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Abstract

This longitudinal study investigated modifications in lexical tones and intonation in
Cantonese infant-directed speech (IDS) to children aged 15 and 23 months. The results
showed that to children at both ages, mothers increased intonational pitch height and pitch
variability across utterances, and produced lexical tones with generally larger tonal space
and greater intra-talker tone variation within categories in IDS compared to adult-directed
speech. No significant changes were found in either lexical tones or intonation in IDS
between the two ages. In addition, positive correlations were found between the degree of
age-related changes in tonal space and intonational exaggerations in IDS as children grow
older. The findings were discussed with a focus on the co-occurrence of an increase in tone
variation along with tonal space expansion, the age-related changes in lexical tones and
intonation, and the associations between the lexical and prosodic pitch modifications.
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Introduction

Infant-directed speech (IDS), the type of speech directed towards infants and children,
usually constitutes the majority of the language input that these young learners receive
(Soderstrom, 2007). IDS is largely characterized by its acoustic-phonetic features. Compared
to adult-directed speech (ADS), IDS typically features higher overall pitch and larger pitch
variability across and within utterances (Fernald et al., 1989; Jacobson et al., 1983; Stern et al.,
1983). At the phonemic level, studies across languages have shown that IDS involves an
expansion of the acoustic vowel space, which is usually measured as the area of the vowel
triangle formed by plotting the first and second formants (F1 and F2) of the three most
peripheral vowels /a/, /i/, and /u/ in two-dimensional space (Burnham et al., 2002; Kuhl et al,,
1997; Marklund & Gustavsson, 2020; but see Benders, 2013; Englund & Behne, 2005). This
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has been considered evidence for a didactic linguistic function of IDS to facilitate child
language learning (Burnham et al., 2002; Kuhl et al., 1997). On the other hand, an increase
of intra-talker within-category vowel variation has also been observed, which may
counteract the effects of vowel space expansion on exaggerating vowel contrasts, thus
casting doubt on the linguistic function of phonemic modifications in IDS (Cristia &
Seidl, 2014; McMurray et al., 2013; Miyazawa et al., 2017; Rosslund et al., 2022). In
addition, longitudinal studies have demonstrated the constancy of vowel space expansion
over the first two years of children’s lives (Hartman et al., 2017; Kalashnikova & Burnham,
2018; see Cox et al., 2023 for a meta-analysis investigation).

Despite the extensive studies on vowels, there is a notable insufficiency in research on
lexical tones, the phonemic categories used in tone languages such as Cantonese and
Mandarin Chinese. While a similar expansion of tonal space has generally been reported
in IDS compared to ADS (Tang et al., 2017; Xu Rattanasone et al., 2013), very limited
knowledge has been obtained regarding the change in intra-talker within-category tone
variation (Wang et al, 2021). Only a small number of studies on lexical tones have
engaged in longitudinal observations (Han et al., 2018; Liu et al., 2009; Xu Rattanasone
etal., 2013), gaining a restricted understanding of how lexical tones in IDS may change as
children develop.

Furthermore, lexical tones are unique in that they are instantiated by changes in pitch
(or acoustically f0, i.e., fundamental frequency), which is also the primary acoustic cue for
intonation. Therefore, in IDS, pitch realization at the phonemic level (lexical tones) must
be associated with prosodic pitch movement at the utterance level (intonation). However,
to date, few IDS studies have concurrently investigated modifications on lexical tones and
intonation, not to mention their relationships (Kitamura et al., 2002; Wang et al., 2021).

Lexical tones as phonemes are crucial in determining lexical meaning. For young
learners of tone languages, mastery of lexical tones is an important step in building their
vocabulary and language skills (W. Ma et al.,, 2017; Wang et al., 2022). Hence, it is
necessary to enhance understanding of lexical-tone modifications in IDS. The current
study collected longitudinal data on Cantonese IDS addressed to children in the early to
late second year of life. With the aim to shed light on the unresolved questions related to
lexical tones, this study 1) investigated age-related changes in tone modifications in IDS,
2) delved into not only tonal space but also within-category tone variation, 3) and
concurrently analyzed lexical tones and intonation, and the relationship between their
changes over time.

Lexical tones in IDS

In general, research on lexical tones in IDS has shown an expansion of the overall tonal
space or enhancements of the acoustic differences between tone pairs in various tone
languages, such as Mandarin (Han et al,, 2018; Liu et al,, 2007; Tang et al,, 2017), Cantonese
(Li, 2022; Wang et al., 2021; Xu Rattanasone et al., 2013), and Hakka (Cheng & Chang,
2014). These observations were made in IDS directed to children from as young as 3 months
to around 2 years old.

Age-related changes

A small number of longitudinal studies have traced the developmental trajectory of
lexical-tone modifications in IDS as children grow older. Han et al. (2018) reported a
decrease in maximum and minimum pitch of lexical tones in Mandarin IDS to
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24-month-olds compared to 18-month-olds, with only the younger age group showing
significantly higher maximum and minimum pitch than in ADS. On the other hand, no
significant difference in pitch range of lexical tones was observed between the two ages.
Liu et al. (2009) compared Mandarin IDS to infants aged 7-12 months with IDS to
children aged 5 years, and revealed a reduction in the mean pitch differences between the
high and low tones over this time period. The findings on Cantonese IDS mainly came
from Xu Rattanasone et al. (2013) on infants within the first year of life. Xu Rattanasone
and colleagues measured tonal space by calculating the area of the tone triangle, which
was established based on the average onset and offset f0 of the three peripheral lexical
tones of Cantonese — namely, Tonel, Tone2, and Tone4. They examined tonal space in
IDS to infants at 3, 6, 9, and 12 months, and observed a decreasing trend from 3 to
12 months of age. Another study on Cantonese (P. Wong & Ng, 2018) gathered IDS data
from mothers with their children at 1, 2, 3, and 5 years of age, and found that the pitch
height measurements of most lexical tones had negative correlations with the age of the
children.

With the limited number of longitudinal studies, our current understanding of age-
related changes in lexical-tone modifications in IDS remains inadequate. Two of these
studies (Han et al., 2018; P. Wong & Ng, 2018) focused on the pitch cues of individual
tones without delving into the distinctions between different tone categories due to their
research scope. The other two studies that measured the acoustic contrasts among tone
categories (Liu et al., 2009; Xu Rattanasone et al., 2013) generally demonstrated a
declining trend in tone contrast enhancements as children’s age increased. This trend
was specifically observed in Cantonese IDS within the first year of life and in Mandarin
IDS from preverbal to preschool ages. The present study sought to enrich our under-
standing of the developmental trajectory of lexical-tone modifications in Cantonese
IDS by testing an understudied age range, i.e., from the early to late second year of
children’s lives.

Intra-talker within-category tone variation

The findings of expanded tonal and vowel space in IDS have led to the proposal of the
hyperarticulation hypothesis that phonemic contrasts are hyperarticulated in IDS to serve
a didactic function to facilitate child language learning (Kuhl et al., 1997; Werker et al.,
2007; Xu Rattanasone et al., 2013). This is based on the assumption that larger acoustic
space in IDS indicates more distinguishable phonemic categories. However, this assump-
tion has been challenged by the findings that IDS exhibits greater intra-talker variation
within vowel categories than ADS (Cristia & Seidl, 2014; McMurray et al., 2013;
Miyazawa et al.,, 2017; Rosslund et al., 2022). When controlling for other acoustic
variables, greater within-category variation results in more overlap among phonemic
categories, leading to less distinct contrasts. When taking into account both the overall
acoustic space and within-category variation, studies have reported no evidence of
enhanced vowel distinctions (Cristia & Seidl, 2014; McMurray et al., 2013; Miyazawa
et al., 2017).

To fully examine the discriminability of tone categories in IDS, research has to be
conducted not only on tonal space, but also on within-category tone variation. To our
knowledge, only one study (Wang et al, 2021) probed into this dimension of tone
modifications in IDS. It reported an increase in within-category tone variation in individual
Cantonese-speaking caregivers’ IDS to their 15-month-old children. By collecting data at
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two age points (15 and 23 months), the current study aimed to expand our knowledge on
the modification concerning tone variation in IDS to older children and its developmental
trajectory during the second year of children’s lives.

Intonation in IDS

As summarized at the beginning, intonational exaggerations in IDS typically involve an
increase in overall pitch height, and pitch variability within and across utterances
compared to ADS. These exaggerations on pitch at the utterance level are believed to
mainly fulfill a communicative role by capturing and regulating children’s attention, and
conveying communicative intentions such as positive emotions (Cooper et al., 1997;
Fernald, 1989). While the rise in pitch height is a robust feature seen across various
languages (Fernald et al., 1989), including Cantonese (Wang et al, 2021; N. Xu &
Burnham, 2010), pitch variability within utterances, often measured as the range between
the highest and lowest pitch in individual utterances, does not consistently exhibit an
increase. Studies on tone languages have reported either an expanded pitch range (Grieser
& Kuhl, 1988 in Mandarin), or no significant changes in pitch range (Kitamura et al., 2002
in Thai; Papousek & Hwang, 1991 in Mandarin), or even a reduced pitch range (N. Xu &
Burnham, 2010 in Cantonese) in IDS compared to ADS. A more recent study (Wang
et al,, 2021) employed a different metric, which involved calculating the standard
deviation of pitch at multiple points within each utterance, and found no significant
difference in pitch variability within utterances between IDS and ADS in Cantonese. This
study also confirmed an increase in pitch variability across utterances in Cantonese IDS,
which was quantified using the standard deviation of mean pitch across utterances.

Age-related changes

Longitudinal studies on intonational exaggerations in IDS have yielded mixed results.
A majority of the studies have reported a reduction of intonational exaggerations in IDS
with increasing age of children (see Cox et al., 2023 for a meta-analysis investigation). As a
representative instance, Stern et al. (1983) found that intonational exaggerations on pitch
height and range in English IDS peaked when infants aged 4 months and decreased as
they reached 1 and 2 years old. However, there are also studies failing to detect age effects
on intonation in IDS. Narayan and McDermott (2016) measured pitch height and range
in IDS of Tamil, Tagalog, and Korean addressed to children aged 4 to 15 months, and
reported no significant age effects on these measurements. Similarly, Kalashnikova and
Burnham (2018) observed no significant differences in pitch height in English IDS to
children aged 7, 9, 11, 15, and 19 months. Moreover, one study on IDS of Dutch (Benders,
2013) even reported larger pitch height and greater pitch range when speaking to
15-month-olds than to 11-month-olds.

While most previous research on this topic focused on non-tone languages, some
studies included investigations into tone languages. Kitamura et al. (2002) revealed a
decrease in pitch height in Thai IDS from 9 to 12 months of age. Han et al. (2020) reported
a decrease in intonational exaggerations in IDS of Mandarin Chinese from 18 to
24 months of age; pitch height and range were only significantly exaggerated in IDS to
18-month-olds, but not 24-months-olds, compared to ADS. Despite evidence of a
decreasing trend in intonational exaggerations in IDS of Thai and Mandarin, there
is still a gap in knowledge regarding Cantonese IDS specifically. Moreover, previous
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longitudinal studies have mainly focused on the overall pitch height and pitch range
within utterances, paying little attention to the pitch variability across utterances in IDS.
The present study provided longitudinal observations of intonational exaggerations,
including pitch variability across utterances, in Cantonese IDS to children in the early
to late second year of life, which will contribute to a more comprehensive understanding
of the developmental trajectory of intonation in IDS.

Lexical tones and intonation

As noted above, lexical tones share the prosodic cue, pitch, with intonation. Hence,
acoustic realization of lexical tones needs to accommodate — and is inevitably influenced
by — intonational pitch modulation. For example, lexical tones carried by syllables at the
utterance-final position are often compromised under the effects of large intonational
modulation at this position (J. K.-Y. Ma et al., 2006). Accordingly, in IDS, how lexical
tones are modified may also be related to intonational pitch exaggerations for commu-
nicative purposes. However, limited research on IDS has looked into the associations
between lexical tones and intonation.

The findings from two studies have suggested the possibility that lexical-tone modi-
fications in IDS may be driven by intonational effects. Tang et al. (2017) found that tonal
space expansion only occurred at the utterance-final position in Mandarin IDS, matching
the pattern of pitch exaggerations at this position in happy speech where intonation
would be exaggerated to convey the positive emotion. P. Wong and Ng (2018) explored
the errors made by native adult listeners when perceiving lexical tones in IDS. They
discovered that these error patterns were similar to those found in the perception of lexical
tones in the utterance-final position, where pitch is heavily influenced by intonational
modulation. These findings have lent support to the prosodic hypothesis that IDS mainly
serves a communicative function through prosodic exaggerations, and modifications of
phonemes are unintended byproducts of the prosodic modulations.

This hypothesis has been further corroborated by Wang et al. (2021), a more recent
study examining lexical tones and intonation in tandem. It reported significant positive
correlations between Cantonese caregivers’ intonational exaggerations (particularly the
increase of pitch variability) and lexical-tone modifications (including the expansion of
tonal space and increase of within-category tone variation) in IDS. Caregivers who
exaggerated prosody more at the utterance level tended to have more expanded tonal
space and produce more varied tone tokens. This previous study collected IDS data from
only one age point of children. As children develop, caregivers may adjust the degree of
intonation exaggerations in their IDS (Cox et al., 2023; Han et al., 2020). According to the
prosodic hypothesis, the degree of lexical-tone modifications in IDS, as byproducts of the
intonational modulations, would change correspondingly. The present study with lon-
gitudinal data would enable an investigation into whether the age-related changes in
lexical tones and intonation in IDS positively correlate, as predicted by the prosodic
hypothesis.

The current study

This study collected recordings of IDS from Cantonese-speaking mothers with their
children when the children were around 15 and 23 months old. The second year of life was
targeted considering that children learn words rapidly showing a spurt of vocabulary
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during this developmental period (Goldfield & Reznick, 1990). Lexical tones as phonemic
categories differentiate lexical meanings. Hence, it is crucial to understand how lexical
tones are modified in speech input to children throughout this critical period of lexical
learning. To date, longitudinal research into this time period has been scarce for lexical
tones as well as intonation, especially in the context of Cantonese. The onset of our
observation was set at 15 months of age to replicate the findings on lexical tones
(especially the understudied within-category tone variation) in IDS to children at this
age reported by Wang et al. (2021), before proceeding to the unexplored later develop-
mental stage.

In addition to IDS, ADS was also recorded from the mothers as the baseline for
comparison. For IDS at each age point as well as ADS, lexical tones were examined from
two aspects - tonal space and intra-talker within-category tone variation; intonation was
also analyzed by measuring the overall pitch height, and pitch variability within and
across utterances. Three specific research questions were addressed based on the meas-
urements: 1) compared to when speaking to adults, how Cantonese-speaking mothers
modify lexical tones and intonation when speaking to their children at the two age points;
2) how the lexical-tone and intonational modifications in IDS differ between the two age
points; 3) whether the age-related changes in lexical tones in IDS correlate with the age-
related changes in intonation.

The study aimed to enrich our knowledge about the lexical and prosodic pitch
modifications in IDS of a tone language mainly in three aspects: 1) to draw the develop-
mental trajectories for lexical-tone and intonational modifications in IDS during the
second year of children’s lives when they undergo the vocabulary spurt; 2) to uncover
whether an increase of tone variation consistently co-occurs with the expansion of tonal
space in IDS showing a similar developmental pattern; 3) to reveal whether lexical tones
and intonation in IDS co-vary with increasing age of children, as predicted by the prosodic
hypothesis.

Method
Participants

Nineteen Cantonese-speaking mothers and their Cantonese-learning monolingual chil-
dren (8 males and 11 females) were examined when the children were around 15 months
(M =1;02.20; SD = 11.1 days) and 23 months (M = 1;10.23; SD = 38.54 days) of age. They
lived in Hong Kong and were recruited through social media. All the mothers and
children had no known mental, sensory, or language impairments. Prior to participating,
the mothers provided written informed consent, which was approved by The Joint
Chinese University of Hong Kong - New Territories East Cluster Clinical Research Ethics
Committee.

Stimuli and materials

Six target words (see Table 1) were elicited in both IDS and ADS, with each word
corresponding to one of the six Cantonese lexical tones illustrated in Figure 1. Cantonese
tones consist of three level tones (Tonel: high level; Tone3: mid level; Tone6: low level),
two rising tones (Tone2: high rising; Tone5: low rising), and one falling tone (Tone4: low
falling). To minimize the influence of phonetic environment on the lexical tones, the
target words were chosen to share the same vowel and have a voiceless plosive or fricative
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Table 1. The target words and the toys used to elicit them.

Target words

in Chinese Tone IPA Gloss  Toys to elicit the target words

Git] Tonel [fer] Fly Miniature planes; toy birds

FEL({81) Tone2 [pe1] Give Furry toys that can be given from one person to
another

| Tone3 [ser] Four Toy packs containing four animals/people

i Tone4 [k'er] Flag Miniature national flags; learning cards depicting
national flags; triangular flag bunting

4 Tone5 [p"er]  Quilt A miniature doll quilt

£ Tone6 [per] Nose  Animal nose matching boards; an elephant toy

Notes. IPA: International Phonetic Alphabet.

ot e Tonel
Lot eeeesTone2
.
_,." «= « Tone3
B R R S R

. = == Toned
= oTone5

= == =Tone6

Figure 1. The six Cantonese lexical tones.

as the initial consonant; their semantic appropriateness for mothers to use with young
children was also considered. To elicit the target words, the mothers were provided with
six sets of toys labeled with the corresponding Chinese characters (see Table 1) during
mother-child interaction.

Recording procedure

The IDS recording took place when the children were around 15 and 23 months old.
During the recording, the mothers and children were left alone in a sound-attenuated
booth where they played and interacted face-to-face with the toys. The mothers were
asked to speak naturally and use the target words when appropriate during the inter-
action, as they would at home. The six sets of toys were presented one at a time in a
random order. To record the audio, the mothers wore a head-mounted microphone
(Audio-Technica BP894) that was connected to a laptop (MacBook Air) via an audio
interface (Roland Quad-Capture). The recordings were made with a sampling rate of
44100Hz and a precision of 16 bits per sample.
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The ADS recording was carried out only once at the initial age point since we did not
anticipate any changes in ADS associated with the increase of children’s age. Following
the IDS recording, the mothers were interviewed in Cantonese by an adult native
Cantonese speaker. To elicit the target words in ADS, the mothers were asked questions
about the words and toys, such as “In what situations would you use the word ___ when
speaking to your child in daily life?” and “Do you think your child likes the toy ___ ?”.In
the interview, the mothers sometimes imitated how they spoke to their children; these
utterances were excluded from ADS analysis. The same recording equipment and
configuration were utilized for ADS as for IDS.

To ensure adequate tokens for lexical-tone analysis, all the recordings were monitored
by an experimenter outside the booth using headphones attached to the audio interface.
We would not proceed to a second target word until we had collected a minimum of
10 and 8 utterances containing the current target word for IDS and ADS respectively.
A lower criterion was applied to ADS, given the greater difficulty in eliciting the target
words in the interview. The total duration of the recording was kept within 30 minutes.

Data analysis

The analyses described below were conducted on every participant’s IDS at each age point
as well as their ADS. Using Praat (Boersma & Weenink, 2017), the recordings were
segmented and labeled to identify the target words and utterances that contained them.
Following the approach of earlier studies (Fernald et al., 1989; Kitamura et al., 2002), an
utterance was defined as a speech segment that was preceded and followed by a pause or
non-speech lasting at least 300 milliseconds. We attempted to extract up to 10 utterances
for each target word, or the maximum number available in cases where there were not
sufficient utterances, particularly in ADS recordings. Table 2 displays the average number
of extracted utterances per target word and the number of target words contained in the
utterances. The target words were analyzed for lexical tones, while intonation analysis
utilized all the utterances combined. On average, each utterance contains 9.75 syllables
(SD = 4.68) in IDS to children aged 15 months, 10.43 syllables (SD = 5.14) in IDS to
children aged 23 months, and 12.2 syllables (SD = 6.83) in ADS. The criteria for inclusion
of an utterance were as follows: 1) free of any noise, such as that produced by toys or
children’s crying; 2) not disrupted by children’s vocalizations; 3) containing not only the

Table 2. The average number of utterances and target words analyzed for IDS at 15 months, 23 months,

and ADS.
Number of utterances Number of target words
Target words Tone IDS-15m IDS-23m ADS IDS-15m IDS-23m ADS
bk Tonel 10 B195 9.11 13.63 13.74 10.79
S (f5) Tone2 9.89 10 9.05 12.21 11.68 11.16
rg Tone3 10 10 9.21 11.16 11.79 10.58
JiE Tone4 9.95 9.89 747 11.21 11.16 8.26
e Tone5 10 10 8.63 14.16 13.74 9.68
& Tone6 10 Oi95 8.42 15.47 16.63 10.37
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target word. To ensure accurate pitch analysis, we carefully marked the onset and offset of
the target words and utterances manually, following the criterion of previous studies (Liu
et al,, 2007) which involved identifying the zero crossing point of the first and last pulse
when F1 and/or F2 were visible on the spectrogram. To prepare for lexical-tone and
intonation measurements, f0 data were obtained from Praat with the help of a script
‘prosodypro’ (Y. Xu, 2013). The f0 values were calculated using the vocal cycle marks
generated by Praat with a sampling rate of 100Hz. With the assistance of ‘prosodypro’,
manual corrections were applied to add missing marks and remove redundant marks. All
f0 data were converted to the Equivalent-rectangular-bandwidth-rate (ERB) scale to
better reflect f0 variations from the auditory perspective (Hermes & van Gestel, 1991).

Lexical tones were assessed from two aspects, i.e., tonal space and within-category tone
variation. For tonal space, following Xu Rattanasone et al. (2013), we first quantified the
overall tonal space by the area of the tone triangle which was created by plotting the
averaged onset and offset f0 of the three peripheral lexical tones in Cantonese, i.e., T1, T2,
and T4, in two-dimensional space.

Furthermore, to explore the dispersion of each tone category from the center of the
tonal space, we adopted a metric based on f0 data collected at 10 equally spaced time
points along individual tone contours. Firstly, the overall central tone contour was
calculated by averaging the f0 of all the tone contours at each of the 10 time points (see
Figure 2A). Secondly, the central tone contour of each tone category was obtained by
averaging the f0 of all the contours of that tone at each of the 10 time points (see
Figure 2B). Then, for each tone category, the absolute difference between the f0 of its
central tone contour and the overall central tone contour was calculated at each time point
and then averaged to quantify the degree of its dispersion. This metric adapted from Zhao
and Jurafsky (2009) also reflects the magnitude of tonal space: greater dispersion of
individual tone categories from the center would result in a larger tonal space. In
comparison to the tone triangle area denoting the overall tonal space, it enables assess-
ment of the dispersion of individual tones. Besides, using data collected from multiple
time points allows for a better consideration of the temporal information of lexical tones.

For within-category tone variation of each lexical tone, it was computed by first
calculating the absolute difference between the f0 of each contour of that tone and its
central tone contour at each time point, and then averaging across all the contours and
time points.

Three aspects of intonation were measured for every participant, as listed and
explained below:

1) Pitch height of utterances: the f0 data sampled along each utterance were averaged
to determine its mean, which was then averaged across all utterances.

2) Pitch variability within utterances: the standard deviation (SD) of the f0 data
sampled along each utterance was computed and then averaged across all utter-
ances. This was employed instead of pitch range (= maximum f0 - minimum f0 in
individual utterances) due to its advantage of considering more than just the
highest and lowest {0 in utterances.

3) Pitch variability across utterances: the SD of the mean f0 of all the selected
utterances.

Linear mixed-effects (LME) models were used to compare lexical tones and intonation

among the three conditions — IDS collected at 15 months old (IDS-15m), IDS collected at
23 months old (IDS-23m), and ADS. The analyses were conducted in the R environment
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Figure 2. An illustration of the overall central tone contour and the central tone contour of a tone category with
data from one participant. (A) The red line demonstrates the participant’s overall central tone contour. The grey
lines represent all the tone contours produced by this participant, with 10 dots along each contour signifying the
10 equally spaced time points. (B) The red line denotes the central tone contour of Tone4. The grey lines represent
all the tone contours of Tone4 produced by this participant, with 10 dots along each contour signifying the
10 equally spaced time points.

Note. f0: fundamental frequency; ERB: Equivalent-rectangular-bandwidth-rate.

(R Core Team, 2021), using the Im4 (Bates et al., 2015), ImerTest (Kuznetsova et al., 2017),
and emmeans (Lenth, 2023) packages. LME models were fitted using the Imer function for
each metric of lexical tones and intonation. We first included as many fixed and random
factors as possible. Specifically, for individual tonal dispersion and within-category tone
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variation, the initial model included fixed effects of Condition (IDS-15m vs. IDS-23m
vs. ADS) and Tone Category (six lexical tones), their interaction, as well as the random
effect of Participant (including the intercept and the slope for the effect of Condition). For
the overall tonal space (i.e., the tone triangle area) and the three metrics of intonation, the
initial model included the fixed effect of Condition (IDS-15m vs. IDS-23m vs. ADS) and
the random intercept for Participant. These initial models did not contain maximal
random effects because including all random effects resulted in overparameterization
relative to the data available. Then, the step function was employed to eliminate the non-
significant factors and interactions from the initial models. Once the final models were
obtained (see Appendix for the output of all the final models), the anova function with
Satterthwaite’s method was applied to test their significance. If a significant fixed effect of
Condition was observed, pairwise comparisons would be conducted among the three
conditions (i.e., IDS-15m, IDS-23m, and ADS) using the emmeans function with the
Tukey method for multiple comparison corrections. If, meanwhile, a significant inter-
action between Condition and Tone Category was found, pairwise comparisons would be
conducted within each tone category.

Spearman correlation tests were performed to investigate the relations between the
age-related changes in lexical tones and intonation. The analysis encompassed all three
intonational metrics and the metric of overall tonal space (i.e., the tone triangle area). A
single value was derived for each participant with respect to these metrics. Tone variation
was excluded from the correlation tests due to its potential inherent association with
intonational pitch variability. To quantify the age-related change in each metric, the value
at 23 months was divided by the value at 15 months (for example, the change in pitch
height of utterances = the pitch height in IDS-23m/the pitch height in IDS-15m).

Results
Lexical-tone modifications and age effects

The results concerning lexical-tone modifications have been shown in Figure 3. The final
LME model for the overall tonal space (the tone triangle area) included Condition as the
fixed effect and an intercept for Participant as the random effect. For the individual tonal
dispersion, the final model included Condition and Tone category as the fixed effects, the
interaction between Condition and Tone category, an intercept for Participant, and a
by-Participant random slope for the effect of Condition. As for the within-category tone
variation, the final model included Condition and Tone Category as the fixed effects, an
intercept for Participant, and a by-Participant random slope for the effect of Condition.
The interaction between Condition and Tone category was eliminated. The output of the
full models can be found in Table 1-3 in Appendix.

The analysis of variance (ANOVA) demonstrated significant main effects of Condi-
tion on the overall tonal space (F(2,36)=11.25, p<.001). Post-hoc pairwise comparisons
among the three conditions, i.e., IDS-15m, IDS-23m, and ADS generated results in
Table 3. Compared to ADS, the overall tonal space was significantly larger in both
IDS-15m and IDS-23m, while there was no significant difference between IDS-15m
and IDS-23m. An illustration of the tone triangles and the overall tonal space in the
three conditions can be found in Figure 3A and Figure 3B respectively.

For the individual tonal dispersion, the analysis of variance (ANOVA) showed signifi-
cant main effects of Condition (F(2,22)=27.46, p<.001) and Tone category (F(5,288)=74.31,
p<.001), as well as significant interactions between Condition and Tone category
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Figure 3. (A) The tone triangles in IDS at 15 months, IDS at 23 months, and ADS (using data averaged across
participants). (B) The average overall tonal space (the tone triangle area) in IDS at 15 months, IDS at 23 months,
and ADS. (C) The average individual dispersion of each tone category in IDS at 15 months, IDS at 23 months, and
ADS. (D) The average intra-talker variation within tone categories in IDS at 15 months, IDS at 23 months, and ADS
(averaged across the six categories). The error bars in the charts indicate the standard errors, and the asterisks
denote groups that were significantly different from each other.

Note. f0: fundamental frequency; ERB: Equivalent-rectangular-bandwidth-rate. T1: Tonel; T2: Tone2; T4: Tone4.
** Pagj<.01, *** paqi<.001.

(F(10,288)=3.45, p<.001). Based on the results, post-hoc pairwise comparisons among
the three conditions, i.e., IDS-15m, IDS-23m, and ADS were conducted within each
tone category. The results have been reported in Table 3. For Tonel, Tone3, and Tone4,
their dispersion from the center of tonal space significantly increased in IDS at both age
points compared to ADS, while there was no significant difference between the two ages,
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Figure 3. (Continued)

consistent with the findings on the overall tonal space. The dispersion of Tone2, Tone5,
and Tone6, on the other hand, did not significantly differ between any two of the
conditions. The dispersion of each tone category in the three conditions has been
demonstrated in Figure 3C.

As with the within-category tone variation, the analysis of variance (ANOVA)
reported significant main effects of Condition (F(2,18)=22.03, p<.001) and Tone category
(F(5,280)=20.55, p<.001). Post-hoc pairwise comparisons among the three conditions,
i.e, IDS-15m, IDS-23m, and ADS generated the results presented in Table 3. The
variation of tone tokens was greater in IDS at both age points compared to ADS, while
there was no significant difference between the two ages, similar to the findings on the
overall tonal space and the dispersion of Tonel, Tone3, and Tone4. The tone variation
averaged across the six categories in the three conditions has been presented in Figure 3D.

To sum up, the mothers produced lexical tones with an overall expanded tonal space,
more dispersed tone categories (of Tonel, Tone3, and Tone4 specifically) from the center
of the tonal space, and greater within-category tone variation in IDS when the children
were both 15 and 23 months of age. None of the metrics showed a statistically significant
change in IDS between the two age points.

Intonational modifications and age effects

The pitch height of utterances, pitch variability across utterances, and pitch variability
within utterances in IDS to children of the two ages and ADS have been demonstrated in
Figure 4. The final LME models for all three metrics included Condition as the fixed effect
and an intercept for Participant as the random effect. The output of the full models can be
found in Table 4-6 in Appendix. The analysis of variance (ANOVA) revealed significant
main effects of Condition on the pitch height of utterances (F(2,36)=61.15, p<.001), pitch
variability across utterances (F(2,36)=38.83, p<.001), and pitch variability within utter-
ances (F(2,36)=4.08, p=.025). Hence, post-hoc pairwise comparisons among the three
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Table 3. The results of pairwise comparisons among IDS-15m, IDS-23m, and ADS for the lexical-tone

metrics.
Overall tonal space
Estimate SE Df t.ratio Padj
ADS vs. IDS-15m —.64 .16 36 —4.11 <.001
ADS vs. IDS-23m —.64 .16 36 —4.11 <.001
IDS-15m vs. IDS-23m —.00035 .16 36 —-.002 1
Individual tonal dispersion
Estimate SE Df z.ratio Padj
Tonel
ADS vs. IDS-15m -.53 .089 168 -5.91 <.001
ADS vs. IDS-23m —.49 .089 168 -5.49 <.001
IDS-15m vs. IDS-23m .037 .097 106 .39 .92
Tone2
ADS vs. IDS-15m -.14 .089 168 -1.56 27
ADS vs. IDS-23m -.15 .089 168 -1.71 21
IDS-15m vs. IDS-23m —-.013 .097 106 -13 .99
Tone3
ADS vs. IDS-15m -32 .089 168 -3.62 .0011
ADS vs. IDS-23m —.28 .089 168 -3.13 .0059
IDS-15m vs. IDS-23m .045 .097 106 46 .89
Tone4
ADS vs. IDS-15m —44 .089 168 —4.97 <.001
ADS vs. IDS-23m —.36 .089 168 —4.05 <.001
IDS-15m vs. IDS-23m .082 .097 106 .85 .67
Tone5
ADS vs. IDS-15m -2 .089 168 -2.25 .066
ADS vs. IDS-23m -12 .089 168 -1.33 .38
IDS-15m vs. IDS-23m .082 .097 106 .85 .68
Tone6
ADS vs. IDS-15m .029 .089 168 .33 .94
ADS vs. IDS-23m -11 .089 168 -1.27 42
IDS-15m vs. IDS-23m -.14 .097 106 -1.47 31
Within-category tone variation
Estimate SE Df t.ratio Padj
ADS vs. IDS-15m —.24 .039 18 —6.14 <.001
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Table 3. (Continued)

Within-category tone variation

Estimate SE Df t.ratio Padj
ADS vs. IDS-23m -.18 .039 18 -4.66 <.001
IDS-15m vs. IDS-23m .06 .044 18 137 .38

Notes. For individual tonal dispersion, pairwise comparisons were conducted within each lexical tone.

—_—kkk 0.8 ey s 1,00 e ——
—kk ko
) )
291 ] &
2 06 ~0.75-
w ] o
w s o
] < =
[] o @
9 o
c ] [
: 5
S 804- £ 050~
> 2] £
— o
s 8 o
2 £ =
£, 8 2
5 §02- T 0.25-
- >
o - <
rs [2}
= =
o a
0- 0.0- 0.00-

IDS_15mIDS 23m  ADS IDS_15mIDS_23m ADS IDS_15mIDS_23m ADS

Figure 4. The average pitch height of utterances, pitch variability across utterances, and pitch variability within
utterances in IDS at 15 months, IDS at 23 months, and ADS. The error bars in the chart indicate the standard errors.
The asterisks denote groups that were significantly different from each other.

Note. ERB: Equivalent-rectangular-bandwidth-rate. * p<.05, *** pyq;<.001.

conditions, i.e., IDS-15m, IDS-23m, and ADS were conducted for the three measure-
ments. The results have been reported in Table 4 and summarized below:

1) Pitch height of utterances: in comparison to ADS, it was significantly larger in both
IDS-15m and IDS-23m, while there was no significant difference between
IDS-15m and IDS-23m;

2) Pitch variability across utterances: consistent with the findings on pitch height, it
was significantly greater in both IDS-15m and IDS-23m than in ADS, whereas
there was no significant difference between IDS-15m and IDS-23m;

3) Pitch variability within utterances: it was only significantly greater in IDS-15m
compared to ADS, while no significant difference was found between IDS-23m and
ADS, and between IDS-15m and IDS-23m.

In brief, pitch height and pitch variability across utterances increased in the mothers’ IDS
at both age points compared to their ADS. In contrast, pitch variability within utterances
was found to increase in IDS at 15 months only. Regarding the age effects, the changes of
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Table 4. The results of pairwise comparisons among IDS-15m, IDS-23m, and ADS for the intonation

metrics.
Pitch height of utterances
Estimate SE Df t.ratio Padj
ADS vs. IDS-15m -1.33 13 36 -10.55 <.001
ADS vs. IDS-23m -1.03 13 36 -8.15 <.001
IDS-15m vs. IDS-23m .303 13 36 2.4 .055
Pitch variability across utterances
Estimate SE Df t.ratio Padj
ADS vs. IDS-15m -.34 .041 36 -8.51 <.001
ADS vs. IDS-23m -.25 .041 36 -6.23 <.001
IDS-15m vs. IDS-23m .093 .041 36 2.29 .071
Pitch variability within utterances
Estimate SE Df t.ratio Padj
ADS vs. IDS-15m —.089 .032 36 -2.79 .02
ADS vs. IDS-23m —-.062 .032 36 -1.94 .14
IDS-15m vs. IDS-23m .027 .032 36 .84 .68

all the three measurements between the two age points did not reach statistical signifi-
cance, consistent with the findings on lexical tones.

Lexical tone — intonation correlations

The Spearman correlation tests found significant positive correlations between the
change in overall tonal space from 15 to 23 months of age (IDS-23m/IDS-15m) and
the changes in all three intonational metrics over this period. Specifically, significant
correlations were observed with the pitch height of utterances (rs=.49, p=.034), pitch
variability across utterances (rs=.57, p=.012), and pitch variability within utterances
(rs=.48, p=.038), indicating medium to large relationships (Cohen, 1992). Scatter plots
in Figure 5 visualize these correlations, demonstrating a similar changing pattern in the
overall tonal space and intonational measurements. As the children developed from 15 to
23 months old, the overall tonal space and intonational modifications decreased in some
mothers’ IDS while increased in others’ IDS. There appeared to be a general tendency for
those mothers whose intonational modifications in IDS decreased to show a correspond-
ing decrease in the overall tonal space, while for those whose intonational modifications
increased to also have an increase in the overall tonal space.

Discussion

To deepen understanding of lexical and prosodic pitch modifications in IDS of tone
languages, the current study 1) examined the lexical-tone and intonational modifications
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Figure 5. The scatter plots for the correlations between the change in the overall tonal space from 15 to 23 months
of age (IDS-23m/IDS-15m) and the changes in the three intonational metrics over this period. Each dot denotes the
data of one participant. The linear regression line is plotted with a 95% confidence interval.

in Cantonese IDS to children at 15 and 23 months of age, in comparison to ADS; 2)
explored the changes in lexical tones and intonation in IDS from the early to late age
points; 3) tested the relationships between the age-related changes in lexical tones and
intonation. The findings are summarized and discussed in this section.

Lexical-tone and intonational modifications in IDS-15m

When addressing their 15-month-old children, Cantonese-speaking mothers raised the
intonational pitch height, pitch variability across utterances, and pitch variability within
utterances in IDS. They also had overall expanded tonal space, more dispersed tone
categories (of Tonel, Tone3, and Tone4), and increased tone variation within categories
in IDS. These results largely replicate the previous findings on Cantonese IDS to children
of the same age (Wang et al.,, 2021), with one exception of the pitch variability within
utterances. In the earlier study, the increase in pitch variability within utterances in IDS
did not reach statistical significance. The discrepancy between the two studies is not
surprising, because an increase in pitch variability within utterances appears not to be a
robust prosodic feature in IDS. There is a substantial inconsistency in findings regarding
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this feature in previous studies. A cross-language investigation (Fernald et al., 1989)
observed a significant increase in within-utterance pitch range in IDS of American English
but not in IDS of other languages such as German, French, and so on. Different studies on
IDS of the same language also reported divergent findings on modifications in pitch range
within utterances (cf. Fernald et al., 1989 vs. Fernald & Simon, 1984 on German; Grieser &
Kuhl, 1988 vs. Papousek & Hwang, 1991 on Mandarin Chinese). In addition, although the
earlier study reported an increase in overall tonal dispersion in IDS compared to ADS, it did
not examine potential differences in dispersion among tone categories. In the present study,
by calculating the dispersion data for each tone separately, we found evidence for increased
dispersion from the center of the tonal space for Tonel, Tone3, and Tone4 in mothers’ IDS
to their 15-month-old children, but not for Tone2, Tone5, and Tone6. The findings suggest
that the previously observed enhancement in overall tonal dispersion might be primarily
attributed to the increased dispersion of Tonel, Tone3, and Tone4.

Lexical-tone and intonational modifications in IDS-23m

The present study further provided new findings on Cantonese IDS to 23-month-olds, a
developmental stage that has received little attention for this language. Cantonese-
speaking mothers maintained their use of exaggerated intonation in IDS to their children
at the end of the second year of life, as demonstrated by larger pitch height and pitch
variability across utterances compared to ADS. They did not significantly increase pitch
variability within utterances in IDS at this age though. Meanwhile, their IDS still
contained lexical tones with larger overall space, more dispersed tone categories
(of Tonel, Tone3, and Tone4), and greater variation within categories than ADS.

Age effects

Statistical comparisons of IDS to children at 15 and 23 months old indicated no
significant age-related changes in all the metrics of both intonation and lexical tones in
maternal IDS. As stated in the introduction, there is currently limited knowledge about
the age effects on lexical tones and intonation in IDS of tone languages. By utilizing
longitudinal data on Cantonese IDS, our findings could help draw a more comprehensive
picture of the developmental pathways for lexical-tone and intonational modifications in
IDS of tone languages.

The tonal space had been the focus of most previous studies. The one study that
collected longitudinal data on Cantonese IDS (Xu Rattanasone et al., 2013) reported a
significant decrease in overall tonal space in IDS to infants from 3 months to the end of
the first year of life. As introduced earlier, this study assessed overall tonal space by
calculating the tone triangle area. To extend this study, we initially examined the age-
related changes in lexical tones using the same measurement. The results suggest that
Cantonese-speaking mothers seem to maintain an overall expanded tonal space in IDS
as their children enter the second year of life, with no significant changes detected over
that year. Furthermore, we explored age-related changes in tonal space with a new
measurement, individual tonal dispersion, which quantifies the magnitude of tonal
space with data from each tone. Similarly, we observed no significant changes in the
degree of dispersion across all tone categories in IDS to children at the two ages. The
absence of findings for significant age-related changes in tonal space aligns with vowel
research that has demonstrated the stability of vowel space in IDS throughout the first
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and second years of children’s lives (Cox et al., 2023; Hartman et al., 2017; Kalashnikova
& Burnham, 2018).

More importantly, our longitudinal investigation was also conducted on the variation
within each tone category - a dimension that has been substantially overlooked. In
Cantonese-speaking mothers’ IDS, the within-category tone variation appears to follow
the same developmental trajectory as the overall tonal space and the individual tonal
dispersion, i.e., showing no signs of significant changes through the second year of
children’s lives. Future research on other tone languages with children of different ages
is needed to enrich understanding of this dimension of lexical tones, particularly with
regard to its changes in relation to children’s age.

Regarding intonation, the absence of evidence for significant age-related changes is in
line with those observed in IDS of Tamil, Tagalog, and Korean with infants aged from 4 to
15 months (Narayan & McDermott, 2016), and in IDS of English with children aged from
7 to 19 months (Kalashnikova & Burnham, 2018). When compared to the findings of the
study on a different tone language, Mandarin, with children of comparable ages (Han
et al,, 2020), some discrepancies were noted. Han et al. (2020) analyzed intonation with
respect to pitch height and pitch range within utterances, and found that they were both
increased only in IDS to 18-month-olds but not in IDS to 24-month-olds, compared to
ADS. By contrast, while the current study also observed no increase in pitch variability
within utterances in IDS to 23-month-olds, it revealed a rise in pitch height in IDS to both
15- and 23-month-olds. The inconsistent findings might result from the methodological
differences between the two studies. The previous study collected IDS data through a
semi-spontaneous storybook-telling task, different from the toy-playing task employed
by the present study. Alternatively, there could indeed be a difference in the use of
exaggerated intonation in IDS between mothers speaking Cantonese and Mandarin.
Further research may be conducted to explore the possibilities.

The current study only focused on a limited age range. To obtain a more comprehen-
sive understanding of age effects on lexical tones and intonation in IDS of tone languages,
future studies are expected to investigate children at various ages. By collecting data from
younger infants within the first year of life using similar methods, direct comparisons can
be made with the previous longitudinal study on lexical tones in Cantonese IDS
(Xu Rattanasone et al., 2013). More importantly, investigations on IDS to older children
are necessary to determine the milestone at which Cantonese-speaking caregivers shift to
ADS-like lexical tones and intonation when speaking to their children.

Within-category tone variation

Our findings on tone variation summarized above align with the prevailing evidence
indicating an increase in vowel variation in IDS to young learners during their first two
years of life (Cristia & Seidl, 2014; McMurray et al., 2013; Miyazawa et al., 2017; Rosslund
et al., 2022). The increase in variation can lead to more overlap among phonemic
categories and thus less differentiated phonemic contrasts, counteracting the expansion
of the overall acoustic space. It may pose challenges for young children in discerning
phonemes and constructing mental representations for phonemic categories, thereby
impeding child language learning. Correlation studies on vowels have reported negative
correlations between within-category vowel variability in parental speech and child
lexical development (Hartman et al., 2017; Rosslund et al., 2022). Regarding lexical tones,
there are only some preliminary findings with a limited sample size, showing negative
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correlations between within-category tone variation in caregivers’ IDS and their chil-
dren’s concurrent and later vocabulary size (Wang, 2020). The current findings on tone
variation, like the past studies on vowel variation, cast some doubt on the hyperarticula-
tion hypothesis which posits that phonemic contrasts are hyperarticulated in IDS to serve
a didactic function in facilitating child language learning (Kuhl et al., 1997; Werker et al.,
2007; Xu Rattanasone et al., 2013). If mothers, whether consciously or unconsciously,
modify their production of lexical tones for a didactic purpose, it may be less likely for
them to produce more varied tone tokens for individual lexical tones.

To further investigate the hyperarticulation hypothesis from the perspective of within-
category phonemic variation, it is necessary to combine it with cross-category mean
differences to quantify the phonemic contrasts in IDS. In addition, the impact of greater
variation within categories in IDS on child language learning needs to be further
examined. More correlation studies may be conducted with a larger sample size to
confirm the negative correlations observed previously. Laboratory experiments can also
be designed to test the immediate effect of increased tone variation in speech input on
child language processing.

Correlations between age-related changes in lexical tones and intonation

As children developed from 15 to 23 months old, significant positive correlations were
uncovered between the age-related changes in overall tonal space and intonational
modifications (including pitch height of utterances, and pitch variability within and
across utterances) in their mothers’ IDS, although comparisons between IDS at the two
age points found no significant differences. With increasing age of the children, mothers
seem to adopt varying approaches in altering the way they spoke to them, with some
increasing while others decreased their exaggerations of lexical tones and intonation. In
general, it appears that the changes in tonal space and intonation in mothers’ IDS follow a
similar pattern. Mothers who exhibit an age-related decrease in intonational modifica-
tions in their IDS are more likely to show a corresponding decrease in tonal space; and
those who demonstrate an increase in intonational modifications tend to also increase
tonal space.

The current longitudinal findings have extended our understanding beyond the prior
research on the association between lexical and prosodic pitch realizations in IDS at a
single age point (Wang et al., 2021). Not only do the degree of lexical-tone and
intonational modifications in individual parents’ IDS, as compared to their ADS, posi-
tively correlate with each other, but the age-related changes in lexical tones (specifically
tonal space) and intonation in IDS with children’s development also exhibit positive
correlations. The correlation findings are consistent with the prosodic hypothesis which
argues that modifications of phonemes (in this case lexical tones) in IDS may be
unintended byproducts of the prosodic modulations.

Previously, when a significant decrease in lexical-tone modifications, in particular
tonal space, was observed in IDS with increasing age of children, it was argued to be a
manifestation of parents adjusting their speech to accommodate children’s developing
language abilities and learning needs (Liu et al., 2009; Xu Rattanasone et al., 2013). The
findings were thus considered as evidence for the hyperarticulation hypothesis that
phonemic exaggerations in IDS are made for didactic purposes. Our findings of positive
correlations between age-related changes in tonal space and intonational exaggerations
have introduced another potential explanation. The previously observed decline in tonal
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space in IDS as children grow older might be driven by a concurrent decrease in
intonational exaggerations during that period. To test this possibility, it is necessary to
simultaneously examine the age-related changes in lexical tones and intonation in IDS at
the children’s age when a significant decrease in lexical-tone modifications is observed.

In conclusion, the current study first demonstrates that compared to ADS, Cantonese-
speaking mothers exaggerate intonation (with higher overall pitch and larger pitch
variability across utterances) and modify lexical tones (with generally larger tonal space
and greater tone variation within categories) in IDS when interacting with their children
at both 15 and 23 months of age, with no significant changes observed between the two
ages. The increase in tone variation in IDS, coinciding with the expansion of tonal space,
seems to cast some doubt on the hyperarticulation hypothesis. In addition, the study
shows positive correlations between age-related changes in tonal space and intonational
exaggerations in IDS as children grow older, consistent with the proposition of the
prosodic hypothesis. The findings on Cantonese enhance our understanding of lexical
and prosodic pitch modifications in IDS of tone languages, particularly concerning three
aspects: the within-category tone variation, the age-related changes in lexical tones and
intonation over the course of children’s development, and the associations between the
lexical-tone and intonational modifications. The current findings were based on data
from a single language. Cross-linguistic studies are necessary to validate and extend these
findings, or to explore potential differences between languages (Kalashnikova et al., 2023).
Future research should also consider how these IDS features may facilitate tone acqui-
sition and language development more broadly, especially in relation to individual
differences in language functions (Antoniou & Wong, 2015; Ingvalson et al., 2013;
P. C. M. Wong et al., 2012, 2013, 2020, 2021).

Supplementary material. The supplementary material for this article can be found at http://doi.org/
10.1017/50305000924000333.
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