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Investigating nonhuman primate vocal communication is often with the intention of elucidating their
similarities with human speech and thus reconstructing the evolutionary history of this important
behaviour. However, putative parallels between primate and human vocal behaviours have, in some
respects, remained elusive. Here, we review two lines of research in marmoset monkeys on volitional
vocal control and vocal learning during development that could bridge our understanding of the relationship between primate vocalizations and human speech. Regarding volitional control, we review how
changes in vocal output are not solely due to changes in arousal levels and their effect on the vocal
apparatus; extrinsic factors like the vocalizations from other conspeciﬁcs also have an important inﬂuence. With regard to vocal learning, we describe not only how infant marmoset vocalizations undergo
dramatic acoustic changes during development that are not wholly explained by physical growth, but
also how, as in humans, contingent vocal responses from parents inﬂuence the rate of vocal development. We argue that the similarities in the vocal systems of marmoset monkeys and humans may be due
to their shared cooperative breeding strategy and prosociality.
© 2019 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Evolution typically tinkers with pre-existing phenotypes to ﬁnd
workable solutions to new challenges (Jacob, 1977). Therefore, it
seems quite plausible that the vocalizations of our hominid ancestors represent the precursors to human speech. Investigating
the putative evolutionary processes via the fossil record has, unfortunately, been unproductive and sometimes misleading, primarily because the directly relevant phenotypesdbehaviours and
soft tissues such as the brain and parts of the vocal apparatusddo
not fossilize. An alternative approach to understanding the evolution of human communication is via the comparative method.
Extant primates have adopted a rich diversity of social and vocal
behaviours, and thus investigating them provides a means for us to
reconstruct our own evolutionary history (Ghazanfar & Takahashi,
2014b). Thus, a pivotal question for understanding speech evolution is to what extent the vocalizations of extant primates represent
the precursors to speech. Do their vocal behaviours share features
with human speech behaviour that would indicate that the last
common ancestor also shared these features?
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From a mechanistic perspective, there are certainly aspects of
vocal behaviour that humans and primates share. The anatomy of
voice production is broadly similar in humans and other primates
(Ghazanfar & Rendall, 2008). Voice production involves a sound
source, generally the larynx, powered by respiratory pressure from
the lungs, and coupled to a sound ﬁlter represented by the vocaltract airways (the oral and nasal cavities) above the larynx. These
basic components of the vocal apparatus behave and interact in
complex ways to generate a wide range of sounds. Indeed, the
evidence suggests that both macaque monkeys and baboons are,
biomechanically, capable of producing most human speech sounds
€ et al., 2017; Fitch, de Boer, Mathur, & Ghazanfar, 2016). In
(Boe
terms of dynamics, movements of the mouth can pattern vocal
acoustics (affecting their amplitude and/or frequency content) and
provide visual cues that enhance the perception of vocal signals.
Across all languages studied to date, both the mouth motion and
the acoustic envelope of speech typically exhibits a 3e8 Hz rhythm
that is, for the most part, related to the rate of syllable production
(Chandrasekaran, Trubanova, Stillittano, Caplier, & Ghazanfar,
2009; Greenberg, Carvey, Hitchcock, & Chang, 2003); this 3e8 Hz
rhythm is critical to speech perception (Ghitza & Greenberg, 2009;
for review, see ; Giraud & Poeppel, 2012). The orofacial movements
and vocalizations of primates also exhibit this rhythmic structure
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(Bergman, 2013; Ghazanfar, Takahashi, Mathur, & Fitch, 2012;
€ schner, &
Lameira et al., 2015; Pomberger, Risueno-Segovia, Lo
Hage, 2018; Terleph, Malaivijitnond, & Reichard, 2018; Toyoda,
Maruhashi, Malaivijitnond, & Koda, 2017; for reviews, see
Ghazanfar & Takahashi, 2014a, 2014b). In macaques, this rhythmic
patterning of visible orofacial movements inﬂuences perception
(Ghazanfar, Morrill, & Kayser, 2013) and shows a similar developmental trajectory with that of humans (Morrill, Paukner, Ferrari, &
Ghazanfar, 2012).
In spite of these and other putative homologies at the mechanistic level of vocal production and perception (Ghazanfar &
Takahashi, 2014b; Lameira, Maddieson, & Zuberbühler, 2014),
there are two major features at the ‘cognitive’ level of human
speech that have long been thought absent in primate vocal
communication: volitional control and learning during development. With regard to the volitional control of vocal production, it
has been believed that primate vocalizations are driven solely by
internal states and thus, have little or no relationship with human
speech (which is assumed to be purely voluntary) (Jürgens, 2009;
Owren, Amoss, & Rendall, 2011; Tomasello, 2008). While monkeys can be trained to vocally respond to arbitrary visual or audi et al., 2011; Gemba, Kyuhou, Matsuzaki, & Amino,
tory cues (Coude
1999; Hage, Gavrilov, & Nieder, 2013), it is difﬁcult to demonstrate
volition under natural or seminatural conditions. With regard to
vocal learning, for over half a century now, primate vocalizations
are thought to undergo little or no experience-dependent acoustic
changes during development (Egnor & Hauser, 2004). Since they
seem so fundamental to our human communication system, these
two apparent paradoxes must be dealt with if we want to understand the origins of human speech. In this review, we will use the
vocal behaviour of marmoset monkeys (Callithrix jacchus)da New
World species and thus an outgroup relative to the Old World,
human lineagedto investigate volitional control of vocal output
and vocal learning.
WHY MARMOSET MONKEYS?
The common marmoset monkey is a small-bodied species
(300e400 g, on average) that is native to northeastern Brazil. They
live in social groups of ~9e15 individuals, many of whom are
related to each other. Marmosets and other closely related species
in the callitrichid family are quite ﬂexible in their vocal output,
especially when compared to Old World primates like macaques
and apes. They readily adjust, without any training, the timing of
their vocal production to the timing of conspeciﬁc calls (Ghazanfar
et al., 2001, 2002; Liao, Zhang, Cai, & Ghazanfar, 2018; Takahashi,
Narayanan, & Ghazanfar, 2013) and to avoid intermittent background noise (Egnor, Wickelgren, & Hauser, 2007; Roy, Miller,
Gottsch, & Wang, 2011). Marmosets also take turns when they
vocalize, exhibiting contingent and repeated exchanges of vocalizations between any two individualsdrelated or unrelateddfor
extended periods. That is, their behaviour is not simply a call-andresponse behaviour among mates or competitors (Takahashi et al.,
2013). This turn-taking behaviour by marmosets has the same
universal features and coupled oscillator properties as human
conversational turn taking, albeit on a different timescale
(Ghazanfar & Takahashi, 2014b; Levinson, 2016; Takahashi et al.,
2013).
Another noteworthy phenotype of marmoset monkeys is that
they are cooperative breeders and typically produce dizygotic twins
(Harris et al., 2014). Both parents, as well as older siblings and
nonkin, help care for offspring by carrying them and sharing food.
This is not common among primates, as only humans and members
of the callitrichid family exhibit this reproductive strategy. In terms
of comparative developmental studies among human and

primates, this suggests that marmosets may be a more compelling
analogous species than the phylogenetically closer, but socially
dissimilar, Old World apes and monkeys (Elowson, Snowdon, &
Lazaro-Perea, 1998). The cooperative breeding behaviour by
humans and marmosets lead to prosocial cognitive processes
(Burkart et al., 2009, 2014; Snowdon & Cronin, 2007), including
those related to vocal communication (Borjon & Ghazanfar, 2014).
This provides a plausible explanation for their human-like vocal
turn-taking behaviours (Takahashi et al., 2013; see Ghazanfar &
Takahashi, 2014b, for review) and for their cooperative adjustment of vocal amplitude in accord with social distance from conspeciﬁcs (Choi, Takahashi, & Ghazanfar, 2015; i.e. they raise their
voices when they hear that conspeciﬁcs are far away, as humans do:
Pelegrín-García, Smits, Brunskog, & Jeong, 2011).
Given these parallels with human vocal behaviour and life history strategy, perhaps marmoset monkeys could provide insights
into volitional versus arousal-based vocal production and vocal
learning.
VOLITIONAL VERSUS AROUSAL-BASED VOCALIZATIONS
One prevailing view is that primate vocalizations are inextricably linked to internal states like arousal and thus cannot represent precursors to human speech as such vocalizations are not
volitional (Jürgens, 2009; Owren et al., 2011; Tomasello, 2008). For
example, the presence of different predators (e.g. eagles and
leopards) triggers the production of different alarm calls by vervet
monkeys, Chlorocebus pygerythrus, suggesting that external cues
determine which vocalizations are produced (Seyfarth, Cheney, &
Marler, 1980). However, vocalizations that are acoustically similar
to vervet alarm calls may be elicited by events unrelated to the
presence of predators (e.g. aggressive interactions with conspeciﬁcs). These contextsdpresence of a predator and territorial
aggressiondare highly arousing, with the participating animals
visibly alert and animated. Thus it was argued that vocal production
of these calls are linked to the arousal state of the animal as
opposed to voluntary control (Price et al., 2015). Along similar lines,
the severity of conspeciﬁc aggression modulates the acoustic features of victim screams in chimpanzees, Pan troglodytes (Slocombe
& Zuberbühler, 2007). But within speciﬁc categories of aggression
(e.g. direct physical contact), victims produce longer and louder
screams when socially high-ranking individuals are present near
the conﬂict (Slocombe & Zuberbühler, 2007). This audience effect is
proposed to recruit aid from other conspeciﬁcs, indicating a degree
of social intelligence in perceiving hierarchical relationships.
However, the presence of higher-ranked individuals might also
affect the arousal level of the chimpanzee at the time of the conﬂict.
Is this complexity really absent from human speech? Not really.
Like primate vocalizations, speech production is linked to physiologically measured arousal states (Linden, 1987; Lynch et al., 1980;
MacPherson, Abur, & Stepp, 2017), and the acoustic structure of
speech is also inﬂuenced by arousal levels (Banse & Scherer, 1996).
For example, during speech produced under increased cognitive
load, humans show heightened autonomic arousal that correlates
with changes in voice quality (MacPherson et al., 2017). Thus, a key
evolutionary question is not really about whether vocal production
in any species is purely volitional or purely driven by internal states,
but the extent to which those two factors interact with each other
during communication across different contexts.
It is challenging to ﬁgure out how internal states like arousal
relate to the production of primate vocalizations without a direct
measure of such physiological states in controlled contexts (Fischer
& Price, 2017). One must simultaneously measure arousal states
(e.g. heart rate, pupil dilation, skin conductance) while a primate is
producing different types of vocalizations. This is difﬁcult to do
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under ﬁeld conditions. In the wild, it is also difﬁcult to account for
the many variables that could be affecting an individual's arousal
level at any moment in time. By contrast, in captivity, where direct
physiological measures are easier to acquire, it is difﬁcult to elicit
different types of vocalizations because the number of contextual
cues that trigger vocalizations is more limited relative to more
naturalistic conditions (Marler, 1965; Seyfarth & Cheney, 2017). To
circumvent these problems, a recent study used noninvasive surface electromyography to measure heart rates in marmoset monkeys while they produced different vocalizations; different
vocalizations (‘phees’, ‘trill-phees’ and ‘trills’) were elicited by
systematically manipulating social context (Liao et al., 2018). The
context manipulation was inspired by the ﬁnding that wild pygmy
marmosets, Cebuella pygmaea, will switch among different afﬁliative call types according to their physical distance from their social
group (de la Torre & Snowdon, 2002). In brief, four different contexts were tested as follows: (1) Alone: a single marmoset was by
itself in a corner of an experiment room; (2) Occluded-Far: two
marmosets were placed in opposing corners with an acoustically
transparent, visually opaque curtain blocking sight; (3) Visible-Far:
two marmosets were placed in opposing corners without an opaque curtain, allowing visual contact; and (4) Visible-Close: two
marmosets were placed in the same corner with visual, but not
tactile, contact (Liao et al., 2018) (Fig. 1a). These context changes
represent changes in ‘social distance’, referring to physical distance
from a partner, and whether the partner could be seen or not, in
accord with these four experimental conditions. One marmoset of

(a)

Alone

Occlude d F a r
Cu

241

the pair was selected to noninvasively record electromyography
(EMG) signals from; pairs of AgeAgCl surface electrodes were sewn
onto a soft elastic band that was secured around the marmoset's
thorax (Fig. 1b).
Under these conditions, decreases in social distance reliably
elicited changes in the acoustic parameters of marmoset monkey
vocalizations that, ultimately, translated into producing different
proportions of three afﬁliative contact call types (Liao et al., 2018)
(Fig. 1c). Measures of heart rate, a proxy for arousal, as a function of
social distance revealed that arousal levels generally decreased
with decreasing social distance. Thus, on average, arousal levels
were correlated with changes in different acoustic features and the
production of different vocalizations. These ﬁndings are consistent
with many vocalization studies of primates that infer arousal level
changes based on an animal's behaviour as a function of the presence and/or distance from a conspeciﬁc or predator. Vocalizations
get longer and louder and are produced at a higher rate with
increasing arousal (Fichtel & Hammerschmidt, 2002; Fischer,
Hammerschmidt, & Todt, 1995; Meise, Keller, Cowlishaw, &
Fischer, 2011; Scherer, Johnstone, & Klasmeyer, 2003; Slocombe &
Zuberbühler, 2007; Yamaguchi, Izumi, & Nakamura, 2010). However, at social distances that could elicit all three call types (phees,
trill-phees and trills), their production was not reliably associated
with different arousal levels (Fig. 1d) (Liao et al., 2018). This suggested that extrinsic factors also play a role in driving the production of vocalizations.
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Figure 1. Intrinsic and extrinsic factors inﬂuence vocal output in adult marmoset monkeys. (a) Schematic of room and marmoset placement in four different social contexts. In
order of decreasing social distance: Alone e a marmoset was alone in one corner; Occluded Far e two marmosets were at opposing corners with an opaque curtain between them;
Visible Far e two marmosets were at opposing corners without a curtain; Visible Close e two marmosets were in the same corner. (b) Depiction of electromyography set-up where
pairs of surface electrodes were applied to the dorsal and ventral thorax of the marmoset. (c) The three panels on the left are exemplar spectrograms for the phee, trill-phee and trill
contact calls. All exemplars are from the same marmoset. The right panel shows the change in proportion of these three contact call types by context. Error bars capture the standard
error of the mean (SEM). (d) Heart rate differences by call type are separated into their respective contexts. Error bars capture the SEM. (e) Change in proportion of the three call
types binned by call response latency from an individual marmoset monkey. Bins are 1 s each.
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Among the many external factors that may be inﬂuencing primate vocal production is the behaviour of conspeciﬁcs. Liao et al.
(2018) ﬁrst investigated how changes in social distance affected
the timing of vocalizations within an individual and across pairs. In
contexts where marmosets were interacting with another
conspeciﬁc, vocal responses to a conspeciﬁc's vocalizations were
variable in their timing and there were positive correlations between duration, frequency and amplitude with increasing response
latency: the slower the response, the longer, higher-pitched, more
tonal and louder the vocalization. These acoustic characteristics
translated into different call types: when responses were quickd
less than a few secondsdthe call types produced were more likely
to be trills or trill-phees; when more time passed, the call type was
more likely to be a phee call (Fig. 1e). Tying it all together are
ﬂuctuating levels of arousal. Short latency vocal responses (e.g.
trills) were more likely in a low arousal state, while long latency
vocal responses (e.g. phees) were more likely in a high arousal state.
Thus, the timing of a vocal response relative to a conspeciﬁc's signal
and the state of arousal both inﬂuence the type of vocalization that
is produced (Liao et al., 2018). We suspect the same is true for other
primates where their vocal behaviour was originally interpreted as
either purely arousal-based (triggered by intrinsic signals) or volitional (e.g. triggered by external signals).
As the role of arousal is a means of allocating metabolic energy
(i.e. preparing the body for action (Pfaff, 2006)), variability in vocal
output as function of contextdfrom changes in acoustic features to
the production of different call typesdmight result from the
adaptive interplay between multiple behavioural drives that
impact ﬁtness. Vocal communication facilitates social coordination;
one advantage of vocal communication is the ability to broadcast
signals over long distances. In visually challenging habitats, reliable
reciprocal exchanges of calls between conspeciﬁcs allows for the
maintenance of social bonds (Kulahci, Rubenstein, & Ghazanfar,
2015). However, vocal production, particularly the production of
loud, long and tonal contact calls like marmoset phee calls, is
energetically demanding (Borjon, Takahashi, Cervantes, &
Ghazanfar, 2016; Teramoto, Takahashi, Holmes, & Ghazanfar,
2017), eliciting high metabolic costs (Gillooly & Ophir, 2010). Visual contact could supplement vocal ﬁdelity, allowing energy savings through the production of quieter, shorter and noisier
vocalizations (i.e. trills). This would allow energy to be allocated for
other essential behaviours such as foraging, infant care and mating.
Another type of cost-savings related to different call types is
predator evasion. For example, pygmy marmoset calls used for
short-distance communication (i.e. trills) are highly distorted
beyond 10 m from the vocalizer while long-distance calls can be
detected with some ﬁdelity at 40 m (de la Torre & Snowdon, 2002).
This suggests that in addition to energetic costs, there are also
defensive costs. The probability of being detected and located by
predators increases with the production of longer and louder calls
by monkeys. Thus, marmoset monkeys adapt to dynamic environments by balancing the constraints of broadcasting social information to group members with other adaptive behaviours (e.g.
ﬁnding food, territorial defence via scent marking, predator
avoidance, and more). It is likely that other primates negotiate
through similar trade-offs.
While the evidence (at least from marmoset monkeys) suggests
that both internal states and external signals inﬂuence vocal production, the possibility remains that this still does not indicate
volitional control of vocal production. That is, external cues like the
timing of a conspeciﬁc's vocalization (as above) may in fact be
triggers that elicit involuntary vocal responses in listeners. Data
from vocal exchange experiments suggest that this is unlikely to be
the case. For example, marmoset monkeys will adjust the amplitude of their contact calls as a function of perceived distance from a

conspeciﬁc (Choi et al., 2015). If the conspeciﬁc's contact call is loud
(indicating close proximity), then the vocal replies are considerably
lower in intensity (and vice versa). Marmoset vocalizations also
contain in their acoustic structure indexical cues that reﬂect identity and gender (Miller, Mandel, & Wang, 2010; Norcross, Newman,
& Cofrancesco, 1999), and these identity cues used during vocal
exchanges affect both the number of calls and their timing (Miller &
Thomas, 2012). These vocal exchange data suggest that marmoset
monkeys are selective in who they respond to and how they
respond, indicating a degree of voluntary control as opposed to a
reﬂexive, trigger-like response to conspeciﬁc vocalizations.
However, it could be argued that the best evidence for volitional
control would consist of training a marmoset monkey to vocally
respond to a completely arbitrary cue. For example, a number of
studies demonstrate that macaque monkeys can be conditioned to
vocalize in response to experimenter cues, suggesting that they
have some control over what to vocalize towards and when to do so
 et al., 2011; Hage et al., 2013; Hihara, Yamada,
(Aitken, 1981; Coude
Iriki, & Okanoya, 2003; Sutton, Larson, Taylor, & Lindeman, 1973).
To date, no similar study that trained marmosets to vocalize on cue
has been published.
VOCAL LEARNING
The vocal behaviours of primates and other animals reﬂect the
interplay between their arousal states, sensorimotor coordination,
biomechanical conditions and social contexts. To capture the shape
of the developmental trajectory of any vocal behaviour, one must
sample early and densely (Adolph, Robinson, Young, & Gill-Alvarez,
2008). This is especially true for marmoset monkeys that develop
 ria Neto, &
12 times faster than humans (de Castro Le~
ao, Duarte Do
Bernardete Cordeiro de Sousa, 2009; Schultz-Darken, Braun, &
Emborg, 2016). Contrary to what is typical for other nonhuman
primates (Egnor & Hauser, 2004), marmoset infants exhibit a dramatic change in vocal production in the ﬁrst few months of postnatal life (Takahashi et al., 2015). At postnatal day 1 (P1),
vocalizations are more numerous and more variable in their spectrotemporal structure than in later weeks (Fig. 2a). The number and
variability of calls diminish over 2 months, approaching mature
vocal output with exclusive production of the context-appropriate
contact (‘phee’) calls (Takahashi et al., 2015). Prior reports in other
monkey species showed much more subtle developmental changes
in vocal production and were typically attributed to the passive
consequences of growth in vocalization-related structures (Egnor &
Hauser, 2004). For example, as the vocal folds get bigger and/or the
vocal tract gets longer, vocalizations will be produced with acoustics in a lower frequency range (Ghazanfar & Rendall, 2008).
However, the not-so-subtle changes in infant marmoset vocalizations could not be attributed solely to growth alone (Takahashi
et al., 2015).
A subset of infant marmoset calls serve as scaffolding for
mature, adult-like calls (Takahashi et al., 2015). Infant marmosets
produce a mixture of mature and immature vocalizations: adultlike calls (‘twitters’, ‘trills’ and ‘phees’) and immature versions of
the contact phee call (‘cries’, ‘subharmonic phees’, ‘phee-cries’). By
2 months of age, however, they only produce the mature-sounding
contact calls when out of sight of conspeciﬁcs. This suggests that
two different vocal learning processes may be at work: change in
usage (Elowson et al., 1998; Seyfarth & Cheney, 1986) and transformation of immature calls into mature versions (Takahashi et al.,
2015) (Fig. 2b). Twitters and trills are produced frequently by
marmosets of all ages (Bezerra & Souto, 2008; Pistorio, Vintch, &
Wang, 2006; Takahashi et al., 2015), but in adults they are typically produced only when in visual contact with conspeciﬁcs (Liao
et al., 2018). Thus, twitters and trills undergo change in usage in the
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Figure 2. Vocal development and learning in marmoset monkeys. (a) Vocalizations over postnatal days P1eP60 from one infant. (b) Twitters and trills change usage whereas cries,
phee-cries and subharmonic-phees transition to phee calls. (c) The more contingent parental vocal responses an infant hears following its own vocalizations, the faster it will
permanently transform high-entropy (immature-sounding) calls into low-entropy (mature-sounding) contact calls. The zero-crossing day is an index of vocal development,
referring to the postnatal day on which an infant produces calls with a 50:50 phee/cry ratio. (d) Vocal production learning by infant marmoset monkeys. Twin infants received either
high-contingency playbacks (100%) or low-contingency playbacks (10%). Wiener entropy (in dB), a measure of tonality, changes faster over postnatal days for high- versus lowcontingency infants.

ﬁrst 2 months; infants stop producing them when out of visual
contact with a conspeciﬁc. By contrast, cries, phee-cries and
subharmonic-phees are only produced by infants (Takahashi et al.,
2015). Because these infant-only calls share some features with the

mature contact phee call (e.g. a common duration that is distinct
from trills and twitter syllables), they represent immature phees,
consistent with vocal transformations observed in preverbal human infants (Kent & Murray, 1982; Scheiner, Hammerschmidt,
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Jurgens, & Zwirner, 2002) and songbirds (Tchernichovski, Mitra,
Lints, & Nottebohm, 2001), but contrasting with prior reports on
developing primates (Egnor & Hauser, 2004). If growth alone
cannot fully explain the acoustic changes that accompany the
transformation of infant marmoset contact vocalizations, what else
can account for them?
Studies of naturalistic human infanteparent interactions
(Bloom, Russell, & Wassenberg, 1987; Gros-Louis, West, & King,
2014; Hsu & Fogel, 2001; Masataka, 1993) as well as experimental studies (Goldstein, King, & West, 2003; Goldstein &
Schwade, 2008) reveal that contingent parental responses inﬂuence the acoustic structure of subsequent infant vocalizations,
making them sound more mature (i.e. speech-like). Along similar
lines, marmoset infants increasingly produce longer and more tonal
(low entropy) calls after hearing their parents' contact calls
(Takahashi, Fenley, & Ghazanfar, 2016). This suggests that
marmoset parents could have a real-time inﬂuence on the production of infant vocalizations. To assess the effect of marmoset
parenteinfant vocal interactions, vocal exchanges were recorded
when infants and their mother or father were in auditory, but not
visual, contact (Takahashi et al., 2015). For each infant, the day on
which the ratio of mature contact calls to immature contact calls
was 50:50 was marked as the infant's transition day. Transitions
were typically sharp, but their timing varied substantially across
infants (~10e40 days). If parental responses to infant vocalizations
affected the timing of this transition, then this would explain, at
least partially, its variability across infants. Parental inﬂuence could
be via contingent responses and/or simply the number of adult
vocalizations the infant has heard. Fig. 2c shows a signiﬁcant correlation with the timing of the transition day and the number of
contingent responses provided by parents. Proportions of
noncontingent parental calls (91.5% of all calls on average) were not
signiﬁcantly correlated with this timing. Thus, contingent vocal
responses from parents seem to inﬂuence the vocal development of
infant marmoset monkeys (Takahashi et al., 2015).
Taken together, these data suggest that developing marmoset
monkeysdunlike every other nonhuman primate investigated thus
fardmay be vocal learners (Margoliash & Tchernichovski, 2015).
However, a viable alternative hypothesis is that, instead of an
instance of vocal learning, marmoset parents are simply responding more to healthier infants who develop their vocalizations more
quickly than others. An experiment was designed to explicitly test
whether or not contingent vocal feedback can increase the rate at
which marmoset infants begin producing mature-sounding contact
calls (Takahashi, Liao, & Ghazanfar, 2017). Since marmoset monkeys
typically give birth to dizygotic twins (Harris et al., 2014), the inﬂuence of genetics and the perinatal environment on vocal development could be better controlled (Zhang & Ghazanfar, 2016)
Starting on P1, infants were provided different levels of contingent
feedback using closed-loop, computer-driven playbacks of parental
contact calls in almost daily 30 min sessions for 2 months. One
randomly selected twin was given the best possible simulated
‘parent’ who provided 100% contingent vocal feedback; the other
infant received only 10% contingent vocal feedback. Infant
marmoset monkeys who received more contingent feedback
learned faster than their twin (as measured by entropy; Fig. 2d).
They did this not through imitation of the parental calls but rather
through the experience-dependent increase in the control of the
vocal apparatus. Calls with high entropy are related to poor
muscular control ofdand coordination betweendrespiration and
vocal fold tension (Takahashi et al., 2015; Teramoto et al., 2017;
Zhang & Ghazanfar, 2016). Thus, more contingent vocal feedback
results in faster development of this respiratory and laryngeal
control and coordination (Teramoto et al., 2017). Other acoustic
features (e.g. dominant frequency and duration) were unaffected by

experience and this was consistent with the predictions of an integrated framework for marmoset vocal development (Teramoto
et al., 2017) and experimental data (Zhang & Ghazanfar, 2018)
that indicate that changes in some acoustic features are, indeed,
mostly explained by growth.
It is generally accepted that there are three varieties of vocal
learning: comprehension, usage and production (Janik & Slater,
2000). Comprehension learning is when an animal learns to
respond appropriatelydvia experiencedto vocal signals. For
example, infant vervet monkeys learn adaptive responses to alarm
calls by watching what adult conspeciﬁcs do (Seyfarth & Cheney,
1986), infant macaques learn via experience to recognize their
mother's voice (Fischer, 2004), and Diana monkeys, Cercopithecus
diana, learn to respond adaptively to the alarm calls of other species
(Zuberbühler, 2000). Usage learning is when an animal learns in
which context(s) to produce a pre-existing call in its repertoire. For
instance, infant and juvenile vervet monkeys produce adult-like
‘raptor’ alarm calls but do so to the wrong birds; they eventually
learn to associate their alarm calling to the appropriate bird species
(Seyfarth & Cheney, 1986). Similarly, infant marmoset monkeys
produce some call types in contexts that are different from those
elicited during adult call production (Elowson, Snowdon, & Sweet,
1992), and learning the appropriate context is experience dependent (Gültekin & Hage, 2017). The third variety of vocal learningdproduction learningdis the experience-dependent change
in the acoustic structure of vocalizations (Janik & Slater, 2000).
Increasingly, however, the literature has limited the deﬁnition of
vocal production learning to learning novel vocalizations via
imitation (e.g. Fitch, 2010). Indeed, some have limited it even
further to include only imitation of those vocalizations that involve
changes in laryngeal/syringeal control by the forebrain (Petkov &
Jarvis, 2012). Such a narrow deﬁnition fails to capture the diverse
means by which humans and other animals learn to produce their
communication signals (Tchernichovski & Marcus, 2014).
Infant marmoset monkeys exhibit vocal production learning via
social reinforcement from parents. They do this not through
imitation but rather through the experience-dependent increase in
the control of the vocal apparatus that allows them to more
consistently produce tonal (low entropy) phee calls. Early in life,
infant marmosets produce immature versions of their contact phee
call. Relative to the mature contact call, these immature versions
are higher in spectral entropy, dominant frequency and amplitude
modulation frequency, and shorter in duration (Takahashi et al.,
2015, 2016; Zhang & Ghazanfar, 2016). The production of these
immature contact calls is related to a small lung capacity (Zhang &
Ghazanfar, 2018) and poor muscular control ofdand coordination
betweendrespiration and vocal fold tension (Takahashi et al., 2015;
Teramoto et al., 2017; Zhang & Ghazanfar, 2016). These immature
calls disappear later in development; they are not produced in any
other contexts. The developmental timing of this control and coordination of vocal apparatus elements is what is linked to experience: more contingent vocal feedback results in faster
development of respiratory and laryngeal control and coordination
(Teramoto et al., 2017). These data support the notion that forms of
vocal production learning extend beyond imitation (Lipkind et al.,
2013; Tchernichovski & Marcus, 2014). Importantly, parental interactions are essential for the vocal behaviour of offspring in the
long term. Infant marmosets with limited parental contact exhibit
vocal behaviours as subadults that remain immature relative to
normally reared marmosets (Gültekin & Hage, 2017).
The social reinforcement-based vocal learning by infant
marmoset monkeys is consistent with ﬁndings in experimental
studies of early (prelinguistic) vocal development in humans
(Goldstein et al., 2003; Goldstein & Schwade, 2008) and song
learning in birds (e.g. brown-headed cowbirds, Molothrus ater:
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West & King, 1988; zebra ﬁnches, Taeniopygia guttata: Chen,
Matheson, & Sakata, 2016). In human infants, for instance, immature vocalizations (e.g. cries and cooing sounds, among many
others) gradually transform into the consistent, context-dependent
production of speech-like babbling output (Kent & Murray, 1982;
Scheiner et al., 2002). The speed of this transformation is inﬂuenced by contingent parental feedback (Bloom et al., 1987;
Goldstein et al., 2003; Goldstein & Schwade, 2008; Gros-Louis
et al. 2014; Hsu & Fogel, 2001; Masataka, 1993). Another similar
development pattern occurs during locomotion learning by
humans. Human toddlers alternate between crawling and walking,
and only later in development will start to walk consistently with a
more adult-like gait (Adolph, Vereijken, & Shrout, 2003; Adolph &
Robinson, 2013). This locomotor transition is also inﬂuenced by
parental social feedback (Tamis-LeMonda et al., 2008). Similarly,
marmoset infants who received greater contingent vocal feedback
than their twin began to consistently produce mature-sounding
phee calls earlier in life (Takahashi et al., 2017).
COOPERATIVE BREEDING AS THE IMPORTANT COMMON
FACTOR BETWEEN HUMANS AND MARMOSET MONKEYS
Why do humans and marmoset monkeys exhibit similar patterns of vocal development in the early postnatal period? As some
40 million years have passed since the Old World and New World
primate lineages split (Steiper & Young, 2006), we suggest that
vocal learning arose as a by-product of the convergent evolution of
a cooperative breeding system. Cooperative breeding is only found
in about 3% of mammals (Hrdy, 2005). Of those mammals,
marmoset monkeys and others in the callitrichid family are the
only nonhuman primates known to exhibit this strategy (Burkart
et al., 2009; Hrdy, 2005). For marmosets, the rearing of infants is
greatly reliant on a concerted effort among the breeding female,
breeding male, nonbreeding siblings and other familiar but unrelated group members. Marmoset caregivers compete to carry infants (Santos, French, & Otta, 1997; Snowdon & Cronin, 2007) and
frequently provision food to offspring (Burkart & van Schaik, 2010;
Yamamoto & Lopes, 2004). This cooperative breeding framework,
in which nonparents within a social group spontaneously care for
offspring other than their own, drives a more general tendency to
be prosocial in other domains (Burkart et al., 2014), including vocal
communication (Borjon & Ghazanfar, 2014).
How does this lead to vocal production learning in infant marmosets and humans? Care of infants is probably the most important context in which cooperation with unrelated individuals
occurs. There is a strong correlation between the amount of infant
care provided by others and the reproductive success of a mother
(Ross & MacLarnon, 2000). In a noisy, busy environment where
caregiver attention is a limited resource, and where nonmaternal
caregivers may have higher thresholds than mothers to provide
care, evolution may select for a vocal learning capacity that helps
infants produce mature-sounding (e.g. loud, long and tonal) vocalizations more quickly and thus more reliably attract caregiver
attention (Zuberbühler, 2012). A related hypothesis is that human
infant vocalizations that sound more speech-like evolved to exploit
pre-existing auditory predispositions in adult receivers (Locke,
2006). The fact that parents of both human and marmoset infants
are more likely to give contingent responses to infant vocalizations
when those vocalizations sound more adult-like (Gros-Louis, West,
Goldstein, & King, 2006; Takahashi et al., 2016) is consistent with
this ‘receiver predisposition’ idea (Locke, 2006). We therefore
suggest that the vocal learning mechanism evolved to speed up the
production of mature-sounding vocalizations (those that exploit
the receiver predispositions) using social feedback because such
vocalizations are more likely to elicit caregiver attention.
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