation can
be described as a process whereby new auditory-tactile
targets can be incorporated into a pre-existing vocal control
system. The factors that constrain how well the model
can imitate a novel target sound include: (1) how the
novel sound is represented; (2) the current set of learned
tactile configurations; and (3) how closely components of
the target sound map onto existing production templates.
Ultimately, vocal imitation requires the model to generalize from past learning. However, whenever a new target
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is added to the repertoire of the model, this will initiate a new wave of adaptive changes to connections in
the model that over time can change the model’s ability
to accurately reproduce both familiar and novel sounds.
A trained DIVA model can rapidly learn to produce new
speech sounds based on audio samples provided to it (Tourville & Guenther, 2011. This is possible because the learned
maps represent both subcomponents of sounds and combinations of sounds (corresponding to phonemes, syllables,
and words). Consequently, novel sounds are essentially
indexing combinations of speech motor programs as well as
expected somatosensory targets. Feedback is critical in this
model for adjusting movements to reduce errors. Feedback
is not what makes vocal imitation possible, however. It is
instead the incrementally learned mappings based on past
auditory, somatosensory, and vocal experiences. Note that
in this model there are no specialized “imitation” modules
or processors that transform sounds into vocal acts. Rather,
it is the adaptive connections between different modalities,
as well as the resolution of representations within each of
these modality-specific processors that enable the model
to imitate sounds. The DIVA model incorporates several
features of earlier unimodal models, including error-correction learning mechanisms similar to those of the template
model, auditory-to-motor recoding, and specializations for
processing speech sounds. Because it is a computational
model, it can be used to explore the effects of different experiences on imitative abilities and to generate specific predictions about how different auditory-motor coding schemes
might impact an organism’s ability to imitate speech sounds.
A limitation of the DIVA model is that it assumes a
single target for a given speech sound. Consequently, it
would not be able to reproduce the melodic structure of sung
speech, nor the individual-specific qualities of a person’s
voice. It would also not be able to account for the transposition or temporal compression of heard sounds during
imitation. Nevertheless, the DIVA model illustrates how
vocal imitation abilities can potentially be achieved without
any specialized learning mechanisms, and how incremental
multimodal learning may be critical to the development of
vocal imitation capabilities. The model also highlights the
idea that the ability to vocally imitate depends on the flexibility with which sounds are encoded, as well as the capacity to cross-modally associate and monitor dynamic sensorimotor patterns related to vocal control. Because the DIVA
model does not include any mechanisms that are unique to
humans (other than predefined speech targets), it may be
applicable to other species, including non-human primates
and cetaceans. The model does not directly account for
why vocal imitation abilities are rare among mammals.
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Figure 11. (a) In the standard portrayal of vocal imitation as a learning
mechanism, memories of sounds enable an individual to produce
somewhat similar sounds that can be compared with the remembered
sounds. Differences between the produced and remembered sounds
serve as an error signal that is used to adjust future sound production.
(b) In a more cognitive characterization of vocal imitation, multimodal
representations of ongoing acoustic events (Current Experience) and
memories of past events are used to predict future events and to
generate and modulate plans for vocal actions, including intentional
sound reproduction. In this framework, differences between expected
events and perceived events adjust how events are represented.

Synthesis
The key mechanisms postulated in most current models
of vocal imitation are auditory representations, motor control
systems, a means of comparing past and present representations of sensorimotor events, and error-correction learning
(Figure 11a). None of the models explicitly portrays vocal
imitation as potentially involving maintenance and recall
of past episodes, selective attention, or goal planning, and
none distinguishes voluntary imitation from involuntary
imitation (Figure 11b illustrates how such processes might
be incorporated into a more cognitive model of sound imitation). Theories that describe vocal imitation in the context
of acquired multimodal coordination of actions come closest to capturing the complexity of processing typically associated with the voluntary performance of a cognitive skill.
These theories suggest that an organism’s capacity to imitate
sounds is gained through extensive practice producing,
feeling, hearing, and recalling different sounds. Although
originally developed as models of speech learning and
imitation, such multimodal mapping models might be applicable to sound imitation more generally. This could entail
introducing multiple, specialized sensorimotor modules
that vary across species and/or sound types to account for
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differences in the imitatibility of different sounds—such
specialized modules might reflect either adaptive specializations or domain-specific customization from prior experiences. It remains to be seen whether any of these models
can be modified such that their representations facilitate the
perception, prediction, tracking, or coordination of actions.

VII. Conclusions
In the end, the success of any framework for explaining
vocal imitation rests less on the terminology it prescribes
than on the novel findings that it provides. Our general
assessment is that current frameworks that describe vocal
imitation as either a specialized communicative learning
mechanism or alternatively as an instrumentally conditioned
copying response are inadequate for explaining either what
vocal imitation entails or its apparent rarity among mammals.
For those who may have missed the gist of our argument
within the jungle of details provided above, we briefly
summarize the main points that led us to this conclusion.
Adult humans vary considerably in their abilities to
imitate sounds, both vocally and non-vocally. They imitate
speech automatically and unconsciously in contexts that
are unlikely to lead to significant learning. They voluntarily imitate singing styles, accents they find amusing,
and commercial slogans. Some imitate sounds for a living.
Others imitate sounds covertly, including their own vocalizations (e.g., when mentally practicing lines for a play).
Human toddlers readily imitate many sounds they hear,
both vocally and non-vocally, not all of which are speech
sounds. But, despite the frequency with which toddlers
copy sounds, their fidelity is poor compared to that of a
professional impersonator. This is because the professional
has honed his or her imitative skills through extensive practice. Proficient imitation of sounds is a multifaceted skill
that arises through learning and that takes much longer to
master than the ability to speak. In humans, at least, it is
learning that gives rise to vocal imitation abilities. Certainly,
the ability to imitate sounds can catalyze communicative
learning, but this is just one of many benefits that imitative abilities afford and perhaps not the most important.
Imitation of sounds by cetaceans is not nearly as
evident as human vocal imitation. When put to the test,
however, dolphins show astounding fidelity in reproducing artificial sounds. While it is true that dolphins do not
reproduce speech with the accuracy shown by some birds,
it is arbitrary to treat speech as the gold standard of sound
imitation. In a competition where dolphins and humans
are challenged to reproduce artificial sounds, dolphins
would likely outperform many humans. The fact that adult
dolphins (and humans) can imitate arbitrary novel sounds
when instructed to do so strongly implies they that have

flexible voluntary control of this ability. Is such control
necessary for adding new sounds to a vocal repertoire?
Would automatic imitation abilities not suffice? These
are questions that most current explanatory frameworks
cannot readily address, because they make no distinction between voluntary and involuntary sound imitation.
Current ideas about the nature of vocal imitation are
largely derivative of hypotheses proposed by Thorndike
(1911) over a century ago. Assumptions about the mechanisms underlying sound imitation in mammals have
led researchers to underestimate the range of cognitive
processes involved. The proposal that vocal imitation only
requires comparing percepts of self-produced sounds with
memories of previously experienced sounds is inadequate.
All mammals that produce sounds can perceive their soundproducing actions through multiple modalities, but most
show no capacity to imitate sounds. Auditory feedback can
be an important guide to learning, but it is neither necessary nor sufficient for sound imitation. Mismatches between
produced sounds and remembered sounds do not automatically lead to changes in sound production. Studies from adult
humans suggest that an individual’s ability to map perceived
sounds onto performable actions, to retain representations
of sufficient detail for later reenactments, and to acquire
the motor control necessary to flexibly reenact perceived
events are key elements of successful sound imitation.

A New View on Vocal Imitation:
Imitating Sounds Is a Complex Cognitive Skill
Thorndike had many useful insights about how
animals learn and about how to identify limitations in
their mental abilities. His ideas about vocal imitation,
however, reflect the limited data available at the time.
Now, we know much more about the imitative abilities possessed by humans and other animals. The time
has come to move beyond Thorndike’s (1911, p. 77)
idea that vocal imitation abilities are “a specialization
removed from the general course of mental development.”
We suggest that sound imitation abilities should instead
be viewed as a sophisticated skill (or set of skills) that relatively few organisms have the representational or vocal flexibility to master. The limited evidence currently available is
consistent with the idea that sound imitation by primates
and cetaceans may be mediated by learning, memory, attention, and vocal control mechanisms that involve experiencedependent multimodal representations of events. Multimodal representations appear to play a particularly important
role in the sound imitation abilities of adult humans, and
may also contribute to sound imitation by non-humans. The
availability of such multimodal representations of events
can enhance an individual’s ability to represent, predict, and
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reconstruct perceived events (Wilson & Knoblich, 2005),
predict the future actions of conspecifics (Knoblich &
Jordan, 2003; Loehr, Kourtis, Vesper, Sebanz, & Knoblich,
2013; Vesper, van der Wel, Knoblich, & Sebanz, 2013),
socially communicate with others (Chartrand & Lakin,
2013; Lakin & Chartrand, 2003; Lakin, Chartrand, & Arkin,
2008), and monitor self-produced actions (Wilson, 2001a).
An integrative framework in which sound imitation by any
mammal is viewed as a skilled performance may provide
new insights into the mechanisms underlying this ability.
Viewing voluntary sound imitation as a cognitive skill
shifts emphasis away from describing its role in repertoire
acquisition and more toward understanding how it fits within
the broader domain of cognitive skill learning. Techniques
that have been developed to study cognitive skill acquisition in other domains (e.g., comparisons between the performances of experts and amateurs) can potentially be brought
to bear in studies of sound imitation. Such approaches, which
often focus on individual differences, have rarely been
applied in comparative cognition research. Understanding
an individual’s ability to imitate sounds may require one to
relate the individual’s perceptual, motor control, memory,
selective attention, and conceptual capacities to his or her
ability to produce sounds. Vocal imitation abilities may vary
within and across species in ways that closely match variations in more basic cognitive capacities, and may reflect
global constraints on how learning experiences impact
perceptual-motor and cognitive abilities (Mercado, 2008).
Models of the representational processes involved
in the control, imagery, and perception of movements
(Grossberg & Paine, 2000; Grush, 2004; Hurley, 2008;
Jeannerod, 2006) may provide a useful starting point for
developing new ways of understanding sound imitation
abilities. Most of these models (including the DIVA model
described above) were developed to account for human
learning and behavior, but they typically do not invoke
mechanisms that are specific to humans. Exploring how
well existing models can account for sound imitation abilities in different species will be an important step toward
identifying the minimal sensorimotor and cognitive requirements for both the automatic and voluntary reproduction
of sounds, as well as toward identifying contexts in which
either covert imitation or self-imitation are likely to occur.
Vocal imitation is best understood as a subtype of sound
imitation, which in turn can be viewed as a representational
process that enables an individual to better perceive and
predict ongoing actions (of which vocalizations are only
a small subset). Imitation of sounds is as true a form of
imitation as any based on visual inputs, and no less mysterious. Treating any imitative process as primarily a learning
mechanism requires one to ignore any distinction between
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learning and performance. It would be more accurate to say
that imitation depends on an individual’s capacity to flexibly represent observed events and to voluntarily control
actions, independently of whether the observer attempts to
reproduce components of what was observed (as suggested
by Bandura, 1986). Unless one considers perception to
be synonymous with learning, the framework we propose
suggests that sound imitation is a learned process of interpreting the world rather than a specialized mechanism for
learning how to produce vocalizations. Studies of adult
humans and cetaceans are particularly useful for investigating such processes because these are the only mammals
that have consistently shown the ability or motivation to
learn to imitate arbitrary sounds in experimental settings.
This account of vocal imitation will remind many readers of the purported role of the “mirror neuron system”, in
facilitating action understanding (Aziz-Zadeh & Ivry, 2009;
Corballis, 2010; Molenberghs, Cunnington, & Mattingley,
2009; Ocampo & Kritikos, 2011). Although we clearly share
with this view the sense that the intersection of perception
and action plays a critical role in cognition, our perspective differs in several ways from these accounts. First, and
most important, we propose that vocal imitation is an ability that is acquired through learning and reflects generalization of learned associations within a complex cognitive
architecture. By contrast, the mirror neuron hypothesis,
in our view, implies a more hard-wired, modular system.
Second, we propose that vocal imitation is a manifestation of the organism’s tendency to generate multimodal
representations based on associations. Thus we are not
suggesting that there is something special about perception/action intersections but rather that intersections may
cross multiple perceptual and motor modalities. Finally,
a shortcoming we see in the mirror neuron hypothesis is
that it is computationally underspecified. This comment
is meant more as an observation than a criticism. Mirror
neurons emerged from the neuroscience literature and are
thus a biological reality. As cognitivists, however, we think
it is important to focus on the underlying functional architecture. The mirror neuron hypothesis specifies no such
architecture, because the system itself exists at a different
level of analysis. Ultimately we find ourselves aligned with
the mirror neuron hypothesis in broad philosophical terms,
while differing significantly in several important details.

Some Open Questions
When one considers sound imitation freed from the
restraints of past assumptions regarding its nature and functions, this can change not only how one describes vocal
imitation, but also how it is studied scientifically (Galef,
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2013). We end by considering just a few of the many challenging questions raised by this new view of sound imitation.
When does imitative processing contribute to sound
perception and production?
Because past criteria for designating phenomena as
vocal imitation have been conservative, it is possible that
the prevalence of sound imitation abilities in mammals
has been underestimated. For instance, a vocalizing cetacean might produce several similar calls in a row. Such
repetitive vocal behavior has not been previously viewed
as being imitative, but it could involve either deferred
imitation of others or self-imitation (Mercado, Murray,
Uyeyama, Pack, & Herman, 1998). Piaget (1962) suggested
that when infants produce series of similar vocalizations,
that these vocal acts should be viewed as self-imitative.
Currently, there are no validated, objective metrics for
distinguishing an imitative vocal act from a non-imitative
one, for distinguishing self-imitation from repetition, or
for determining when sounds might be covertly imitated.
Consequently, it is difficult to observationally distinguish
a series of self-imitated sounds from a series of independently generated sounds with similar features. The extent
to which self-imitation contributes to vocal production is
not known for any species, including humans, so this possibility cannot yet be excluded. Studies of self-imitation in
adults may reveal new ways of distinguishing self-imitative
sound production from other non-imitative sound-producing acts, thereby clarifying how often imitative mechanisms
are engaged during sound production and perception. When
one considers that an imitative vocal act might be deferred
for extended periods, the possibility arises that most of
the sounds an individual produces might be imitative.
Modern models of sound production posit that many of
the mechanisms underlying sound imitation may be automatically engaged every time an organism with the capacity
to imitate hears a sound. In that case, observations of overt
sound copying would not accurately reflect the frequency of
imitative processing. Cases in which individuals use their
voice to voluntarily or automatically imitate novel sounds
may reflect only a small proportion of instances in which
sound imitation skills are engaged during the processing
of acoustic events. By analogy, an adult human may think
many thoughts each day and yet only occasionally state,
“I was just thinking that . . . .” The rarity of such statements does not accurately reflect the frequency of thinking. Representing certain sounds in terms of the vocal or
motor acts required to reproduce those sounds may be the
default perceptual process rather than a selectively applied
approach (Möttönen, Dutton, & Watkins, 2013; Wilson

& Knoblich, 2005; Yuen et al., 2010). Techniques are
needed for identifying when auditory perception by both
humans and non-humans engages imitative mechanisms.
What determines which acoustic events are imitated?
Mowrer (1960) suggested that the motivation for parrots
to imitate human speech was driven by an emotional attachment between a bird and its caretaker and by the frequency
with which the bird encountered situations where its needs
were not met. This interpretation predicts that differences in
“personality” within or across species might correlate with
the likelihood that an individual imitates particular sounds,
and further suggests that an individual’s imitativeness
might provide an indirect indicator of his or her emotional
state or relationship with a particular individual (Gewirtz
& Stingle, 1968). Whether certain emotional states are a
prerequisite for overt sound imitation remains unknown. It
is interesting to note, however, that in many of the cases
in which cetaceans have been observed to imitate environmental sounds (including speech), the imitator has been
socially deprived relative to natural situations (Caldwell &
Caldwell, 1972; Eaton, 1979; Foote et al., 2006; Ridgway
et al., 2012). Miklosi (1999) suggested that many instances
of imitation could be related to play behavior (see also
Richards, 1986, and Pepperberg, 2005, 2010, for discussions of vocal play in dolphins and parrots). Consistent
with this idea, many professional imitators are entertainers. The act of sound imitation (or observations of such
acts) might thus sometimes serve to modulate an organism’s emotional state, acting as a homeostatic mechanism
rather than as a means of learning, localizing, or communicating. It remains unclear how any emotional functions
of sound imitation might relate to other potential functions.
We know little about the sound qualities that mammals
are most likely to reproduce or about the fidelity with which
the most proficient imitators can reproduce these qualities. To reveal the full imitative capacities of non-human
mammals may require extensive cognitive and vocal training over several years focusing on sounds that apes or
cetaceans find naturally imitatible. If sound imitation in
cetaceans or apes depends on comparable mechanisms to
those used by humans, then it should be possible to train
individuals to flexibly imitate a wide range of sounds or to
specialize in imitating certain classes of sounds. Identifying the upper limits of imitative capacity in cetaceans may
yield new insights into the constraints that prevent other
mammals from learning to imitate sounds. If higher fidelity
imitative representations enhance remote action monitoring, as suggested above, then this predicts that audiospatial sequences that correspond to natural events should be
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more imitatible than randomly ordered sequences. To date,
researchers have only explored the ability of non-human
mammals to imitate individual sounds or repetitions of
the same sound; essentially nothing is known about how
the imitatibility of sound sequences varies across species.
What determines an individual’s imitative capacity?
There is considerable debate about which if any imitative abilities of humans are genetically determined (Jones,
2007, 2009; Parton, 1976). Recent work tends to side with
Piaget’s (1962) conclusion that there is not a single specialized mechanism that gives rise to vocal imitation (or any
other kind of imitation), but that a variety of perceptual,
motor, and cognitive abilities that emerge sequentially
during development contribute to the acquisition of vocal
imitation abilities (Jones, 2007). Interestingly, the earliest
imitative acts noted by Piaget (1962) and other developmental psychologists often have involved sound production
(Jones, 2006, 2007), suggesting that sound plays a particularly important role in the development of imitative abilities. Furthermore, the first sounds imitated by infants are in
some cases not sounds produced vocally by other humans,
but are instead novel environmental sounds or percussive
sounds (Piaget, 1962; E. Mercado, personal observation),
contrary to what one might expect if sound imitation serves
primarily as an adaptation for speech acquisition. Detailed
investigations of the kinds of sounds naturally reproduced
by humans and other animals at an early age, as well as
systematic analyses of how imitative capacities vary across
individuals, may help researchers to identify the genetic,
neural, or experiential variables that impact an organism’s
capacity and tendency to imitate particular sound features.
For instance, a recent study of expert phoneticians (who
specialize in transcribing speech) identified both anatomical predispositions and acquired brain morphology that
were correlated with an individual’s ability to transcribe
novel phonetic contrasts (Golestani, Price, & Scott, 2011).
As noted earlier, several researchers have suggested
that the rarity of vocal imitation abilities in mammals
reflects limitations in vocal control (Deacon, 1997; Fitch,
2010; Mowrer, 1960). Jarvis has made this argument most
strongly and convincingly (Arriaga & Jarvis, 2013; Jarvis,
2004, 2013). Undoubtedly, variations in imitative capacity
across species and individuals reflect differences in neural
architecture, including differences in circuits involved in the
control of vocal production. However, the brains of different individuals vary in many ways, and scientific history is
replete with premature identifications of “brain differences
that make the difference.” To date, neuroscientific studies
of vocal imitation have been designed primarily to identify
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neural substrates that instantiate the classic template matching model of vocal learning. To the extent that this model is
inadequate for explaining sound imitation by adult mammals,
research aimed at revealing how neural circuits implement
template-based vocal learning will be similarly inadequate
for understanding how and why mammals imitate sounds.
The flexibility with which dolphins and humans can
reproduce sounds may reflect their general cognitive
abilities rather than any specialized mechanisms of vocal
control. Music cognition researchers often suggest that
musicians can flexibly manipulate sophisticated representations of sound streams and associated visual or motor
events, and that acquired musical concepts constrain a
musician’s performances. Dolphins have shown the ability
to explicitly access representations of past events (Mercado,
Uyeyama, Pack, & Herman, 1999), to form and use abstract
concepts about such events, and to actively use sounds (and
memories of sounds) to guide their actions (reviewed by
Mercado & DeLong, 2010). The extent to which available
concepts and memory mechanisms constrain sound imitation abilities has seldom been considered in past comparative studies. Future efforts to characterize and understand
the nature and functions of sound imitation in mammals can
benefit from integrated approaches that more fully consider
the representational processes cetaceans and primates may
bring to bear when imitating both familiar and novel sounds.
In this review, a cognitive approach to understanding sound imitation was presented as an alternative to the
possibility that vocal imitation serves primarily as a mechanism for learning to produce novel sounds. The shift from
a social communicative learning model of vocal imitation
to a cognitive skill oriented model leads to novel hypotheses about cross-species commonalities in representational
and perceptual processes and to new avenues for theoretical
integration of comparative bioacoustic studies with studies
of human auditory cognition. Experimental investigations
of automatic imitation, individual differences in imitative
capacity, and correlations between imitative fidelity and
spatial acuity or auditory working memory capacity in nonhuman animals may reveal unsuspected similarities (or
differences) in the imitative skills of primates and cetaceans.

39

Imitating Sounds

Table 1. Glossary

Term

Description

vocal motor
system

A collection of neural control circuits and associated muscles whose coordinated actions serve to
produce sounds. This system level subsumes the standard tripartite division of vocal production
into respiration, phonation, and articulation.

vocal learning

Modifying vocal output based on auditory experience, which may be short- or long-term in its
effect. In some theories, vocal imitation is described as a type of vocal learning. In our view, these
are separate phenomena and may share a reciprocal relationship, or may be unrelated.

vocal imitation

Imitation of sound using the vocal effector system. From a cognitive perspective, this process can
be viewed as the vocal reenactment of previously experienced auditory events.

vocal
contagion

Production of sound based on assimilation to present context that does not involve matching a
specific stimulus, but does involve reproducing sounds that are predominant at the present point.

vocal
performance

The outcomes of vocal motor actions. Performance is neutral with respect to whether it reflects
learning, imitation, or anything else. The term ultimately refers to events generated by the vocal
motor system.

cognitive skill

An ability, such as reading, that can be improved through practice and that involves judgments or
processing beyond what is involved in performing perceptual-motor responses.

sound
imitation

A process by which an individual either vocally or non-vocally generates sounds with qualities that
reproduce elements of previously experienced sounds.

imitatible
sound

Sound for which movements can be produced that map onto the form of the sound, even if the
mapping is imperfect and only applies to certain sound features.

ranging
hypothesis

A proposed explanation for why animals copy vocalizations that suggests that internal
representations of familiar sound features can enhance an individual’s ability to estimate the
distance a sound has traveled.

template
matching

A proposed mechanism for vocal learning and imitation based on the idea that the imitator
matches auditory feedback from a vocalization to a memory representation of the target sound
(the “template”).

auditory-motor
recoding

A proposed mechanism for vocal imitation based on the assumption that the motor system plays
an active role in perception. In so doing, the motor system automatically processes auditory events
with respect to the motor gestures needed to produce that event. A closely related construct in the
cognitive literature is the notion of embodied cognition.

multimodal
mapping

A theoretical proposal, applicable but not limited to vocal imitation, that all perceptual inputs are
processed across multiple modalities.

auditory
imagery

Mental simulation of the experience of auditory events, in the absence of the appropriate distal
stimulus. Unlike auditory hallucinations, auditory imagery is phenomenally experienced as a
mental event, and is not confused with a veridical experience.
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