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Abstract

One of the most important challenges for a developing infant is learning how best to
allocate their attention and forage for information in the midst of a great deal of novel
stimulation. We propose that infants of altricial species solve this challenge by
learning selectively from events that are contingent on their immature behavior, such
as babbling. Such a contingency filter would focus attention and learning on the
behavior of social partners, because social behavior reliably fits infants’ sensitivity to
contingency. In this way a contingent response by a caregiver to an immature
behavior becomes a source of learnable information – feedback – to the infant. Social
interactions with responsive caregivers afford infants opportunities to explore the
impacts of their immature behavior on their environment, which facilitates the
development of socially guided learning. Furthermore, contingent interactions
are opportunities to make and test predictions about the efficacy of their social
behaviors and those of others. In this chapter, we will use prelinguistic vocal learning
to exemplify how infants use their developing vocal abilities to elicit learnable
information about language from their social partners. Specifically, we review how
caregivers’ contingent responses to babbling create information that facilitates infant
vocal learning and drives the development of communication. Infants play an active
role in this process, as their developing predictions about the consequences of their
actions serve to further refine their allocation of attention and drive increases in the
maturity of their vocal behavior.

1. Introduction

The world of a newborn infant provides endless sources of stimulation.
Many sights, sounds, and sensations are experienced for the first time, at rates
that are understandably assumed to be overwhelming (James, 1890). With so
much available information, how do sensorily, socially, and motorically
immature infants decide what to pay attention to and learn from? Efficiently
allocating their attention is crucial to the acquisition of adaptive behaviors
important for their survival as well as the development of social and cognitive
abilities. We propose that infants become proficient learners in their first year
of life by allocating their attention to a ubiquitously available source of
information: their caregivers. In addition to provisioning nourishment,
shelter and safety, caregivers provide responsive behaviors that highlight
what information is important for infants to pay attention to.

By engaging in social interactions with caregivers, infants receive timely
and relevant responses to their immature behaviors, such as babbling.
Inherent in these interactions is contingency, or the temporal relatedness of
a caregiver’s response to their infant’s behavior. Infants prefer stimuli that
they perceive as informative (Kidd, Piantadosi, & Aslin, 2012), including
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those that are contingent on their own behaviors (Heyes, 2016). The
preference for stimuli that they can elicit guides what and who they learn
from. Most information that is contingent in infants’ environments comes
from social partners. Contingency drives infants’ attention to socially
relevant information and thus plays an important role in social learning.
Furthermore, by producing immature behaviors that caregivers respond to,
infants create opportunities for social learning.

Babbling is one such immature behavior that organizes social interactions
and infants’ learning environments. A key component of vocal learning is the
production of these non-cry, prelinguistic vocalizations during vocal turn-
taking interactions with caregivers. By using contingency as a filter for
organizing attention and directing learning, these interactions result in infants
acquiring socially relevant sounds from their caregivers. Therefore, beyond
motor practice, babbling functions as a tool with which infants probe their
social environments and facilitate their vocal learning.

Socially guided vocal learning proceeds from a feedback loop between
caregiver responsiveness and infant attention, ultimately resulting in the ability to
produce speech-like sounds. Infants’ prelinguistic vocalizations elicit responses
from caregivers, and infants subsequently integrate the information from those
responses into their future vocalizations. Over time, infant vocalizations adopt
more mature and socially relevant features and are increasingly effective at
reliably eliciting future responses (Goldstein & Schwade, 2010). This process of
vocal learning through social feedback demonstrates how an extended period of
behavioral flexibility early in development affords infants opportunities to learn
species-typical behaviors from interactions with their caregivers.

Prediction of the social consequences of vocalizing, such as receiving
contingent speech from a caregiver, plays a key role in the function of the
feedback loop. Vocal turn-taking interactions with caregivers allow infants to
test the social efficacy of their immature vocalizations. When infants receive
contingent responses from their caregivers, they update their own predictions
as to how their prelinguistic vocalizations can change their environment.

Prioritizing behaviors that increase prediction accuracy, like producing
speech-like sounds that have reliably elicited responses in the past, is an
important strategy for vocal development. This domain-general strategy is
the defining feature of curiosity-driven learning (e.g., Oudeyer & Smith,
2016). We propose that curiosity-driven learning is a process by which
infants use contingency to learn within the social feedback loop.

Our chapter will highlight the connected functions of immature
behavior, contingent social feedback, and infant curiosity in socially guided
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vocal learning. Using examples across fields and species, we will outline
how gradual development and extended parental care create a develop-
mental niche in which immature behaviors, and the contingent responses
they elicit, structure early learning environments, resulting in adaptive
developmental outcomes.

2. Learning within a co-developing social system

Humans are altricial. This means that, for an extended period of time
after they are born, infants are sensorily and motorically immature and must
rely on others for survival. This is in contrast to more precocial animals, such
as deer that can get up and walk shortly after birth, who are born with more
functional motor and sensory abilities. While it may seem like a disadvantage
to have such a long period of immaturity, remaining reliant on parental
care is actually an important feature of an infant’s developmental niche.

A developmental niche describes an animal’s ability to perceive and use
available information in their environment in order to learn (Alberts, 2008).
Fig. 1 illustrates the developmental niche of human infant vocal learners in

Fig. 1 The developmental niche of human infant vocal learners. Infants’ developing
abilities in the vocal (A), and perceptual and learning domains (B) align with the
social information in their environment made available to them by responsive
caregivers (C). Placement of abilities along the 5–12 month timeline relates to
instances in the literature in which these abilities have been demonstrated.
(Kenward (2010); Reznick, Morrow, Goldman, & Snyder (2004); Saffran, Aslin, &
Newport (1996); Smith & Yu (2008); Yu & Smith (2012)).
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the latter half of their first year. The niche is characterized by alignment
between infants’ developing vocal abilities, their changing learning capacities,
and their parents’ changing responsiveness. Infants are born into their niche
with specific perceptual and learning abilities that shape how they interact
with the world around them (Fig. 1B; Gibson, 1988).

The developmental niche of a human infant promotes social learning.
When an infant acts on their social world, they can explore their affor-
dances, which include caregivers who scaffold their continued learning
(Faust, Carouso-Peck, Elson, & Goldstein, 2020). Scaffolding is made
possible by caregivers’ ability to attend to and learn from the information
infants generate (Fig. 1C). With access to social partners who are sensitive
to immaturity, infants are able to make use of their developing skills to
gradually learn about the world.

The caregiver-infant dyad is a co-developing social system, in which
infants and caregivers change their behaviors as a function of each other’s
actions. This co-development happens both in the moment during indi-
vidual interactions, and over longer developmental timescales. These
dynamic interactions shape how infants learn from the information parents
provide in response to their immature behaviors. Likewise, these interac-
tions also structure the complexity of the responses that parents scaffold
during communication. As infants’ attentional and communicative skills
improve over the first two years, contingent interactions change to allow
for appropriate scaffolding of maturing communicative and social capacities
(Masek et al., 2021). For example, during naturalistic interactions, parents
of toddlers tend to provide object labels for toys that are held in their own
or their infants’ hands, creating multimodal contingencies between visual
and auditory information (Schroer & Yu, 2022). Experience with
responsive caregivers is important for infants to become responsive social
partners themselves, as caregiver contingency in interactions with infants
was related to responsiveness of infants to caregiver behaviors (Kuchirko,
Tafuro, & Tamis LeMonda, 2018). Social learning is thus embedded in a
dynamic set of interactions with caregivers whose behaviors are emerging
and changing in real time and over developmental time.

Vocal learning is a prime example of gradual social learning in the
infant’s developmental niche. Vocal learning is characterized as a devel-
oping feedback loop in which infants’ immature vocal behavior elicits
caregiver responses that guide infants’ subsequent vocalizations (Fig. 2).
The characteristics of prelinguistic vocalizations are constrained by infants’
developing vocal apparatus as well as their limited social and learning
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capacities. When infants vocalize, their parents perceive the maturity of
their infants’ vocalizations (Oller et al., 2001). This guides the way care-
givers interpret and respond to infants. More mature vocalizations lead
parents to use those sounds as cues when responding to infants (Albert
et al., 2018; Goldstein & West, 1999). When infants receive caregiver
responses contingently on their own vocalizations, this serves as feedback
that infants integrate into their subsequent vocalizations (Goldstein &
Schwade, 2008). Infants’ vocalizations begin to incorporate the phonolo-
gical patterns of their caregivers’ speech, as well as the features of their own
behaviors that elicited responses from caregivers in the first place. This
feedback loop (Fig. 2) results in mature behaviors over time as infants and
caregivers engage in vocal turn-taking and infants acquire the social and
vocal means to produce more mature vocalizations.

Crucially, the social feedback loop works because of the alignment
between the complexity of caregivers’ responsiveness and infants’ devel-
oping abilities. This alignment is not a developmentally static

Fig. 2 Social feedback loop of socially guided vocal learning. When infants vocalize,
caregivers contingently respond, which provides infants with information that their
vocal behavior elicits such responses. Subsequent vocalizations integrate temporal
and phonological features of contingent adult responses and produce more mature
vocal forms. Parents perceive this increased maturity and begin to differentially
respond to more mature vocal forms. Infants learn this association and use that to
guide their vocal behavior to be more socially relevant.
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phenomenon; it changes as a function of infant and parental development.
For example, developmental changes in infant attention and memory
facilitates their ability to participate in complex interactions as well as their
ability to learn from them (Masek et al., 2021). In the feedback loop,
immature behaviors have functional significance because caregivers
respond to them, and infants learn from those responses. In the following
section we outline infants’ early capacities and describe their fit with
caregiver behaviors.

3. Early perceptual abilities

Despite early immaturity, infants are not born completely blank slates.
By the time they are born, they already display biases that shape their con-
tinued learning. For example, newborn infants show a visual preference for
faces, differentially attending to top-heavy, asymmetrical, face-like shape
configurations over shapes that do not resemble faces (Simion et al., 2002).
This bias may also be built by early postnatal sensory experiences. Newborns’
limited visual acuity constrains their visual attention to objects that are in close
proximity to their face. Since they spend much of their early infancy being
held, the face of the caregiver holding them is often the closest figure they can
see. This early postnatal experience may also account for their attentional biases
to faces (Mondloch et al., 2013). Having a bias for faces is important for social
development because faces are rich sources of information.

Infants are also predisposed to pay more attention to their mother’s voice
than other sounds. The prenatal environment exposes infants to sounds their
mothers make. Newborns show a greater preference for their mother’s voice
over other female voices (DeCasper & Fifer, 1980), and even show a pre-
ference for hearing familiar book passages that their mothers read aloud
during the third trimester of pregnancy over unfamiliar passages (DeCasper
& Spence, 1986). Research on newborn infants’ preferences highlights the
energy they will expend to elicit familiar, and possibly more predictable
stimuli. For example, non-nutritive pacifier sucking rate increases when
sucking delivers familiar auditory stimuli that infants heard while still in utero
(DeCasper & Fifer, 1980). Infants that are only days old will display early
locomotor behavior, aided by a mini skateboard, to move toward a speaker
playing IDS in their native language (Hym et al., 2023), further demon-
strating that their prenatal auditory experiences shape preferences and drive
behaviors to elicit preferred stimuli.
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Acquiring language via social learning is only an efficient strategy if
individuals can allocate their attention to sources that are producing learnable
linguistic input relevant to their ambient language environment. In their first
6 months of life, infants demonstrate the ability to discriminate between
distinct phonemes of both native and non-native languages early in devel-
opment (Doupe & Kuhl, 1999). Infants guide their exploration of their
learning environments by preferentially attending to features that have
learnable statistical regularities (Kidd et al., 2012). Attentional biases for
socially relevant stimuli may be driven by the learnable regularities they
exhibit. In addition to possessing certain attention-garnering visual and
acoustic features, like familiar faces and voices, another learnable and inter-
esting feature of social partners may be their tendency to respond con-
tingently to infants’ behaviors. The contingency of caregiver responsiveness
during social interactions has been proposed to highlight what features are
important for infants to attend to, resulting in perceptual learning and nar-
rowing (Kuhl, Tsao, & Liu, 2003). In this way, contingency plays a key role
in orienting infant attention to learnable and relevant information and is an
important aspect of infants’ communicative development (Kuhl, 2007).
Thus, infants enter the second half of their first year with phonetic per-
ception that is constrained to sounds that are relevant for learning the lan-
guages they are exposed to. This restriction likely promotes more efficient
language learning later in development (Kuhl, Williams, Lacerda, Stevens, &
Lindblom, 1992). For contingency to impact learning, infants must attend to
the temporal and semantic relatedness of contingent responses to their own
behaviors (Tamis-LeMonda et al., 2014).

4. Contingency

When events occur in close proximity to one another, infants attend to
the temporal relationship between those events and form expectations that
those events will co-occur in the future. This sensitivity to temporally
proximal events is an essential mechanism for shaping attention and driving
reinforcement learning (Skinner, 1948). Crucial to contingent interactions is
the size of the temporal window between events. The more time that passes
between two events, the less likely they are understood to be causally related.
However, events that are too closely related are perceived as overlapping or
even intrusive. Both infants and caregivers are sensitive to the length of this
delay during vocal turn-taking interactions (Striano et al., 2006).
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Observations of caregivers’ interactions with their 4 month-old infants
showed that contingent responses typically occur within 2 s of preceding
vocal behavior (Van Egeren et al., 2001). This contingency window is
thought to coincide with the length of time that infants can attend to and
hold connected events in working memory (Millar & Watson, 1979; Ross-
Sheehy & Newman, 2015).

4.1 Social contingency
Contingency in social interactions entails timely response to the behavior
of another individual. Social interactions are important opportunities for
infants to perceive the contingency of others’ actions as it relates to their
own behaviors. Contingent responses to infants are characterized by their
timeliness and semantic relatedness to infant behaviors (Tamis-LeMonda
et al., 2014). These features of input quality play a crucial role in infant
learning. Contributing to the quality of infants’ language learning envir-
onments is their access to contingent social interactions with their care-
givers (Golinkoff, Can, Soderstrom, & Hirsh-Pasek, 2015). For example,
infants can become sensitive to different phonemes in a non-native lan-
guage when they have engaged in live interactions with adult speakers
using that language, but do not learn to do so from pre-recorded material
(Kuhl et al., 2003). Engaging with contingent and sensitive social partners
also facilitates early word learning. Infants have demonstrated the ability to
learn words from both in- person and live video interactions with adults,
but not from pre-recorded video with the same amount of content
(Roseberry, Hirsh-Pasek, & Golinkoff, 2014). Word learning is also
facilitated by semantically contingent object labels related to objects that
infants are focused on (Tamis-LeMonda et al., 2014).

The nature of infants’ interactions with caregivers changes as infants
acquire advanced attentional and communicative skills. For example, early
in infancy, social interactions between infants and caregivers occur when
they are face-to-face, but throughout infancy interactions occur in a more
triadic fashion with joint attention focused on objects or manual actions
(Deák et al., 2014). Contingency and developing attention have been
proposed to work together bidirectionally to enable this shift. Attention to
contingent stimuli, likely driven by early attentional preferences to faces
and eye gaze, encourages engagement in contingent social interactions, and
engagement in such interactions promotes further attention and learning
from them over the course of development (Masek et al., 2021).
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4.2 Learning from contingency in non-human animals
Contingency is a domain- and species-general mechanism that guides
learning in altricial young. This is highlighted by evidence across species
that shows that immature social partners can learn from their mature social
partners’ contingent responses. Social interactions in particular facilitate
communicative learning. In zebra finches (Taeniopygia guttata), for example,
visual and acoustic interactions with song tutors enable young males to
learn species-typical songs (Eales, 1989). Even non-singing female song-
birds guide juvenile males to learn song that is more appealing by providing
rapid arousal movements contingent on immature song (Carouso-Peck &
Goldstein, 2019; West & King, 1988). Juveniles can also learn to copy
songs from recordings they elicit via pressing a key (Adret, 1993;
Tchernichovski et al., 2001), suggesting that the contingent, temporally-
locked cues they receive during social interactions facilitates learning from
them. More recent research on zebra finches found that the vocalizations of
deaf birds could be shaped by song-contingent visual stimuli in the absence
of auditory feedback (Zai et al., 2020).

These examples support the idea that the act of eliciting contingent
stimuli through interaction with the environment shapes communicative
development across altricial species, including humans. The ability to elicit
such stimuli, in combination with contingency perception and a preference
for learning from contingent sources, are important features of the human
infants’ developmental niche. Paired with a social environment that
includes sensitive and contingent social partners, infants are well suited to
learn from social interactions.

Within the social feedback loop, infants’ perception of contingency of
their caregivers’ responses provides information about the social impact of
their vocalizations. Some sounds will be differentially responded to, such that
immature sounds that used to receive a response may be less successful once
infants have more mature sounds in their repertoires. Differential contingent
responsiveness can be thought of as acoustic scaffolding, encouraging the use of
more mature sounds over time as infants are able to produce them.

5. Parental scaffolding

Prioritizing learning from contingent sources is only efficient for
learners if there are also mature adults that provide cues from which to
learn. Parental scaffolding is characterized by modifications that caregivers
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make to account for their children’s maturity and skill levels (Wood et al.,
1976). Parents’ responses to infant behavior reflect their infants’ lack of
knowledge and mastery in physical and social domains. The ability to
perceive an immature partner’s maturity and provide support for the
emergence of more mature behaviors is the cornerstone of the altricial
caregiver’s own niche.

For caregivers’ contingent responses to serve as feedback for infants,
they must respond to their infants’ behaviors in ways that are sensitive to
their infants’ immediate actions, focus, and maturity. Responsiveness that is
dynamically modulated by infants’ behaviors is a key feature of parental
sensitivity, which is predictive of positive language learning outcomes
(Baumwell, Tamis-LeMonda, & Bornstein, 1997). Like contingency,
scaffolding is a domain-general mechanism that facilitates learning in
altricial young across species.

5.1 Examples of scaffolding in non-human animals
Parents scaffold behaviors to promote learning relevant skills that an
immature partner needs for survival. In meerkats, for example, adults
facilitate learning of prey handling skills in nutritionally-dependent pups by
first providing them with dead and disabled prey, specifically venomous
scorpions. The adults use cues from pup calls to determine their pups’
maturity and readiness for more dangerous provisions (Thornton &
McAuliffe, 2006). These age-appropriate responses to pup begging calls
guide the efficient learning of complex foraging skills, enabling pups to
become nutritionally independent. This study highlights the sensitivity of
caregivers to their pup’s maturity through vocal signaling.

In other species, including bats and songbirds, researchers have found
that adults adjust spectral and temporal attributes of their juvenile-directed
vocalizations, such that they differ from adult-directed vocalizations (Chen,
Matheson, & Sakata, 2016; Fernandez & Knörnschild, 2020). These
modifications have implications for the learnability of those tailored signals.
For example, pupil- directed song from adult male zebra finches was
associated with higher attention and superior song learning from juveniles,
as opposed to non-pupil directed song (Chen et al., 2016). These examples
underscore the importance of dynamically modulated interactions between
adult and offspring, especially during critical periods of development.
Altriciality provides an extended period in which these fine-tuned inter-
actions can occur.
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5.2 What parents perceive
Both in humans and non-humans, caregivers actively attend to the maturity
of the cues that their infants provide. This is an essential skill for being able
to provide appropriate and contingent information that infants can detect.
However, there is little work studying the role of parental perception in
constructing informative responses, and this remains an outstanding area for
future research. What we do know is that parents are sensitive to various
qualities of the sounds that their infants produce. This sensitivity is thought
to guide caregivers’ responsiveness to infant vocalizations as they change in
quality and frequency over the course of development. For example,
hyperphonated cries are rated by parents as being more distressing, related
to sickness, or urgent compared to less phonated cries (Crowe & Zeskind,
1992; Zeskind & Shingler, 1991). As infants get older and begin babbling,
there is evidence that parents can accurately track the onset of canonical
syllables in their infant’s vocal repertoire (Oller et al., 2001). While there is
still much work to be done on how parents perceive the cues that signal
mature development, we do know that parents are shaping their com-
munication to meet the learning demands of infants, as we describe below.

5.3 Infant-directed speech
Infant-directed speech (IDS) refers to the stereotyped way in which adults
acoustically modify their speech to infants (e.g., Hilton et al., 2022). IDS is
an example of scaffolding because the acoustic features of parents’ speech
align well with infants’ abilities and communicative needs in the moment.
Attending to infants’ behaviors results in real-time changes in the pitch
(Smith & Trainor, 2008) and hyperarticulation (Lam & Kitamura, 2012) of
parents’ IDS. In this way, the well-known characteristics of IDS are not
fixed, but are tightly related to cues from infants during interactions. Infant
behavior is thus a proximal force of change for parental behavior.

A proximal cue from infants that guides parents to produce more
learnable IDS is babbling. Contingent speech in response to infant babbling
is linguistically simpler than IDS that is not contingent on babbling. While
prosody remains the same, linguistic differences between contingent and
non-contingent speech include reductions in the proportion of single-
word utterances, the number of unique words used, and the mean length of
utterances. Thus, infants receive lexically simplified and shorter utterances
from parents in response to their babbling (Elmlinger et al., 2019). This
effect is observed cross-culturally, even in societies in which caregivers are
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observed to respond less to prelinguistic infants, like Tseltal Mayan care-
givers (Elmlinger, Goldstein, & Casillas, 2023; Elmlinger, Schwade,
Vollmer, & Goldstein, 2022). By babbling, infants elicit more learnable
linguistic input from their caregivers.

In summary, the social feedback loop functions because of the fit
between infants’ perceptual and learning capacities, their immature beha-
viors, and parental responsiveness. As infants display more advanced skills,
parents change their responsiveness, raising the bar for what behaviors they
respond to and the complexity of their response. Extended immaturity in
altricial species and the necessity of caregiving for infant survival create a
niche in which infants can learn by engaging in social interactions with
their caregivers. In socially guided vocal learning, prelinguistic vocaliza-
tions change as a function of maturing vocal abilities and contingent
responses from caregivers. Learning the sounds relevant to the ambient
language environment is enhanced by vocal turn-taking interactions,
because these are opportunities to generate, test, and update predictions
about one’s own vocal abilities and their social efficacy.

The following section will review how prelinguistic vocalizations
develop over the first year, and how their use during social interactions
with caregivers impacts vocal development, and subsequent language
development, over time.

6. Vocal learning in human infants

Maturation of articulators and the body constrain the types of
vocalizations that infants can make. In infants’ first two months of life, their
sounds are typically limited to vegetative and distress vocalizations, which
are produced involuntarily. They do, however, produce some vowel-like
sounds, known as quasivowels (Oller, 2000). By approximately 4 months,
infants begin to make more mature vowel-like sounds that are fully resonant
and begin to integrate consonants into their repertoires, typically resulting
in slow consonant-vowel alternations called marginal syllables (Oller, 2000).
By 6 months of age, infants begin to produce canonical syllables. These
syllables are defined by quick alternations between vocal tract closures and
openings to produce consonant-vowel pairs with fully-resonant voicing,
resembling adult speech sounds (Oller, 2000).

Vocal development depends on development in sensory, motor, social,
and language domains (Kent, 2022). The influence of the maturing vocal
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tract on the sounds that infants are capable of making across the first year
can be considered alongside internal and external factors driving vocal
behavior. Machine learning models offer unique insight into how intrinsic
motivation plays an important role in supporting the feedback loop of vocal
development. By mastering immature behaviors first and then going on to
attempt and master increasingly mature behaviors, vocal tract models
demonstrate that phonetic learning can result from active exploration of
acoustic space (Moulin-Frier, Nguyen, & Oudeyer, 2014). By babbling,
infants can explore their vocal capacities while incidentally receiving social
feedback from responsive caregivers.

Studying how social feedback is integrated into vocal behaviors aids in
the understanding of how infants begin to produce sounds relevant to their
ambient language environment once they have developed the physical
capacity to do so.

7. Socially guided vocal learning

Infant vocal development is a socially-embedded, bidirectional process
whereby infants produce immature sounds, receive responses with learnable
linguistic regularities from adults, and integrate that information into sub-
sequent sounds (Goldstein & Schwade, 2010). The timing of caregiver
speech in response to infant vocal behavior makes IDS a salient signal during
vocal learning. Furthermore, the changes that parents make to their con-
tingent speech in the moment (Elmlinger et al., 2019) and as their infants
mature (Albert et al., 2018) serve as scaffolding for increasingly advanced
communicative behaviors. Infants play a role in creating opportunities for
learning by eliciting interactions with their caregivers by vocalizing.

Beyond providing infants with attention-orienting and simplified lin-
guistic input, contingent responses to babbling bolster infant expectations
that their behaviors may elicit changes in their social partners (Bigelow &
Power, 2022). What happens when infants can no longer elicit the vocal
responses that they have come to expect from their caregivers? Still-face
experiments have been used to assess infants’ reactions to their parents
when they momentarily cease typical responsiveness (Goldstein et al.,
2009). When mothers stop and stare at their infant for a short period of
time, ignoring all infant behaviors, infants display a burst in social bids by
increasing their rate of vocalizing. This pattern is referred to as a vocal
extinction burst, defined as a burst in vocalizing when caregiver
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responsiveness extinguishes. Vocalization rate decreases again when care-
givers resume their normal levels of responsiveness.

Expectations around parental responsiveness to babbling are learned over
the course of the first year. In a subsequent study comparing 3- and 5-
month-old infants, 5-month-olds again showed the extinction burst shown
in Goldstein et al. (2009), while 3-month-olds did not. Furthermore, the
strength of the vocal extinction bursts was related to how responsive care-
givers were in babbling during free play interactions (Elmlinger, Goldstein,
et al., 2023; Elmlinger, Schwade, et al., 2022). These findings provide evi-
dence that infants’ expectations about the social influence of their vocali-
zations develop as infants become more experienced with the patterns of
typical social interactions. These patterns become apparent when both
caregiver and infant behavior follow each other in repeated bouts.

Babbling provides multiple cues for caregivers to attend and respond to.
For example, in addition to the maturity of a given vocalization, the
directedness provides clues about what infants are interested in. The sal-
ience of vocal maturity and directedness have been experimentally tested in
playback paradigms in which caregivers watch and respond to naturalistic
videos of infants vocalizing while playing (Albert et al., 2018). Parents
selectively responded more frequently to more mature vocalizations, and to
vocalizations that were object- directed. Additionally, parents used dif-
ferent types of responses to different types of vocalizations. For example,
canonical syllables received more imitative responses than less mature
marginal syllables. Object-directed vocalizations received more responses
that were sensitive to what the infant was vocalizing toward, while
undirected vocalizations received more affirmations. Caregivers’ responses
to the playback stimuli were comparable to their responses to their own
infants during free play (Albert et al., 2018). Therefore, maturity and
directedness of vocalizations play an influential role in caregiver respon-
siveness to babbling, creating more opportunities for scaffolding vocal,
social, and cognitive development.

As infants learn about their ability to create learning opportunities by
babbling, they begin learning new phonological forms through social
interactions with their caregivers. Contingent caregiver responsiveness to
infant vocalizations has been demonstrated to play a role in the emergence
of syllabic structure of vocalizations (Goldstein & Schwade, 2008). In an
experiment manipulating the timing and content of caregiver responses to
babbling, infants either received fully-resonant vowels or monosyllabic
consonant-vowel sounds from their caregivers as contingent responses to
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their prelinguistic vocalizations. Infants in the yoked-control group
received the same amount of input, but on the schedule of the experi-
mental group infants, so that it was not temporally linked to their babbling.
As such, they heard the same amount of input.

Infants who received contingent responses integrated the phonological
patterns of their caregivers’ speech, while the infants in the control group
did not show changes to their vocalizations (Goldstein & Schwade, 2008).
Contingent responses from caregivers helped infants learn the phonological
patterns of their caregivers’ speech beyond mere imitation of the sounds
they heard. Vocal turn-taking is thus a context in which mature vocal
forms develop after having been shaped by caregiver responsiveness.

In summary, contingent social responding is the component of the
feedback loop that facilitates vocal change over time because they can be
used by infants to guide the production of future vocalizations. Early in
infancy, contingent responsiveness helps infants learn that vocal behavior
has social consequences (Goldstein et al., 2009). Contingent caregiver
speech is simpler than non-contingent IDS (Elmlinger et al., 2019), making
it more learnable. As infants’ prelinguistic vocalizations mature, they begin
to receive differential responsiveness contingently to their more mature and
speech-like vocalizations (Albert et al., 2018), which provides infants with
information about how their new sounds impact the social environment in
comparison to less mature sounds. Across species, socially guided vocal
learning is an efficient strategy for altricial vocal learners who have
extended access to responsive caregivers during their periods of behavioral
plasticity. Communicative development across species can thus proceed
from similarly-structured social feedback loops in which immature beha-
viors develop as a function of timely and tailored responses from caregivers.

7.1 Vocal learning in non-human animals
Much of what is known about vocal production learning is informed by
research on songbirds, who use their song for mate attraction and territory
defense. Zebra finches serve as a popular model species that provides insight
on the neurobiological and behavioral mechanisms underlying vocal
learning. Zebra finch vocal development first entails a sensitive period of
sensory learning in which the young male birds memorize the song of a
tutor. This period overlaps with the later emergence of vocal plasticity,
during which time juveniles produce immature sounds known as subsong
and developmentally later plastic song (Liu, Gardner, & Nottebohm, 2004).
At around 90 days of age zebra finches are sexually mature and song reaches
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a stereotyped state, known as crystallized song, after which point vocaliza-
tions undergo little developmental change (Immelmann, 1969).

Social interactions guide this development. Exposure to mature social
partners is crucial for vocal development, as zebra finches raised in isolation
do not develop typical song (Eales, 1985, 1987), and juvenile males choose
their song tutor based on their prior interactions with them (Clayton, 1987).
Quality of learning can be predicted by the pupil’s attentiveness to their tutor
(Baran, Peck, Kim, Goldstein, & Adkins-Regan, 2017; Chen et al., 2016).
The modality of the tutoring experience also affects the pupil bird’s crys-
tallized song. Juvenile zebra finches who have live, multimodal interactions
with their tutor learn a song that highly resembles that of their tutor, as
compared to pupils who could not interact with the tutor, or who could
only hear them (Chen et al., 2016; Varkevisser, Mendoza, et al., 2022).

Young male zebra finches also learn from behavior of non-singing social
partners (Carouso-Peck & Goldstein, 2019). In a playback experiment,
researchers manipulated the timing of visual feedback presented to juveniles.
When a juvenile bird in the experimental group vocalized, he received visual
feedback consisting of a video of a female fluffing up her feathers (a typical
response to attractive song; Vyas, Harding, Borg, & Bogdan, 2008). Each
time the bird in the contingent condition elicited a playback, the video was
also played to his genetic brother in another chamber, regardless of the
brother’s vocal activity (yoked-control condition). At sexual maturity, birds
who received contingent visual feedback outperformed their yoked coun-
terparts, despite having vocalized at similar rates and having received the
same amount of visual stimulation. The social contingency of the visual
stimulus was key to creating learnable feedback that led to more mature song
at sexual maturity (Carouso-Peck & Goldstein, 2019).

The findings from the playback experiment were supported by a nat-
uralistic study that found a correlation between the amount of maternal
contingent fluff-ups and song outcome measures (Carouso-Peck, Goldstein,
& Fitch, 2021). This study further determined that paternal contingent
behavior also facilitated song development, as juveniles whose fathers con-
sistently sang immediately after them developed a more accurate song than
juveniles with less responsive fathers (Carouso-Peck, Menyhart, DeVoogd,
& Goldstein, 2020). This social learning mechanism is not unique to zebra
finches, however; it is likely to be found in other species in which the
sensory and sensorimotor learning periods overlap (Carouso-Peck et al.,
2021). That is, species that can concurrently alter their memorized song
representation as well as their vocal output can use this flexibility to modify

Curiosity constructs communicative competence through social feedback loops 17



their vocalizations based on the feedback of social partners. For example,
brown-headed cowbirds (Molothrus ater) also use contingent social feedback
to guide their song development (West & King, 1988).

The social feedback loop applies well to both human and non-human
vocal learning because of parallels in developmental niches. Juvenile
songbirds’ early vocal plasticity is an advantage because they are surrounded
by adults that can provide feedback to immature vocal productions. Adults
alter their feedback to account for immaturity (e.g., Chen et al., 2016) and
juveniles’ preference for contingent learning sources may work to filter
what to learn from (e.g., Zai et al., 2020). Much like humans, other vocal
learning species with access to responsive caregivers can develop socially
relevant sounds by producing immature vocalizations in social interactions
and using contingent feedback to guide subsequent vocal productions.

In summary, the social feedback loop describes the adaptive links
between immature vocalizing and caregiver responses. Caregivers provide
acoustic scaffolding to immature vocalizations, and infants are capable of
using contingent caregiver behavior to guide their future vocalizations and
learn about language. Contingency works to orient infant attention to their
caregivers’ responses (Masek et al., 2021), and more specifically to more
learnable forms of caregiver speech (Elmlinger et al., 2019).

7.2 Benefits of learning from the social feedback loop
Vocal learning from the social feedback loop not only results in infants’
learning to produce mature vocal forms, but also learning that their vocal
productions can elicit more learnable information from their caregivers. By
babbling, infants can use their vocal behavior to organize their word
learning environments. Infants’ object-directed vocalizations are an
important signal to caregivers about their interest and readiness to receive
an object label. Contingent responses during instances when infants are
vocalizing at specific objects promote word-object recognition (Goldstein
et al., 2010). These interactions predict increases in vocabulary size by 15
months of age (Goldstein & Schwade, 2010).

Why does contingency play such a central role in the feedback loop?
Contingency is a temporal regularity that affords building associations
between immature vocalizing and parental behavior. Attention has been
proposed as a mechanism by which contingency facilitates infants’ devel-
oping temporal, semantic, and pragmatic understanding of language. We
posit that attention to contingency is an outcome of a broader mechanism,
curiosity, that drives the feedback loop.
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Contingent social interactions are opportunities in which infants can
form predictions about the social consequences of their vocalizing. An
intrinsic motivation to increase prediction accuracy in social interactions
may drive infants’ attention to contingent responses from their caregivers.
Thus, we turn to a framework of prediction formation and testing, curiosity-
driven learning, as a cognitive mechanism of motivation and learning within
the social feedback loop.

8. Curiosity as a mechanism for vocal learning

The social feedback loop works because caregivers respond con-
tingently to immature behaviors in a way that scaffolds vocal maturity.
Specifically, as infants begin to produce more mature vocalizations, care-
givers differentially respond to sounds that display more vocal maturity
(Albert et al., 2018). Such differential responding is data that informs
infants’ predictions about the efficacy of their vocalizations. Predictions that
infants have formed around their caregivers’ responsiveness to their vocal
behaviors are updated when they perceive the differential contingency of
their parents’ responses to their new behaviors. Socially guided vocal
development is thus made possible by infants’ ability to refine their pre-
dictions about the social consequences of vocalizing.

Across domains, infants are able to make use of their experiences to
generate predictions about incoming input from their environments. As
infants gain more experience, their predictions increase in accuracy. In this
way, infants behave as “scientists in the crib” (Gopnik, Meltzoff, & Kuhl,
1999), experimenting and comparing their predictions about the world to
new experiences. According to Bayesian theories of learning, infants
organize their learning using priors that are based on their past experiences
(Gopnik & Bonawitz, 2015). Learning from active exploration is guided by
knowledge from previous experiences. It has been demonstrated within a
Bayesian framework that infants generate priors about event probabilities
based on past observations and integrate new information to update their
priors for subsequent events (Téglás et al., 2011). In other words, infants
track the probabilistic likelihood of observing certain features in their
environment. Infants’ sensitivity to unexpected outcomes relies on pre-
dictions based on their past experiences. For example, when trained on
“impossible” stimuli that violate natural physics, such as a solid object
passing through another solid object, infants will show greater surprisal
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when they are then shown a stimulus that violates that pattern (a solid
object colliding when in contact with another object; Cashon & Cohen,
2000). Infants’ understanding of the rules that govern their physical and
social worlds can be built through repeated experiences with the learnable
statistical regularities, experiences which they actively seek out over others.
When infants guide their exploration of the ambient environment by
attending to features that have such learnable regularities, they create
opportunities for learning.

9. Selecting what to learn

Predictability plays a role in curiosity-driven learning (CDL) because
it provides a signal for learnability that guides attention to or from stimuli
depending on a learner’s goals, prior knowledge, and prediction accuracy
(Kidd et al., 2012). Sensitivity to intermediately-surprising events generates
attention to information that can then be learned from. Sensitivity to sti-
muli that are intermediately predictable allows infants to home in on the
features of the world that offer the greatest opportunities for learning (i.e.,
increasing prediction accuracy). CDL is predicated on the assumptions that
individuals are intrinsically motivated to forage for information that can be
used to increase prediction accuracy, and that increasing prediction accu-
racy is rewarding. CDL should thus drive individuals to attend to highly
informative stimuli (Oudeyer & Smith, 2016).

When presented with stimuli with varying levels of predictability,
infants’ visual attention was maintained the most by intermediately pre-
dictable stimuli. In contrast, overly predictable or very surprising stimuli
were more likely to lose infants’ visual attention (Kidd et al., 2012). This
demonstrates that infants actively track statistics about event probabilities
and preferentially attend to events with learnable statistics.

9.1 CDL in non-human animals
We should expect to see that non-human animals will also work to obtain
information and will prefer information that is appropriate to their learning
goals. Indeed, non-human animals will consistently choose to receive
information about upcoming events, even though they are unable to
change the outcome, or if doing so results in a sacrifice (Blanchard,
Hayden, & Bromberg-Martin, 2015; Bromberg-Martin, and Hikosaka,
2009; Wang & Hayden, 2019; Wyckoff, 1952). As in humans, the
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motivation to gain new information drives macaque attention toward
intermediately predictable events. Adult rhesus macaques display the same
pattern of visual attention as a function of surprisal as the 7–8 month old
infants in Kidd et al. (2012), Wu et al. (2022). Predictability is thus a
driving force for shaping how both humans and non-human primates
attend to statistically relevant cues. For altricial animals, and social animals
more broadly, social partners are often the richest source of contingent and
relevant information to benefit learning across domains. This pattern of
attention allocation may allow learners to focus on stimuli that maximizes
learning progress (Wu et al., 2022). Importantly, predictability is a moving
target as learners improve prediction accuracy and begin to seek more
complexity over time.

9.2 Motivation to increase prediction accuracy
Encountering novel information with both familiar and relatively unex-
pected features attracts infants’ attention because infants experience a state
of uncertainty about that information. In other words, they become cur-
ious. Curiosity guides how infants explore the environment and allows
them to integrate new information to validate or update their currently
held beliefs.

Infants and children prioritize information that they are uncertain about
(Pelz & Kidd, 2020). Curiosity-driven learners are intrinsically motivated
to increase the accuracy of their predictions and reduce uncertainty
(Oudeyer & Smith, 2016). In this framework, individuals should pre-
ferentially attend to information that is neither unpredictable nor too
predictable (Kidd et al., 2012). By attending to stimuli with intermediate
predictability, they have the potential to increase prediction accuracy.
What is predictable and unpredictable is determined by experience. Thus,
once prediction accuracy stops improving for a given stimulus, attention to
that stimulus decreases (Fig. 3).

10. CDL as a framework for socially guided vocal
learning

While not typically studied in the social domain, we propose that
infants’ curiosity also motivates them to seek out predictable yet dynamic
sources of information, which in most cases are their caregivers or other
social partners. Furthermore, we propose that socially guided vocal learning
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is driven by CDL mechanisms. In a CDL framework of vocal learning, the
social feedback loop is effective because it allows infants make predictions
about their own behaviors and those of others, test predictions by pro-
ducing immature behaviors, and use contingent responses to update their
prior predictions with new social information from caregivers (Fig. 4).

By 5 months, infants have gained experience with caregivers who
typically respond to their babbling (Elmlinger, Goldstein, et al., 2023;
Elmlinger, Schwade, et al., 2022). This regularity contributes to infants’
predictions about the likelihood that a caregiver will contingently respond
to their vocalizations. After exposure to social contingency, violations of
infants’ expectations will prompt them to work to make their worlds align
with their predictions. This is exemplified by the vocal extinction burst
produced during still-face paradigms (Elmlinger, Goldstein, et al., 2023;
Elmlinger, Schwade, et al., 2022). Over the course of their first year, infants
begin to produce vocalizations that vary in vocal quality and maturity, and
their caregivers begin to respond in different ways to infants’ different types
of vocal forms. Thus, contingent caregiver responsiveness to infants’

Fig. 3 Attention to stimuli depends on its predictability and infants’ improving pre-
diction accuracy. Kidd et al. (2012) have demonstrated that infants allocate their visual
attention depending on the predictability of stimuli. When stimuli have low pre-
dictability, the ability to improve prediction accuracy (gray dashed curve) is low, and
infant attention (red dotted line) is also low. When stimuli are highly predictable,
prediction accuracy stops improving, and infant attention is low. When stimuli are
intermediately predictable, there is potential to improve prediction accuracy, and
infants pay more attention as a result.
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vocalizations can be used by infants to create and test predictions about the
social efficacy of vocal forms that differ in maturity. Early experiences with
contingent behaviors from caregivers shape infants’ predictions about their
own behaviors and the behaviors of social partners in vocal turn-taking
interactions.

Fig. 4 Curiosity-driven learning as a mechanism for socially guided vocal learning.
Based on prior experience with vocal turn-taking interactions with their caregivers,
infants have expectations about the probability that their vocalizations will receive a
timely response. The solid black curve on the left represents this expectation as dis-
tribution of probabilities of receiving a response to their next vocalization from their
caregiver. They can vocalize to test their predictions about how caregivers will
respond. Caregivers’ previous interactions with their infants inform their expectations
about the maturity of their infants’ behaviors. New input from their infant (displayed
by the dashed distribution on the right) leads them to update their expectations (solid
distribution on the right) for what their infant is capable of. Selective parental con-
tingency (displayed by the dashed distribution on the left) can be perceived by infants
and is used to update infants’ expectations to align with the information that their
changing behavior elicits. This updated expectation guides their future behavior.
Infants are motivated to engage in these interactions because they involve oppor-
tunities to increase prediction accuracy about caregiver responsiveness.
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The social feedback loop is supported by a mechanistic feedback loop in
which (1) infants’ prediction accuracy about the effects of their vocalizing is
continuously updated by social behavior, and (2) caregivers’ predictions
about the maturity of their infants are updated by changes in immature
vocal behavior (Fig. 4). These predictions can be represented as distribu-
tions of probabilities. Over time, these distributions would hypothetically
become narrower as they center around the most-encountered probability.
Infant’s beliefs about when a caregiver will respond to their next vocali-
zation and are based on typical levels of caregiver contingent responsiveness
experienced in past interactions. When a caregiver responds, an infant
perceives the contingency of this response and compares it to their initial
prediction for a contingent response. If their caregivers’ response aligns
with the predictions, this is a signal of prediction accuracy. Infants can
make the social world more predictable by vocalizing because their care-
givers respond to vocalizations with statistically regular, contingent patterns
of behavior. When caregivers contingently respond to infants’ immature
vocalizations in ways that align with infants’ predictions about caregiver
responsiveness, this response is rewarding because it signals improving
prediction accuracy (Gottlieb, Hayhoe, Hikosaka, & Rangel, 2014;
Gottlieb, Oudeyer, Lopes, & Baranes, 2013).

How does the motivation to improve prediction accuracy facilitate the
development of more mature vocal forms? Early in the first year, infants’
immature vocalizations elicit highly predictable patterns of responsiveness
from their caregivers (Elmlinger, Goldstein, et al., 2023; Elmlinger,
Schwade, et al., 2022). This high level of predictability, however, leaves
little room for improvement in prediction accuracy, so infants become less
rewarded by continuing to produce those immature sounds. As infants
become better able to produce more mature vocalizations, such as speech-
like, canonical syllables, parents respond in less predictable (and thus more
rewarding) ways. Producing more mature vocalizations is prioritized by
infants because doing so creates opportunities to improve prediction
accuracy around increasing caregiver responsiveness to new sound forms in
their developing vocal repertoire. Caregivers scaffold their infants’ vocal
development by modifying their responsiveness as they perceive their
infants’ increasing maturity. Such scaffolding works together with infants’
developing motor and social skills as well as infants’ intrinsic motivation to
increase prediction accuracy.

Caregivers’ predictions for their infants’ vocal maturity play an
important role in this feedback loop. Contingent responsiveness differs as a
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function of infants’ developing vocalizations. When infants become capable
of producing sounds that more closely resemble the ambient language, such
as consonant-vowel clusters and speech-like canonical syllables, caregivers
change their responsiveness. They become more likely to respond to their
infants’ vocalizations, and they increase their use of verbal acknowl-
edgments (Albert et al., 2018; Goldstein et al., 2003; Gros-Louis, West,
Goldstein, & King, 2006). Caregivers’ predictions are changed by inter-
actions with their infants when infants begin to use new vocal forms. As
such, caregivers will come away from those interactions with higher
expectations for what their infants are capable of in future interactions.
Caregivers’ contingent responses to new vocal forms are informative to
their infants. Infants will produce those more mature vocalizations to
improve their own prediction accuracy around caregiver responsiveness
to them. Within a CDL framework, infants will prioritize the production
of vocalizations that create opportunities to increase prediction accuracy by
eliciting differential contingent responsiveness from caregivers. Over time,
this facilitates vocal learning because increasingly mature vocal forms are
used and practiced.

In our view, vocal development is likely determined both by curiosity-
driven exploration of one’s own vocal abilities (Moulin-Frier et al., 2014)
and the reinforcement by differentially contingent caregiver responsiveness
that depends on vocal maturity. Babbling in interactions with caregivers is
an opportunity to put predictions to the test about the social efficacy of
vocal behaviors (Fig. 4). As caregivers change patterns of responsiveness to
the increasing maturity of their infants’ vocalizations (Albert et al., 2018),
infants produce more advanced forms in an attempt to probe the more
uncertain spaces their new abilities afford them. In summary, infants’
curiosity results from uncertainty about caregiver responsiveness to infants’
own developing vocal behaviors. This curiosity drives them to engage in
social interactions with caregivers whose responsiveness can be used as a
signal of prediction accuracy.

10.1 Selecting who to learn from
Dynamic caregiver responsiveness, specifically responsiveness that depends
on the infants’ vocal maturity, is engaging to infants, as it provides
opportunities to learn what types of prelinguistic vocalizations are the most
socially effective. Importantly, in a CDL framework, this varied and
intermediate level of social contingency works better for learning than
perfect contingency to infant vocal behavior. For example, if an infant
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receives a response every time they vocalize, then vocal turn-taking
interactions would not be opportunities to improve the accuracy of their
predictions about the likelihood of contingent responsiveness. Intermediate
contingency of engaged, yet selectively responsive caregivers is sufficient to
orient infant attention to informative communicative input. In summary,
social contingency that occurs in a dynamic fashion that depends on infants’
changing behavior should be engaging to infants.

While a dynamic level of caregiver contingency works well for infant
learning, infants with caregivers who respond in extremely unpredictable
ways display impairments in their ability to learn from their caregivers. For
example, mothers with postpartum depression have been found to display
longer and more variable lengths of pauses between vocal turns with their
infants, which may impact the synchrony between infants and depressed
mothers in vocal turn- taking interactions (Zlochower & Cohn, 1996).
Unpredictable contingency may impair infants’ ability to learn from their
caregivers, since such a low level of predictability would impact their ability
to increase prediction accuracy about contingent responsiveness by voca-
lizing. In a social CDL framework, levels of caregiver contingency must
change based on infants’ behavior to create social feedback that is an
optimal signal of learnability for infants.

In addition to unpredictability of social partners or environments, dis-
orders associated with social deficits, as in autism spectrum disorder (ASD),
may change how children interact and learn from their environments (Ellis
Weismer & Saffran, 2022). ASD may be associated with difficulties with
making predictions, resulting in hyperplasticity and impaired learning
(Sinha et al., 2014). Impairments in properly weighting prediction error
when stimuli do not meet infants’ prior expectations can lead to social and
learning deficits (Van de Cruys et al., 2014).

Impairments in forming and updating predictions may explain differ-
ential developmental outcomes in this population in domains where
learning relies on prediction. ASD may present as a deficit in social
understanding because the domain-general ability to make predictions
about imperfectly contingent behavior is crucial to social learning.

11. Future directions

By operationalizing predictability in social interactions, researchers
can test how the contingency of social partners impacts infant attention and
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vocal learning. Kuhl (2007) posited that speech learning is “gated” by social
interactions, and that contingency may play an important role in this. It is
possible that predictability, in the form of contingent caregiver respon-
siveness to infant vocal behavior, creates the gateway that allows social
interactions to facilitate speech and language learning.

11.1 History matters
Challenges in manipulating predictability of social interactions in a lab
setting include the fact that predictability is dependent on prior experience.
In other domains, subjects’ priors can be built at the beginning of an
experiment by presenting participants with novel stimuli and then testing
the impact of the stimuli’s predictability on behavior (e.g. Kidd et al.,
2012). In the social domain, researchers cannot discount the role of infants’
prior social experience with caregivers, who exhibit individual differences
in contingency. Infants’ experience may set a baseline for their expectations
about the predictability of new social partners and impact the level of
contingency infants can learn from or find interesting. A better starting
point may be to assess infant vocal learning from non-human contingent
agents, for which they would have no priors (Goldstein & Schwade, 2016).
Assessing how the predictability of contingent responses interacts with
infant attention to the agent and how infants learn from them would
inform subsequent research on how predictability impacts learning from
biological social partners.

11.2 Comparative models
Investigating these concepts in laboratory studies with animal models offer
many advantages, as developmental social experiences can be much more
tightly controlled by the researcher. Zebra finches, whose song develop-
ment process is commonly studied as an analog of human speech devel-
opment (Carouso-Peck et al., 2020; Doupe & Kuhl, 1999), learn their
songs after only a few months of training. Automated recording software
can record every vocalization made by the birds during this time, enabling
researchers to examine an individual bird’s vocal trajectory in fine detail
over various timescales (Tchernichovski et al., 2000).

Juveniles can learn through operant control paradigms (Adret, 1993;
Derégnaucourt, Poirier, Kant, Linden, & Gahr, 2013; Tchernichovski
et al., 2001) as well as from multimodal and unimodal access to tutors
(Chen et al., 2016; Varkevisser, Mendoza, et al., 2022) and audiovisual
playback of tutors (Varkevisser, Simon, et al., 2022) and non-singing
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females (Carouso-Peck & Goldstein, 2019). Furthermore, several auto-
mated processes for delivering feedback contingent on a bird’s behavior
have been developed (Araguas et al., 2022; Sober & Brainard, 2009;
Benichov et al., 2016).

These features and resources make the zebra finch a tractable model for
studying the role of the social feedback loop in the acquisition of complex
communicative skills. Through manipulation of the predictability of adult
zebra finch response, juvenile preference for reliable sources of social
information could be investigated. Juvenile males best learn the songs that
they prefer to listen to (Rodríguez-Saltos et al., 2023). It is presently
unknown whether this preference arises from the predictability of past
social interactions with one tutor as compared to the other. Quantifying
and manipulating the behavior of both agents within the social feedback
loop would help determine how the microstructure of social interactions
over a small scale (e.g. seconds, hours, days) accumulate to facilitate
learning over a larger scale (e.g. development).

11.3 Implications for caregivers
The role of the caregiver is critical to the social feedback loop. Within this
loop, caregivers are not static entities but are actively learning and adapting to
the behaviors of their infants. We know that caregivers scaffold increasingly
complex skills for their infants, but much less is known about how they
change their behavior to accommodate infants’ developing skills. This is
crucial because a key reason why contingent responses drive socially guided
vocal learning is because they change in the moment and over time as a
function of infants’ maturing vocal behaviors. Responses become feedback
for infants only when they are aligned with infants’ moment-to-moment
abilities and behaviors. Caregivers’ changing contingency creates adaptive
unpredictability that serves as a signal for learnability. Intermediate unpre-
dictability of social behavior motivates infants to produce increasingly
advanced vocal forms (as they become able to do so) to make and test
predictions about their new vocal behaviors’ social efficacy. Furthermore,
this signal of learnability changes from the infants’ point of view as infants
acquire increasingly advanced means of communication. Future research
should investigate real-time changes in caregiver contingency as a function of
their infants’ vocal behavior, as this is a major feature of parental sensitivity.

Responsiveness alone does not predict how well infants learn from
caregivers. Rather, simplification of adult behaviors that are delivered
contingently on infants’ behaviors is what scaffolds learning and connects
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parental sensitivity and responsiveness to later social and cognitive devel-
opment (Rodrigues et al., 2021). The prediction-based CDL feedback loop
is robust to specific levels of contingency and provides a viable explanatory
framework for understanding how early language learning is possible across
the diverse caregiving styles that have been observed across cultures
(Casillas, Brown, & Levinson, 2020; Elmlinger, Goldstein, et al., 2023;
Elmlinger, Schwade, et al., 2022). It may also guide future interventions for
at-risk families to improve caregiver-infant vocal interactions, for example,
in families of low socioeconomic status, who have been observed to use less
IDS (Dailey & Bergelson, 2022; Hart & Risley, 1995). The CDL feedback
loop may also be useful for understanding the development of commu-
nication in infants with an elevated likelihood for ASD, as their caregivers
have been observed to be less likely to modify their own vocal responses to
babbling as a function of their infants’ vocal maturity (Warlaumont et al.,
2014). By better understanding the impact of early adversity on both
infants’ perception of contingency and the predictability parents’ feedback,
interventions can be designed that help parents repair gaps in the social
feedback loop.

12. Conclusion

Infant vocal learning via integration of social feedback results not
only in the acquisition of mature vocal forms, but also the understanding of
how to learn from social feedback (Elmlinger, Goldstein, et al., 2023;
Elmlinger, Schwade, et al., 2022). This is arguably important for language
development, as infants enter their second year having gained an under-
standing that their behaviors influence their social environment. Socially
guided vocal learning occurs against the backdrop of developing motor,
cognitive and social skills, all of which influence the developmental tra-
jectory of communication. Nonetheless, social interactions in which infants
elicit social feedback via their immature behaviors are key moments for
learning, and result in the production of more mature forms over time
(Goldstein & Schwade, 2010). Furthermore, infant vocal development may
be driven by intrinsic motivation to increase prediction accuracy, and
curiosity-driven learning may be a foundational mechanism of the feedback
loop in which socially guided vocal learning occurs.

Altricial infants can learn from a social feedback loop because they
remain in the care of adults who are able to scaffold their learning with
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developmentally tailored input. A key feature of the altricial vocal learner’s
developmental niche is extended reliance on adults who are sensitive to
features of infants’ behaviors that signal maturity. The alignment between
infants’ developing perceptual, cognitive, and communicative skills and the
feedback they receive from caregivers allows infants to learn from social
interactions with their caregivers.

Finally, the social feedback loop is dynamic. Infants learn about the
social world by acting on it. In doing so they can test their predictions,
which are based on previous experience, against new information they
encounter. Curiosity-driven learning allows for more efficient and
expansive exploration of patterns in social responses. Their maturing
ability to perceive statistical regularities in their social environments
allows them to learn patterns and relationships crucial to their continued
learning. In social interactions, their explorations are guided by both their
own curiosity and the responses they receive from caregivers. However,
many aspects of CDL as a mechanism of learning in social contexts remain
unknown. Future research should focus on better understanding the
interactions between infants and their caregivers during this co-developed
and dynamic feedback loop.
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