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Conversational turn-taking is ubiquitously found in caregiver-infant interactions, and robustly
predictive of infant communicative development. Over the first year, infants take quick adult-like
vocal turns with caregivers. Many studies have documented the consistency of caregiver
responsiveness and its influence on infant rapid language growth. However, few have examined
how caregiver responsiveness facilitates extended vocal turn-taking in real-time with infants over
the first year. The influence of prelinguistic vocal turn-taking on the emergence of language has
also been under-investigated. We analyzed free-play sessions of 30 caregivers and their infants at
both 5 and 10 months, and obtained infant language outcomes at 18 months. We examined the
developmental consistency (group-level continuity and dyad-order stability) and change of infant
volubility, caregiver responses to babbling in vocal, non-vocal and multimodal modalities, and
the influence of modality on caregiver-infant vocal turn-taking. Caregiver contingent respon-
siveness to infant babbling at 5 months predicted vocal turn-taking at 10 months. Developmental
increases in prelinguistic vocalizing and vocal turn-taking from 5 to 10 months predicted infant
language outcomes at 18 months. At both 5 and 10 months, caregiver vocal responses were more
effective in extending turn-taking than non-vocal or multimodal responses. In summary, prelin-
guistic vocal turn-taking, facilitated by caregiver vocal responsiveness, is positively related to the
emergence of early language.

1. Introduction

Conversational turn-taking, characterized by contingent but non-simultaneous exchanges of vocalizations, is both foundational in
caregiver-infant interactions, and crucial for infant communicative, social and cognitive development. During these quick back-and-
forth exchanges, the dyads coordinate the timing of their vocalizations in a synchronized way (Feldstein et al., 1993; Jaffe et al., 2001;
Gratier et al., 2015). Infants produce vocalizations and receive instantaneous feedback from caregivers (Goldstein & Schwade, 2010;
Warlaumont et al., 2014). Vocal turn-taking facilitates the production of mature babbling, supports language comprehension, and
predicts infant vocabulary growth from 9 to 24 months (Bloom et al., 1987; Zimmerman et al., 2009; Donnelly & Kidd, 2021).
Furthermore, it contributes to infant secure attachment and emotional communication outcomes (Jaffe et al., 2001; Gomez & Strasser,
2021). The long-lasting impact of vocal turn-taking on language and general intelligence remains for years and extends into late
childhood (Gilkerson et al., 2018). Early vocal turn-taking is robustly found in caregiver interactions with their 5-month infants across

* Corresponding author.

E-mail address: michael.goldstein@cornell.edu (M.H. Goldstein).

https://doi.org/10.1016/j.infbeh.2024.101945

Received 30 June 2023; Received in revised form 1 March 2024; Accepted 14 March 2024
0163-6383/© 2024 Elsevier Inc. All rights reserved.


mailto:michael.goldstein@cornell.edu
www.sciencedirect.com/science/journal/01636383
https://www.elsevier.com/locate/inbede
https://doi.org/10.1016/j.infbeh.2024.101945
https://doi.org/10.1016/j.infbeh.2024.101945
http://crossmark.crossref.org/dialog/?doi=10.1016/j.infbeh.2024.101945&domain=pdf
https://doi.org/10.1016/j.infbeh.2024.101945

V.H. Zhang et al. Infant Behavior and Development 75 (2024) 101945

distinct communities in 11 countries (Bornstein et al., 2015).

What features characterize the development of vocal turn-taking? In what ways is the emergence of vocal turn-taking influenced by
social responsiveness to early vocalizations? Turn-taking is present in the first months of life. From as early as 1.5 months until the end
of the first year, infants act as active participants in rapid vocal turn-taking with caregivers (Bateson, 1975; Beebe et al., 1988; Elias
et al., 1986; Snow, 1977). They initiate turn-taking frequently and are able to produce a turn within a second after the end of care-
giver’s speech (Gratier et al., 2015; Hilbrink et al., 2015). Such rapid infant response timing remains generally consistent during most
of the first year but starts to slow down by the end of it. Along with slower responses, infant interruptions of caregivers also decrease
over the first year, which demonstrates gradual improvement in their temporal coordination. In contrast, caregiver response timing as
well as interruptions of infants stay consistent during and beyond early infancy. The durations of gaps in between or overlaps with the
previous infant turns do not change drastically (Hilbrink et al., 2015).

Although the prevalence, developmental significance and temporal changes of caregiver-infant turn-taking have been well-
documented, fewer studies have investigated the sources of both consistency and change in prelinguistic vocal turn-taking. For
example, though caregiver response timing is developmentally consistent, does the impact of responsiveness on infant vocal pro-
duction change over developmental time? Differential influences of responsiveness might be mediated by the modality of the response.
Recent findings suggest that caregivers and infants tend to match one anothers modality when responding contingently (van der Klis
et al., 2023; Rohlfing et al., 2019). When 9-month infants babble, caregivers’ vocal responses to babbling are more likely to elicit a
continuous vocal turn-taking sequence than caregiver non-vocal or multimodal responses (Zhang et al., under review). Nevertheless,
no studies have investigated how this modality effect look longitudinally during the first year. In the present study, we examined how
caregiver responses of different modalities facilitated turn-taking over the first year.

Besides turn-taking, the first year of life is a period of rapid growth in other communicative abilities as well. Around 5 months of
age, infants show first signs of word recognition, acknowledging frequent words like their own names (Tincoff & Jusczyk, 1999, but see
Kartushina & Mayor, 2019 for Norwegian population). Speechlike consonant-vowel syllables are still rare if not absent in their vocal
repertoire (Oller, 2000). By 10 months, however, infants are able to comprehend more than 50 words including ones with abstract
meanings (Bergelson & Swingley, 2013) and some even start to produce their first words (Frank et al., 2017). Though there is little
doubt that infant language capacities grow substantially during this 5-month time window, conflicting evidence has been found with
regard to how infant talkativeness changes. Some investigators found infant volubility to increase with age (e.g., Shapiro et al., 2021;
Gilkerson & Richards, 2009), while others observed it to either decrease or remain the same depending on the social context (Iyer et al.,
2016). Furthermore, in addition to the direction of change, the impact of prelinguistic volubility on future language development has
been under-investigated (Binos & Loizou, 2019; Landon & Sommers, 1979).

Infants are not only sensitive perceivers of caregiver speech, they also actively vocalize and engage caregivers in vocal turn-taking
(e.g., lyer et al., 2016; Gratier et al., 2015). However, compared to caregiver talkativeness, few studies have investigated the rela-
tionship between infants’ own vocalizing and later language outcomes. A recent bilingual study highlighted a specific pathway to
productive language skills through language use. In 30-month-old Spanish-English bilingual children, those who spoke more English
than they heard had a faster productive vocabulary growth than those who heard more than they spoke (Ribot et al., 2018). The
amount of English children produced predicted productive but not receptive language outcomes. Does prelinguistic vocalizing, before
first words are produced, have a similar facilitative effect on later productive language skills? In the present study, we investigated the
consistency and change of infant prelinguistic volubility, by examining both its group-level continuity and dyad-level stability
(following the framework suggested by Bornstein et al., 2017) from 5 to 10 months, and explored how it predicted infant future
receptive versus productive language development.

Despite infant language growth, caregiver language input amount has not been found to increase dramatically during the first year
(e.g., Ling & Ling, 1974; Sherrod et al., 1977; Belsky et al., 1984). For example, the group-level frequency of caregiver conversational
device (i.e., utterances used to establish or maintain contact) as well as information-salient utterances are consistent from 7 to 11
months (D’Odorico et al., 1999). The mean length of utterance in caregiver speech does not change from 6 to 12 months (Suttora &
Salerni, 2011). Across different studies and diverse cultures, caregivers contingently respond to around 60% of babbling when
interacting with 3-month (Kartner et al., 2008), 6-month (Gros-Louis et al., 2014) and 9-month infants (Zhang et al., under review).
These convergent reports of caregiver response rates suggest that there is robust group-level continuity in caregiver contingent
responsiveness to infant babbling during the first year.

The consistency of caregiver responsiveness during early infancy may be crucial, as the effects of responsiveness on language
outcome have been suggested to be predictive rather than concurrent. Caregiver verbal sensitivity at 9 months and 13 months does not
predict infant language comprehension at the respective months concurrently. Instead, caregiver verbal sensitivity at 9 months pre-
dicts child comprehension outcome at 13 months (Baumwell et al., 1997). Similarly, caregiver handing or pointing to toys at 4 months
correlate with infant vocalizations at 12 months but not concurrently at 4 months (Ruddy & Bornstein, 1982). Investigators have
proposed that there might be a “sleeper” stage of caregiver stimulation during early infancy (e.g., Beckwith & Cohen, 1989). The
consistency in caregiver contingent response rate may allow infants to accumulate information and explore the social functions of their
own vocalizations. Understanding the instrumental value of their own behaviors facilitates infants’ use of vocalizations in social
contexts, and may be crucial for their future social and communicative development (Elmlinger et al., 2023; Goldstein et al., 2009). To
probe this hypothesis, we investigated how caregiver contingent responses to babbling predict infant future vocal turn-taking with
caregivers as well as the emergence of language production.
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1.1. The current study

To understand the consistency and change in infant and caregiver contributions to vocal turn-taking over the first year, and to
evaluate the effect of prelinguistic vocal turn-taking on later language outcomes, we video-recorded play sessions between caregivers
and their infants at both 5 and 10 months of age. We annotated the timing of infant babbles and measured infant volubility during each
play session. We coded the timing as well as modality (vocal, non-vocal, multimodal) of caregiver contingent responses to infant
babbling, and measured caregiver response rates. Then, caregiver-infant turn-taking bouts were identified and decomposed into in-
dividual turns. We analyzed the likelihood of infant babbling again after caregiver responses of different modalities, and the number of
vocal turns in a turn-taking bout following different caregiver response modalities.

We hypothesized that we would find caregiver vocal responses to be more facilitative to vocal turn-taking than non-vocal or
multimodal responses at both 5 and 10 months. Furthermore, we hypothesized that caregiver contingent responses to babbling at 5
months would show a predictive effect on infant later vocal-turn-taking at 10 months but not a concurrent effect at 5 months. Lastly,
we hypothesized that infant volubility, caregiver responsiveness and caregiver-infant vocal turn-taking would be predictive of infant
later language outcomes.

2. Materials and methods
2.1. Participants and procedure

Thirty infants (17 females) and their caregivers, recruited from birth announcements in local newspapers and through adver-
tisements, participated in this study. Caregivers received a T-shirt or a book as a gift for their time. The dyads participated in a 15-
minute free play session at 5 months of age (infant mean age = 5 months 10 days, range: 4 months 20 days — 5 months 18 days,
SD = 6.06 days), and a 30-minute free play session at 10 months of age (infant mean age = 9 months 23 days, range: 8 months 24 days —
10 months 29 days, SD = 19.84 days). Only minutes 7.5 to 22.5 of the 10-month play session were analyzed, so that the two sessions
being compared across developmental timepoints matched in duration. We selected the middle period of the 10-month play session to
avoid infant fussiness at the beginning or end of the session, as stranger anxiety was prevalent in 10-month-olds (Brand et al., 2020).
Twenty participants (9 females) returned the MacArthur-Bates Communicative Development Inventory: Words & Gestures (CDI;
Fenson et al., 2006) at 18 months of age (mean age 18 months 7 days; range 17 months 9 days — 20 months 1 day; SD = 21.86 days).

For both free-play sessions, infants visited the lab on campus with the same caregivers. The dyads were asked to play as at home in a
3.65 m x 4.57 m playroom containing toys, and were video recorded by three disguised wall-mounted cameras. The dyads wore
wireless microphones so that we could obtain high-quality audio recordings of caregiver speech and infant babbling.

Upon the first lab visit, caregivers’ mean age was 33.27 years (range: 23 — 44 years, SD = 5.92 years). Twenty-eight caregivers were
White, one was Middle Eastern, and one was Black. Almost all participants’ primary language spoken at home was English, except for
one who primarily used Urdu. Four infant participants also regularly heard German, Hebrew, Mandarin and Yiddish in addition to
English. Out of all 30 caregiver participants, one had attainted high school diploma or equivalent, seven associate or vocational degree,
seven bachelor’s degree, twelve master’s degree, and three doctorate degree. Participants who returned CDIs all spoke English as their
primary language at home.

Table 1
Definitions of Caregiver Response Categories.
Category Definition Example Count per Session
Mean (SD)
Vocal Any sounds made with the mouth Speech; laughing 5 M: 33.33 (26.56)
10 M: 36.80 (22.79)
Non-vocal Physical actions Shaking a toy; 5 M: 5.97 (5.36)
handing a toy to the infant; 10 M: 5.43 (5.44)
pointing;
touching the infant;
clapping
Multimodal Vocal and Non-vocal co-occurring Labeling a toy while picking it up 5 M: 13.07 (12.59)

10 M: 12.83 (9.33)

Note. Caregiver vocal responses included speech and non-speech sounds such as laughing, but did not include vegetative sounds like coughing. The
onset and offset of a vocal response were marked by the start and end of the sound. Caregiver vocal responses were segmented if they met two out of
the three following criteria: 1) if the vocalizations were separated by gaps longer than 2 seconds, 2) if the pitch went down, showing terminal
intonation contour (Venker et al., 2015), and 3) if it was a syntactically complete sentence, or made a complete contribution in conversation.
Caregiver non-vocal responses did not include ancillary actions like scratching the infant’s nose or wiping drool off the infant’s face. The onset and
offset of a non-vocal response were marked by changes in the action (e.g., the start and stop of a shaking action). A caregiver multimodal response was
coded if there was any overlap between a vocal and a non-vocal response, regardless of which came first. The onset and offset of a multimodal
response were marked by the earlier onset and later offset between the co-occurring vocal and non-vocal response.
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2.2. Data coding and analysis

2.2.1. Infant babbling, caregiver responses, and their turn-taking bouts

We annotated infant babbling as well as caregiver responses to them with accurate onsets and offsets. All coding was conducted
using ELAN annotation software (V 5.9) developed by the Language Archive (https://archive.mpi.nl/tla/elan). Infant babbling
included all speech-related prelinguistic vocalizations and did not include vegetative sounds like crying, laughing or coughing (Oller,
2000). We segmented infant babbling based on breath groups (Oller & Lynch, 1992). Vocalizations were counted in the same breath
group (therefore as one babble), if they occur within one breath of the infant, or if they have pauses shorter than 1 s in between. We
measured infant volubility as the number of babbles an infant produced per minute during each play session (Iyer et al., 2016).

Caregiver responses to infant babbling were coded as behaviors that started after the onset of babbling, and within 2 s of the offset
of babbling (Van Egeren et al., 2001; Elmlinger et al., 2019). We coded caregiver responses according to their modalities as vocal,
non-vocal or multimodal (Table 1). We calculated caregiver response rates in each modality as the proportion of infant babbles which
elicited a caregiver response type. To assess reliability, a second coder randomly selected and independently annotated infant babbling
and caregiver responses for 20% of all data recordings in each age. We compared the total counts of behaviors annotated by the two
coders for each session with intraclass correlation coefficient (ICC). In 5-month data, the ICC was good for infant babbling (0.79), and
excellent for caregiver vocal (0.99), non-vocal (0.92), and multimodal (0.93) responses. In 10-month data, the ICC was excellent for
infant babbling (0.98) and caregiver vocal responses (0.98), and good for caregiver non-vocal (0.83), and multimodal (0.84) responses
(Koo & Li, 2016).

Turn-taking bouts were identified as rounds of caregiver-infant continuous turn-taking. We used an inclusive definition that
counted subsequent turns from caregivers and infants beyond the initial serve-and-return, and found that caregivers and infants were
similar in their contributions to extended turn-taking (see Results section). Our definition differed from previous studies, that iden-
tified a discrete pair of vocal exchange as turn-taking in caregiver-infant interactions (e.g., Romeo et al., 2018; Donnelly & Kidd, 2021;
Hilbrink et al., 2015). Nevertheless, naturalistic conversations often consist of longer sequences of turns and loosely balanced con-
tributions from different speakers. Studies of non-human animals defined turn-taking as a vocal bout that included at least one vocal
exchange (e.g., Katsu et al., 2019; Koda, 2004), and observed long turn-taking bouts. We also followed the tradition of research in
non-human animals in defining turn-taking bouts. In our study, each turn-taking bout started with a pair of infant babble and caregiver
response in vocal, non-vocal or multimodal modality. It included the following vocalizations (from caregivers and infants) that
occurred within two seconds from each other. Thus, different turn-taking bouts were separated by pauses of at least two seconds before
or after any turns (Fig. 1). For each dyad, we measured the frequency of turn-taking bouts in their interaction by calculating the
number of bouts (following different caregiver responses) per minute during the play session. For each turn-taking bout, we measured
its length by counting the total number of turns in it.

To assess the consistency and change of infant volubility, caregiver response rates, and turn-taking bouts developmentally from 5 to
10 months, we examined their group mean-level continuity and dyad-order stability, following the framework established by Bornstein
and colleagues (2017). For continuity, linear mixed-effect regressions were employed to compare these measures at 5 and 10 months
(Ime4 package in R; Bates et al., 2015). Infant volubility was tested as a function of infant age with participants as a random effect.
Caregiver response rates, the frequency of turn-taking bouts, and the length of turn-taking bouts were tested with infant age and
caregiver response modality (and their interaction) as fixed effects, and participants as a random effect. The results of Tukey post-hoc
tests comparing 5 and 10 months, as well as the regression model formulas are reported in Table 2. To evaluate the dyad-level stability
in infant volubility, caregiver response rates and turn-taking bouts from 5 to 10 months, we conducted Pearson correlations and re-
ported the results in Table 3.

2.2.2. The effect of caregiver response modality on turn-taking
To study the effect of response modality on turn-taking with infants in both 5 and 10 months, we decomposed caregiver-infant turn-

taking into three steps. First, when infants babbled, in what modality did caregivers respond to the babbling? We counted the number
of infant babbles and caregiver responses in vocal, non-vocal or multimodal modalities, and compared the proportions of babbles

Turn-taking bout 1 Turn-taking bout 2

- 1100

Caregiver

- - J

> 2 seconds > 2 seconds

Fig. 1. Examples of Turn-taking Bouts. In this illustration, there are two turn-taking bouts separated by pauses of more than 2 s. There are seven turns
in bout 1, and five turns in bout 2. Each bout will only count as one even if it contains multiple caregiver responses.
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Table 2
Descriptive Statistics and Comparisons Between 5 and 10 Months.
5 months 10 months Comparison
Mean (SD) Mean (SD) (10 months — 5 months)
A) Infant volubility (babbles/ minute) 2.58 (2.07) 3.34 (1.67) t(29) =1.564,p = 0.13
B) Caregiver response rate
Overall 66.69% 57.10% t (145) = -1.80, p = 0.07
(12.65%) (20.37%)
Vocal 45.73% 40.85% t (145) =-1.59, p = 0.61
(15.36%) (18.24%)
Non-vocal 7.49% 5.35% t (145) =-0.70, p = 0.98
(8.03%) (5.49%)
Multimodal 13.47% 10.90% t (145) = -0.84, p = 0.96
(9.35%) (9.98%)
C) Babbling elicitation rate of caregiver responses
Overall 0.21 (0.13) 0.24 (0.12) t (1479) = 1.22,p = 0.22
Vocal 0.14 (0.11) 0.17 (0.10) t (1479) = 2.12,p = 0.28
Non-vocal 0.02 (0.03) 0.03 (0.04) t (1479) = 0.55, p = 0.99
Multimodal 0.05 (0.06) 0.05 (0.04) t (1479) = -0.56, p = 0.99
D) Turn-taking bout frequency (bouts/ minute)
Overall 1.07 (0.66) 1.22 (0.59) t(145) =1.03,p = 0.31
Vocal 0.76 (0.55) 0.88 (0.50) t (145) = 1.51, p = 0.66
Non-vocal 0.11 (0.12) 0.13 (0.13) t (145) = 0.21, p = 1.00
Multimodal 0.20 (0.24) 0.21 (0.17) t (145) = 0.053, p = 1.00
E) Turn-taking bout length (turns/ bout)
Overall 3.98 (0.95) 3.86 (0.80) t (856) =-0.14,p = 0.86
Vocal 4.17 (1.11) 4.09 (1.06) t (970) = -1.30,p = 0.78
Non-vocal 2.95 (1.44) 3.10 (1.12) t (880) = 0.31, p = 1.00
Multimodal 3.80 (1.25) 3.93(1.61) t (766) = 0.002, p = 1.00

Note. The linear mixed-effect model formulas are as follows: A) infant volubility ~ age + (1|subject); B) caregiver response rate ~ age*modality + (1|
subject); C) babbling elicitation rate ~ age*modality + (1 |subject); D) turn-taking bout frequency ~ age*modality + (1|subject); E) turn-taking bout
length ~ age*modality + (1|subject) + (1|subject:modality).

Table 3
Stability of Caregiver-infant Behaviors From 5 to 10 Months.

Correlation between 5 and 10 months

Infant volubility r=-0.10,p = 0.61
Caregiver response rate r=0.33,p=0.08
Babbling elicitation rate r=-0.13, p = 0.50
Turn-taking bout frequency r=20.07,p=0.73
Turn-taking bout length r=-0.03,p =0.86

Note. Pearson correlations assessed relations between 5-and 10-month data for each var-
iable. Visualizations of individual developmental changes can be found in Supplementary
Figure S1.

responded to in each modality by caregivers.

Second, how did caregiver responses of different modalities compare in eliciting a subsequent infant babble (Fig. 2A)? We
measured the babbling elicitation rates of caregiver vocal, non-vocal and multimodal responses. An infant babble was counted as
elicited if it occurred after caregiver response onset, and within two seconds before or after caregiver response offset. Babbling elic-
itation rate was calculated as the number of caregiver responses that elicited babbling divided by the total number of caregiver re-
sponses. To further understand the time course of babbling elicitation (e.g., were there more babbles elicited 0-0.5 s after caregiver
response offset than 1.5-2 s after?), we evenly divided the elicitation time window into bins and obtained babbling elicitation rate for
every time bin. There were 9 time bins each with a duration of 0.5 s, ranging from 2.5 s before to 2 s after caregiver response offset. The
durations of caregiver responses partially constrained the time course of babbling elicitation, because for a babble to be counted as
elicited, it had to occur after caregiver response onset. For example, if a caregiver response was shorter than 1 s, then no babble could
possibly be elicited by this response 1 s before its offset. The average duration of caregiver responses was around 1.5 s (5 month: M =
1.51 s, SD = 0.88 s, range: 0.29 s - 8.90 s; 10 month: M = 1.39 s, SD = 1.05 s, range: 0.23 s - 17.05 s). Thus, it was expected that time
bin —2(-2.5s ~ -25s), - 1.5(-2s ~ —1.5s) and — 1 (—1.5s ~ —1 s) would have low babbling elicitation rates.

Third, how did caregiver vocal, non-vocal and multimodal responses compare in extending further vocal turn-taking with infants
(Fig. 2B)? We counted the number of vocalizations in turn-taking bouts, and compared the mean lengths of turn-taking bouts following
caregiver vocal, non-vocal or multimodal responses. The analyses of real-time interactions described above were applied separately to
both 5- and 10-month-old infants’ interactions with caregivers. For each age, we tested the effect of caregiver response modality on
babbling elicitation rates across time bins with linear mixed-effect regressions and included participants as a random effect (formula:
babbling elicitation rate ~ modality * time bin + (1|subject)). Then a Type III sum of squares test was applied to the regression model
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Fig. 2. Turn-taking Decomposition. A) We compared the babbling elicitation rate of caregiver responses of different modalities. B) Turn-taking bouts
started with an infant babble and a caregiver response in vocal, non-vocal or multimodal modality, and included the subsequent vocal turns. We
compared the length (total number of turns) per turn-taking bout following different caregiver response modalities.

to find the main effects and interaction (“anova” function in R). The effect of caregiver response modality on turn-taking bout length
was also tested with a linear mixed-effect regression model, where participants were included as a random effect (formula: turn-taking
bout length ~ modality + (1|subject) + (1|subject:modality); Ime4; Bates et al., 2015). Lastly, to assess the group-level developmental
continuity of the effect of caregiver response modality, we added infant age as a fixed effect into the linear mixed-effect regressions.
The results of paired t-tests comparing 5- and 10-month elicitation rates and bout lengths for each modality are reported in Table 2.

2.2.3. Determining chance-level babbling elicitation rates

Babbling elicitation rates, as described above, can be influenced by the different frequencies of caregiver vocal, non-vocal and
multimodal responses. For example, if caregiver non-vocal responses rarely occurred while vocal responses occurred frequently, by
chance alone it would be less likely for a babble to happen following a caregiver non-vocal response than a vocal one. As a result, the
babbling elicitation rate of caregiver non-vocal responses would be lower than vocal. To control for chance levels of babbling elici-
tation, we implemented a random sampling analysis (Suanda et al., 2016; Zhang et al., under review) to determine chance-level
babbling elicitation rates of vocal, non-vocal and multimodal responses. We compared the chance-level rates with the elicitation
rates calculated from observed experimental data. Significant differences between chance-level and observed rates would suggest that
effects of caregiver responses in eliciting babbling were different from those expected by chance.

In the random sampling analysis, we assigned the same amount of caregiver responses (as in our observed data) to random
timestamps within the 15-minute play sessions. We kept the amount as well as timing of infant babbling the same as in observed data.
Then we calculated the babbling elicitation rates from the randomized dataset. We repeated this sampling process 1000 times and
obtained the average chance-level elicitation rate of randomized caregiver responses. We tested the difference between the chance-
level and the observed elicitation rates, using one-sample t-tests for each of the nine time bins. A Bonferroni correction for multiple
comparisons was then applied to the p-values (corrected p-values = p-values x 9 comparisons).

One potential issue with the random sampling method was that babbling is usually produced in bursts, as opposed to uniformly
distributed over time (Abney et al., 2017). Thus, a complete random sampling of timepoints might result in assigning responses in a
distribution that did not correspond to the bursty pattern of infant vocalizing. To avoid placing caregiver responses to timepoints when
they were realistically unlikely to happen in the play session, we implemented an additional sampling analysis. We retained caregiver
response timestamps and shuffled their order across all subjects. Then we calculated the babbling elicitation rates from the shuffled
dataset. We repeated this sampling process 1000 times and obtained the average chance-level elicitation rate of shuffled caregiver
responses. We conducted one-sample t-tests for each of the nine time bins to test the difference between chance-level (from shuffle
sampling) and observed elicitation rates, and applied a Bonferroni correction for multiple comparisons (corrected p-values = p-values
x 9 comparisons). As there were more than a thousand caregiver responses across thirty participants, the distribution of timepoints
after 1000 shuffles were similar to those from a random assignment (see Supplementary Fig. S2 for an example). As a result,
chance-level elicitation rates from both sampling analyses were indistinguishable (Fig. 3). The statistical results of these one-sample
t-tests can be found in Supplemental Table S3-6. The code for data processing and sampling, de-identified behavioral and CDI data,
and an example ELAN annotation file are available at https://osf.io/g5zrh/?view_only= 2055609¢160a429e9da690f58{33f2bc.
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Fig. 3. Babbling Elicitation Rates of Caregiver Vocal, Non-vocal and Multimodal Responses at 5 and 10 Months. The x-axis represents time (seconds) after
caregiver response offset, zero indicating caregivers’ response offset. Negative values along the x-axis indicate overlap between elicited babbling and
caregiver responses, while positive values indicate silent gaps between turns. The y-axis is babbling elicitation rate. A) and E) Comparisons of
babbling elicitation rates of different caregiver responses. Tukey post-hoc tests show significant differences between vocal and the other two
modalities at multiple time bins, and no difference between non-vocal and multimodal at any time bin. The significance levels of the Tukey tests for
each time bin are based on the weaker pairwise difference between either vocal — non-vocal, or vocal — multimodal. For example, at a given time bin,
if vocal elicitation rate is higher than that of non-vocal with p < .001 and multimodal with p < .01, we conservatively indicated p < .01 for that time
bin. B-D) and F-H) Comparisons of babbling elicitation rates of responses to chance levels obtained from both random and shuffle sampling analyses.
The significance levels of the one-sample t-tests for each of the nine time bins are based on comparisons with random sampling analysis. Elicitation
rates of vocal responses significantly differ from chance-level rates, at several time bins where there was a significant modality effect. This result
showed that the observed effects between modalities were not due to mere chance. P-values were Bonferroni-corrected * p-corrected < .05, * * p-

corrected < .01, * ** p-corrected < .001. See Supplementary Table S1-6 for statistical results.

3. Results
3.1. Developmental continuity and stability in measures of caregiver-infant interactions

We assessed the group mean-level continuity and dyad-order stability in infant vocalizing and caregiver responsiveness. On the
group level, infant volubility, caregiver response rate, and caregiver-infant turn-taking were continuous and did not differ significantly
between 5 and 10 months (Table 2). At both 5 and 10 months, caregiver vocal responses facilitated vocal turn-taking with infants more
effectively than non-vocal or multimodal responses. The babbling elicitation rates of different caregiver response modalities did not
differ significantly at 5 and 10 months. The number of turns in turn-taking bouts following different response modalities did not differ
between 5 and 10 months. Caregivers and infants contributed similarly at both ages. Across turn-taking bouts, the average proportion
of infant turns was 41.93% (SD = 12.96%) at 5 months and 43.15% (SD = 13.02%) at 10 months. Although we observed continuity in
these measures on the group level, the behaviors of individual dyads were not stable from 5 to 10 months. Infant volubility, caregiver
response rate and caregiver-infant turn-taking at 5 and 10 months did not correlate significantly (Table 3). These measures of indi-
vidual dyads changed in different directions and to different degrees from 5 to 10 months (Supplementary Fig. S1).

3.2. Caregiver vocal responses facilitate turn-taking with infants in both 5 and 10 months

At both 5 and 10 months, we found that caregiver vocal responses facilitated turn-taking more effectively than non-vocal or
multimodal responses. When 5- and 10-month-old infants babbled, caregivers responded most frequently with vocal responses
(Table 1). We tested the number of caregiver responses as a function of response modality and infant age (formula: count of caregiver
responses ~ modality * age + (1|subject)). We found a main effect of caregiver response modality (F (2, 145) = 58.04, p < 0.0001), but
did not find an effect of infant age or interaction (ps > 0.59). Tukey post-hoc tests showed that there were significantly more caregiver
vocal responses than non-vocal (¢t (145) = 10.10, p < 0.001) and multimodal responses (t (145) = 8.29, p < 0.001).

In turn, caregiver vocal responses were more likely to elicit a following infant babble than non-vocal or multimodal responses
(Fig. 3). Type III sum of squares revealed a main effect of caregiver response modality (5-month: F (2, 58) = 20.67, p < 0.001; 10-
month: F (2, 58) = 41.83, p < 0.001), a main effect of time bin (5-month: F (8, 696) = 6.27, p < 0.001; 10-month: F (8, 696)
=11.99, p < 0.001)), and a significant interaction between the two factors on babbling elicitation rates (5-month: F (16, 696) = 3.03,
p < 0.001; 10-month: F (16, 696) = 4.55, p < 0.001)). Tukey post-hoc tests showed that the elicitation rates were significantly
different between vocal and the other two modalities at multiple time bins. There was no significant difference between non-vocal and
multimodal modality at any time bins. Infant babbling elicited by caregiver vocal responses occurred most frequently within 0-0.5 s
after caregiver response offset, while those elicited by caregiver non-vocal or multimodal responses were distributed more uniformly
without a peak in timing (Fig. 3A & 3E). The statistical results of these post-hoc t-tests can be found in Supplementary Table S1-2. We
compared the observed babbling elicitation rates with the chance-level rates obtained from random sampling and shuffle sampling
analysis. We found that the observed rate of caregiver vocal responses was significantly different from what we would expect by chance
in multiple time bins, while those of non-vocal or multimodal responses were generally similar to estimated chance levels (Figs. 3B-D,
3F-H). The statistical results of these one-sample t-tests including the Bonferroni-corrected p-values can be found in Supplementary
Table S3-6.

Third, at both 5 and 10 months, extended vocal turn-taking bouts following caregiver vocal responses contained were significantly
longer in length than those following caregiver non-vocal responses (Fig. 4; 5-month: F (2, 461.78) = 4.64, p = 0.009; 10-month: F (2,
542.82) = 3.08, p = 0.047). Post-hoc paired t-tests showed that, at 5-months, bouts following vocal responses (M = 4.17, SD = 1.11)
were comprised of significantly more turns than those following non-vocal responses (M = 2.95, SD = 1.44; f=1.40, t = 2.93,
p = 0.0095). There was no significant difference between bouts following vocal and multimodal responses (M = 3.80, SD = 1.25;
B =0.46, t = 1.26, p = 0.42), and no significant difference between non-vocal and multimodal (§ = 0.94, t = 1.72, p = 0.20). At 10-
months, bouts following vocal responses (M = 4.09, SD = 1.06) were comprised of significantly more turns than those following non-
vocal (M = 3.10, SD = 1.12; # = 0.97, t = 2.47, p = 0.037). There was no significant difference between bouts following vocal and
multimodal responses (M = 3.93,SD =1.61; = 0.11, t = 0.33, p = 0.94). There was no significant difference between those following
non-vocal and multimodal responses ( = 0.86, t = 1.87, p = 0.15). In summary, from 5 to 10 months of age, there is continuity in the
modality of caregiver responses to babbling, and vocal modality facilitated turn-taking most effectively in both ages.
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3.3. Predictive effect of caregiver responsiveness at 5 months on turn-taking at 10 months

Caregiver contingent responses to infant babbling at 5 months predicted caregiver-infant turn-taking at 10 months. We found that
caregiver overall response rate (overall responses included vocal, non-vocal and multimodal responses) at 5 months significantly
predicted caregiver-infant turn-taking bout frequency (r = 0.45, p = 0.01), and turn-taking bout length (r = 0.46, p = 0.01) at 10
months (Fig. 5B, D). The more frequently caregivers responded to infant babbling contingently during the 5-month session, the more
vocal turn-taking the dyads produced during the 10-month session. Caregiver response rate at 5 months predicted turn-taking fre-
quency and length at 10 months. However, caregiver response rate at 5 months did not correlate concurrently with those measures at 5
months (Fig. 5A, C; ps > 0.28).

The significant predictive effects of caregiver overall response rate were mainly driven by vocal responses (Fig. 6A, D). Caregiver
vocal response rate at 5 months significantly and positively predicted the frequency of caregiver-infant turn-taking bouts at 10 months
(r=0.37, p = 0.04). It trended towards a positive correlation with turn-taking bout length at 10 months (r = 0.33, p = 0.07). In
contrast, caregiver non-vocal or multimodal response rate at 5 months did not significantly predict any turn-taking measures at 10
months (Fig. 6B-C, E-F ps > 0.54). We also investigated the relationship between caregiver response rates at 5 months and infant
volubility at 5 and 10 months. However, we did not find a significant correlation between caregiver overall, vocal, non-vocal or
multimodal response rates and infant volubility (ps > 0.12).

3.4. Predicting later receptive and productive language development

Twenty participants returned the CDI at 18 months of age. The average number of spoken words reported in CDI forms was 123.5
(SD = 88.59) and understood words was 266 (SD = 83.93), which was comparable to previous studies of 18-month children (e.g.,
Fernald et al., 2013; Frank et al., 2017). We conducted Pearson correlations between infant language outcome at 18 months, and infant
volubility, caregiver response rates, and turn-taking bout measures at 5 and 10 months of age. The number of words infants understood
at 18 months was predicted by caregiver-infant turn-taking bout length at 10 months (r = 0.49, p = 0.03). It was also significantly
predicted by developmental increases in turn-taking bout length (r = 0.53, p = 0.02) as well as frequency (r = 0.49, p = 0.03; Fig. 7).
The number of words infants spoke at 18 months was predicted by caregiver overall response rate at 10 months (r = 0.44, p = 0.045).
It was also predicted by developmental increases in infant volubility (r = 0.46, p = 0.04), and in turn-taking bout frequency (r = 0.61,
p = 0.006) from 5 to 10 months (Fig. 8).

4. Discussion

We examined the developmental changes of prelinguistic vocal turn-taking from 5 to 10 months, and investigated their sources as
well as predictive effects on the emergence of language. Caregiver responsiveness to babbling at 5 months facilitated vocal turn-taking
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Fig. 4. Turn-taking Bout Length Following Caregiver Responses at 5 and 10 Months. At both 5 and 10 months, turn-taking bouts following caregiver
vocal responses contained significantly more turns than those following non-vocal responses * p < 0.05, * * p < 0.01, * ** p < 0.001.
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at 10 months, and caregiver responsiveness at 10 months predicted infant language production at 18 months. Developmental increases
in vocal turn-taking from 5 to 10 months predicted infant receptive and productive language outcomes at 18 months, and increases in
infant volubility predicted productive language outcomes. Across participants, measures of caregiver-infant interactions were
continuous across the 5-months of development, but there were differential developmental changes on the dyadic level. Furthermore,
we analyzed real-time effects of caregiver response modality on vocal turn-taking with infants. At both 5 and 10 months, caregiver
vocal responses were the most effective in facilitating vocal turn-taking with infants, compared to non-vocal and multimodal re-
sponses. Together, these findings suggest that one of the important sources of developmental growth in prelinguistic turn-taking is
caregiver responsiveness, especially vocal responses to babbling. Developmental increases in prelinguistic turn-taking predict the
emergence of language.

4.1. Prelinguistic turn-taking showed high continuity and low stability over development

Continuity describes consistency in the group mean of a variable across time, while stability describes the relative standing of in-
dividuals in a group across time (Bornstein et al., 2017). These parameters are independent. We found high continuity and low stability
of caregiver-infant turn-taking from 5 to 10 months. On the group level, we did not find significant changes in turn-taking frequency or
length from 5 to 10 months. However, by examining interactional behaviors in each individual dyad, we found substantial dyad-level
changes from 5 to 10 months. Almost all participants increased or decreased the frequency and length of vocal turn-taking to some
degree (Supplementary Fig. S1). However, since there was no systematic change, the group-level statistics appeared to be continuous.
This pattern was one of several possibilities described by Bornstein et al. (2017). Why did some dyads produce relatively more and
longer turn-taking 5 months later, while others decreased their level of engagement? Developmental increases or decreases in
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prelinguistic vocal turn-taking may be shaped by aspects of caregiver-infant everyday interactions, and may influence infant future
language development. However, fewer studies have investigated both the group-level continuity and the dyad-level stability in
caregiver-infant behaviors. Even when group-level measures appear continuous over development, individual- or dyadic-level changes
may lead to infant differential growth in language skills, as discussed below.

4.2. Sources of developmental change in prelinguistic turn-taking: the delayed and modality-specific effect of caregiver responsiveness

Caregiver responsiveness, especially vocal responses to babbling, is an important source of the development (on real-time and
longitudinal timescales) of prelinguistic turn-taking. On the longitudinal level, we found that infants who received higher contingent
response rates at 5 months, engaged in more frequent and longer vocal turn-taking bouts with their caregivers at 10 months. This
significant predictive effect of caregiver responsiveness was mainly driven by vocal responses. Non-vocal or multimodal responses did
not positively predict any turn-taking measures. Furthermore, we did not find the same relationship between responsiveness at 5
months and turn-taking measures at 5 months. This finding agreed with previous research suggesting that the effect of caregiver
responsiveness in early infancy has a delayed rather than concurrent influence on infant language outcomes (e.g., Baumwell et al.,
1997; Beckwith & Cohen, 1989). Since birth, infants vocalize frequently, and caregivers consistently respond to infants and engage
them with social interactions. However, infants do not learn that their babbling changes the behaviors of caregivers until 3 to 5 months
of age (Elmlinger et al., 2023; Goldstein et al., 2009), which shows that infants build social expectations gradually. They accumulate
evidence of the efficacy of their vocalizations from month-long contingent and prompt interactions with caregivers (Ritwika et al.,
2020). Our findings suggest that infants who receive more contingent responses to their own babbling, through 5-months of accu-
mulated stimulation, may have a stronger expectation of the instrumental value of their babbling. As a result, they engage in vocal
turn-taking with caregivers more frequently, and with more turns, 5 months later.

The predictive impact of caregiver responsiveness was the most robust on the dyadic level, instead of on the behavior of either the
infant or caregiver alone. Caregiver responsiveness at 5 months only weakly predicted itself at 10 months, and did not predict infant
volubility. Nevertheless, responsiveness at 5 months significantly predicted vocal turn-taking between the two parties at 10 months.
Similarly, findings from older children showed that dyadic-level vocal turn-taking had a stronger impact than individual measures on
children’s language development (e.g., Romeo et al., 2018).

Besides longitudinal influence, caregiver responsiveness also facilitated turn-taking in real-time. With fine-grained temporal
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analysis, we found that caregiver contingent vocal responses to babbling were the most effective in extending prelinguistic vocal turn-
taking with infants. At both 5 and 10 months, caregivers responded to infant babbling most frequently with vocal responses. In turn,
their vocal responses were the most likely to elicit subsequent babbling and lead to the longer turn-taking with infants. When infants
act, caregivers tend to respond to infant non-vocal behaviors with non-vocal responses, and to infant bimodal behaviors with
multimodal responses (van der Klis et al., 2023; Yurkovic et al., 2021). Similarly, we found that caregivers respond to infant vocal
responses. Caregiver-infant contingent exchanges seemed to match each other’s modality. As a result, their turn-taking interactions
stayed within one modality.

Previous research proposed that the effect of caregiver responsiveness is specific to its response target, rather than globally
influential (Baumwell et al., 1997; Paavola et al., 2006). For example, caregiver contingent responses to babbling predicted infant
language outcomes but not play outcomes, while in turn caregiver contingent responses to play behaviors predicted infant play but not
language outcomes (Tamis-LeMonda et al., 1996). Similarly, maternal responsiveness to infant activities at 5 months predicted infant
symbolic play and attention span, but not infant language comprehension at 13 months (Bornstein & Tamis-Lemonda, 1997).
Furthermore, caregiver mental knowledge of child language and play behaviors appeared to be unrelated to each other and
domain-specific (Tamis-LeMonda et al., 1998). These studies provided evidence suggesting that the influence of caregiver respon-
siveness is modality- or context-specific. Nevertheless, they focused on different domains of development (e.g., language, play be-
haviors), rather than on modalities (e.g., vocal, non-vocal) in caregiver responsiveness directly. Our study, among other recent findings
(van der Klis et al., 2023; Yurkovic et al., 2021), further revealed the specific effects of caregiver responsiveness at the perceptual level.

What might be the mechanism behind this modality-matching phenomenon? Van der Klis and colleagues (2023) suggested that
modality matching might be a signal of high synchrony between caregiver-infant dyads (Abney et al., 2014). Behavioral synchrony in
caregiver-infant play was found to have an impact on infant cognitive development (Thompson & Trevathan, 2009), word learning
(Matatyaho & Gogate, 2008), general intelligence (Feldman, 2007), and school adjustment (Harrist et al., 1994; Leclere et al., 2014).
Although this proposal explained that modality matching might be a result of behavioral synchrony, it does not explain how behavioral
synchrony was achieved.

Another potential mechanism for the modality effect may be through infant attentional constraints (Zhang et al., under review).
Caregiver non-vocal or multimodal responses to infant babbling were less likely to elicit a following infant babble, compared to vocal
responses. The reduction in babbling might be a result of the interference from infant increased attentional loads when they process a
change of modality in turn-taking. In adult vocal turn-taking interactions, when conversation partners’ voices or voice locations
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changed, interactants had to process this difference with increased attentional loads. As a result, their performance in designated
cognitive tasks decreased (Lin & Carlile, 2015, 2019). Like processing a change in voice or voice location, perceiving caregiver re-
sponses in a different modality other than vocal might induce a similar attentional demand in infants. As a result, infant subsequent
coordination of babbling was inhibited, and infants were unlikely to babble again after caregiver non-vocal or multimodal responses.
We did not directly test the attentional constraint hypothesis in the present study. Future studies should further explore the effect of
modality in turn-taking interactions, and investigate the underlying mechanisms for the modality matching phenomenon.

4.3. Predictive effects of developmental increases in prelinguistic turn-taking

Developmental increases in the frequency of prelinguistic turn-taking from 5 to 10 months predicted both language comprehension
and production abilities. Developmental increases in the length of prelinguistic turn-taking predicted infant language comprehension,
and increases in infant volubility predicted later language production. Though previous studies have reported the significance of
developmental changes in maternal responsiveness (e.g., Bornstein et al., 1999; Hirsh-Pasek & Burchinal, 2006; Landry et al., 2006),
our study is one of the few that connects changes in prelinguistic and dyadic-level behaviors (i.e., turn-taking) with later language
development.

We identified turn-taking bouts based on fine-grained temporal structures, and counted the number of turns in each continuous
bout. Across turn-taking bouts, caregivers and infants contributed similar amounts of turns. Our definition of turn-taking bouts is
distinct from previous studies, which define caregiver-infant turn-taking as a discrete pair of vocal exchange between caregivers and
infants, or any switch from one speaker to another (e.g., Romeo et al., 2018; Donnelly & Kidd, 2021; Hilbrink et al., 2015). By focusing
on only one turn transition, these strict definitions enable researchers to analyze the timing of turn-taking and ensure equal contri-
bution from the two speakers. However, naturalistic turn-taking, conversations or dialogues usually contain longer sequences of ut-
terances and uneven contributions from different parties. Studies of non-human animals defined turn-taking as a vocal bout that
included at least one vocal exchange (e.g., Katsu et al., 2019; Koda, 2004). They found that Japanese macaques, a highly social primate
species, took a median of 5 turns per bout with a range of 2- 16 turns per bout. We followed the tradition of research in non-human
animals in defining vocal turn-taking bouts. By looking beyond pairs of serve-and-return, we were able to observe substantial dyadic
variation in frequency and length of turn-taking bouts. For example, at 5 months, thirty pairs of participants produced a range of 3 — 47
bouts during the play session. Each individual bout contained a range of 2 — 29 turns. At 10 months, participants produced a range of 6
— 34 no. of bouts, with 2- 23 turns in each bout. We found significant predictive effects in the frequency as well as length of vocal
turn-taking from mere 15-minute-long sessions. The effect of these substantial individual differences could accumulate and result in
significant influences over infant communicative development. Our measurements of turn-taking captured these accumulated
developmental changes, and showed their significant predictive effects on the emergence of language abilities. By identifying extended
turn-taking bouts, researchers can further understand the structure as well as developmental changes of caregiver-infant turn-taking
interactions. In addition, they will also be able to investigate how specific aspects of turn-taking (e.g., modality, frequency, length,
duration) influence the development of language.

The connection between vocal responsiveness in early infancy and later cognitive skills has been reported by previous research. At
as early as 3 months of age, infant differential vocal responsiveness to their mother versus a stranger predicted their vocabulary size,
reading and arithmetic abilities at 12 years old (Roe et al., 1982; Roe, 1978). In turn, maternal responsiveness to infants at 5 months
significantly predicted their representational competence (i.e., language comprehension and pretense play) at 13 months (Bornstein &
Tamis-LeMonda, 1989). These studies provided some of the developmentally earliest evidence linking vocal interactions with later
development. However, they did not investigate the direct relationship between infant’s own prelinguistic vocal use and later
development in vocal production, by quantifying the frequency of infant vocalizations.

We found that increases in infant prelinguistic volubility were only predictive of language production, but not language
comprehension outcomes. This finding parallels previous research on bilingualism. In children who hear and speak differing levels of
two languages, their frequency of language production only predicts productive but not receptive outcomes in that language (Ribot
et al., 2018), independent of how much they hear that language. Our finding suggests that prelinguistic vocal use serves a similar role
as language use, in facilitating the development of language production.

Such a connection between prelinguistic vocalizing and the emergence of language production has been understudied, as babbling
is traditionally viewed as spontaneous and unrelated to actual language formation (Jakobson, 1968). However, some previous work
supports continuity between prelinguistic vocalizing and the acquisition of productive language (McCune & Vihman, 2001). For
example, the same consonants infants produce in prelinguistic vocalizing, also predominantly appear in their first words. Infants use
the same consonants in their vocal repertoire before and after they start to produce language, which suggests that these two stages are
not utterly delimited (McCune & Vihman, 2001). Furthermore, in infants who receive cochlear implants, those who received earlier
implantation produce more babbling than those who did later, suggesting that prelinguistic vocalizing is guided by auditory input.
Thus, researchers have proposed that prelinguistic volubility should be used as a prognostic marker of language development (Binos &
Loizou, 2019). Our finding also suggests that developmental increases in prelinguistic vocal use is predictive of the emergence of later
productive language.

4.4. Limitations

The current study has several limitations. First, the sample size of this study is relatively small. Thirty dyads participated in both
sessions at 5 and 10 months, and twenty of them returned CDIs at 18 months. Since there are considerable individual differences in
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behavioral factors like infant volubility and caregiver response rate, our correlational results between these factors and later language
outcomes may be influenced by the small sample size. Future large-sample studies should incorporate assessments of extended turn-
taking and further investigate its predictive effects on later language comprehension and production. A second limitation is that our
measurement of infant language outcome at 18 months was based on caregivers’ reports. However, the predictive validity of CDI has
been examined and supported by previous studies (e.g., Can et al., 2013; Feldman et al., 2005), and our results were comparable to
previous studies (e.g., Fernald et al., 2013; Frank et al., 2017). Lastly, our measures of turn-taking bouts did not focus on pairs of
caregiver-infant exchanges, but included extended sequences of caregiver and infant vocalizations. Turn-taking bouts started with at
least two exchanges between caregivers and infants, but subsequent consecutive turns by the same party were counted when we
calculated the length of turn-taking. Thus, we captured developmental changes in turn-taking on the dyadic level, rather than
distinguish changes in individual contributions. Nevertheless, the effect of caregiver-infant interactions appears to be the most robust
on the dyadic level. For example, we found that caregiver responsiveness at 5 months predicted vocal turn-taking more strongly than
itself at 10 months. Thus, we believe that our quantification of turn-taking as a dyadic system affords novel analyses to further examine
the impact of caregiver-infant extended turn-taking.

5. Conclusion

We observed that prelinguistic caregiver-infant turn-taking exhibited high continuity and low stability during the first year, and
investigated the sources as well as predictive effects of developmental changes in turn-taking. The more frequently caregivers
responded contingently to babbling at 5 months, the more infants engage in vocal turns with caregivers at 10 months. Developmental
increases in prelinguistic vocal turn-taking predicted later language development at 18 months. Furthermore, this study examined the
real-time structure of caregiver-infant turn-taking beyond the initial serve-and-return. At both 5 and 10 months, caregiver vocal re-
sponses were the most effective in facilitating vocal turn-taking with infants. We integrated multiple timescales by investigating first-
year prelinguistic turn-taking with fine-grained temporal analyses, and brought new insights into the significance and development of
early vocal turn-taking.
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