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Phonetic Modification of Vowel Space
in Storybook Speech to Infants

up to 2 Years of Age
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Purpose: A large body of literature has indicated vowel
space area expansion in infant-directed (ID) speech
compared with adult-directed (AD) speech, which
may promote language acquisition. The current study
tested whether this expansion occurs in storybook speech
read to infants at various points during their first 2 years
of life.
Method: In 2 studies, mothers read a storybook containing
target vowels in ID and AD speech conditions. Study 1 was
longitudinal, with 11 mothers recorded when their infants
were 3, 6, and 9 months old. Study 2 was cross-sectional,
with 48 mothers recorded when their infants were 3, 9, 13,
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or 20 months old (n = 12 per group). The 1st and 2nd
formants of vowels /i/, /ɑ/, and /u/ were measured, and
vowel space area and dispersion were calculated.
Results: Across both studies, 1st and/or 2nd formant
frequencies shifted systematically for /i/ and /u/ vowels in ID
compared with AD speech. No difference in vowel space
area or dispersion was found.
Conclusions: The results suggest that a variety of
communication and situational factors may affect phonetic
modifications in ID speech, but that vowel space
characteristics in speech to infants stay consistent across
the first 2 years of life.
Over the past two decades, a number of studies
have investigated the acoustic–phonetic character-
istics of infant-directed (ID) speech compared

with adult-directed (AD) speech. A central finding in these
studies is that the area of the vowel space triangle, formed
by the first (F1) and second (F2) formants of point vowels
/i/, /A/, and /u/, is larger in ID than AD speech (Burnham,
Kitamura, & Vollmer-Conna, 2002; Cristia & Seidl, 2013;
Kondaurova, Bergeson, & Dilley, 2012; Kuhl et al., 1997;
Liu, Kuhl, & Tsao, 2003; Liu, Tsao, & Kuhl, 2009; Uther,
Knoll, & Burnham, 2007; Xu, Burnham, Kitamura, &
Vollmer-Conna, 2013). This larger vowel space triangle
area has been suggested to reflect hyperarticulation of the
point vowels /i/, /A/, and /u/ to articulatory positions that
are more phonologically contrastive and clearer in ID as
compared with AD speech (Kuhl et al., 1997). Such mod-
ifications are thought to facilitate phonological category
learning and promote language acquisition in infants
(Burnham et al., 2002; Cristia & Seidl, 2013; Kondaurova
et al., 2012; Kuhl et al., 1997; Liu et al., 2003; Liu et al.,
2009; Uther et al., 2007).

Accumulated evidence from recent studies has cast
doubts on the characterization of ID speech as “hyper-
articulation” per se (Benders, 2013; Cristia & Seidl, 2013;
Englund & Behne, 2006; Kondaurova et al., 2012; Lam &
Kitamura, 2010, 2012). Several studies have demonstrated
a lack of expansion of the acoustic vowel space area and/or
no enhancement of the distance between vowel categories
in ID as compared with AD speech (Benders, 2013; Cristia
& Seidl, 2013; Englund & Behne, 2006; Kondaurova et al.,
2012; Xu Rattanasone, Burnham, & Reilly, 2013). Other
studies have shown that the degree of change in the vowel
space area in ID compared with AD speech depends on the
infant’s hearing status, both simulated and naturally oc-
curring. For example, Lam and Kitamura (2012) used a
closed-circuit television setup to test mothers’ interactions
with children with normal hearing and found that the
amount of vowel space expansion in mothers’ speech was
dependent on whether and how well the infant could hear
the mother. It was suggested that this modulation of vowel
space area was due to a decrease in infant feedback when
the infant could not hear his or her mother. A case study of
Disclosure: The authors have declared that no competing interests existed at the time
of publication.
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a mother interacting with her twins, one with a hearing
impairment and one with normal hearing, demonstrated
vowel space area expansion in speech to the child with
normal hearing but not to the child with hearing impairment
(Lam & Kitamura, 2010). Similarly, data from Norwegian
and Dutch speech research have shown a lack of vowel
space expansion in ID as compared with AD speech (Benders,
2013; Englund & Behne, 2006). This evidence suggests that
vowel space area expansion is not an inherent characteristic
of all ID speech, but instead, features that differentiate ID
from AD speech depend on a variety of communicative
and situational factors.

Consequently, it is not clear under what conditions
caregivers might or might not produce an expanded vowel
space. Because vowel space expansion is thought to pro-
mote language acquisition, it is of interest to examine con-
ditions in which ID speech has clear didactic functions. One
such condition is storybook speech, an activity valued by
educators and parents and recommended in early-childhood
policy documents as a means of encouraging language
development and literacy (Bowman, Donovan, & Burns,
2000; Evans & Saint-Aubin, 2005; Fitzgerald, Spiegal, &
Cunningham, 1991; Snow, Burns, & Griffin, 1998). The use
of scripted storybook speech affords a strategic advantage
in this study design, namely the ability to ensure a large
number of point vowel tokens (/i/, /A/, and /u/) for examina-
tion as a function of speech style, as well as control of syn-
tactic and semantic variation.

A second important motivation for the present study
was to investigate how the ID vowel space might change as
a function of infants’ age (Bernstein Ratner, 1984; Kitamura
& Burnham, 2003; Kitamura, Thanavishuth, Burnham, &
Luksaneeyanawin, 2002; Stern, Spieker, Barnett, & MacKain,
1983). In a pioneering study of vowel articulation in speech
to infants, Bernstein Ratner (1984) found patterns suggestive
of both enhanced overall vowel clarity in ID speech as well
as a shift in ID vowel production depending on the infant’s
stage of development. Similarly, Xu Rattanasone et al. (2013)
found evidence of a possible increase in vowel space area
as a function of infant age in speech to children between 3
and 12 months; although this difference was nonsignificant,
they suggested that a more definite pattern might emerge
when including speech to children who were over a year
old. A possible change in ID vowel articulation based on
infant age is also supported by research showing shifts in
infant preferences for particular features of ID speech at
different ages (Hayashi, Tamekawa, & Kiritani, 2001; Kuhl
et al., 2008). These shifts in developmental preference may
affect the maternal input in a way that will cause the nature
of modification to the ID vowel space to change over time
(Smith & Trainor, 2008).

Many studies have clarified the nature of vowel modi-
fication in ID speech, but most have examined one or max-
imally two isolated time points (Benders, 2013; Burnham
et al., 2002; Cristia & Seidl, 2013; Kondaurova et al., 2012;
Kuhl et al., 1997; Lam & Kitamura, 2012; Liu et al., 2003;
Liu et al., 2009; Xu et al., 2013). Other relevant studies
have either sampled over a relatively short time period in
242 Journal of Speech, Language, and Hearing Research • Vol. 58 • 2
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infant development (Englund & Behne, 2005, 2006) or else
have lumped a sizeable infant age range into a single time
point (Uther et al., 2007).

The goal of the present study was to test the generaliz-
ability of vowel hyperarticulation in ID speech across speech
contexts. This study focused on speech arising from the con-
text of storybook reading. Specifically, the present studies
compared phonetic characteristics of the vowel space area
between ID and AD conditions in storybook speech. If care-
givers produce ID speech to help instruct their children about
the phonological categories of the language, then enhanced
segmental characteristics (i.e., vowel space expansion) should
be evident in the phonetic characteristics of storybook speech
read to infants. However, if vowel hyperarticulation is
modulated by infant feedback, as Lam and Kitamura (2012)
suggested, vowel space expansion may be less likely to
occur in a storybook condition, in which mothers may be
focusing their attention on the book rather than on their in-
fants. Therefore, the current study tested whether ID speech
shows hyperarticulation in a storybook reading context.

In addition, we considered how the ID vowel space
might change over a relatively wide span of early develop-
ment, from very early (approximately 3 months of age) to
relatively late (approximately 20 months of age). In order
to obtain representative samples of mothers’ speech at
appropriate intervals, we included both a longitudinal study
investigating speech at 3, 6, and 9 months, and a cross-
sectional study investigating behavior at 3, 9, 13, or 20 months.
A significant strength of the present research involves the
use of two distinct studies across age groups employing
complementary research designs. In particular, Study 1 used
a longitudinal design to minimize extraneous variability
that may arise from distinct participant groups across age
intervals, whereas Study 2 used a cross-sectional design to
avoid potentially confounding familiarity effects associated
with within-subjects longitudinal designs. The use of a
standardized text for read storybook speech facilitated
examination of speech characteristics across multiple age
groups while ensuring experimental control over context
and speech materials.
Study 1
The aim of Study 1 is to compare acoustic–phonetic

characteristics (F1 and F2 frequencies) of three point vowels
/i/, /A/, and /u/ in ID and AD speech produced by mothers
in an ID condition to the same infants at 3, 6, and 9 months
of age and in an AD condition at corresponding time
intervals.

Method
Participants

Eleven mother–infant dyads were recruited from the
local community in Indianapolis, Indiana. Each mother
and her infant participated in three separate sessions when
the infant was approximately 3, 6, and 9 months of age. The
41–253 • April 2015
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mean age of the infants (four girls, seven boys) at the first
interval was 3.0 months (SD = 0.3; range = 2.3–3.4), at the
second interval was 5.9 months (SD = 0.4; range = 5.0–6.5),
and at the third interval was 9.0 months (SD = 0.2; range =
8.8–9.5). All mothers were native speakers of American En-
glish with self-reported normal hearing who grew up in the
Midwestern United States and were paid $10 per visit. This re-
search and the recruitment of human subjects were approved
by the Indiana University Institutional Review Board.

Procedure
Recordings

Mothers were digitally recorded reading in a double-
walled, copper-shielded sound booth (Industrial Acoustics
Company, Bronx, NY). The speech was recorded in one
of two ways: The initial system used an Audio-Technica
ES933/H hypercardioid microphone (Audio-Technica, Leeds,
UK) powered by a phantom power source and linked to
an amplifier (DSC-240; Daqscribe, Centennial, CO) and a
Sony DTC-690 digital audio tape recorder (Sony, Tokyo,
Japan). The equipment was updated partway through this
longitudinal project to an SLX Wireless Microphone System
(Shure, Niles, IL). This system included an SLX1 Bodypack
transmitter with a built-in microphone and a wireless re-
ceiver SLX4, which was connected to a Canon 3CCD Digital
Video Camcorder GL2, NTSC (Canon, Melville, NY) and
recorded the speech samples directly onto a Mac computer
(OSX Version 10.4.10; Apple, Inc., Cupertino, CA) via Hack
TV (Version 1.11) software. No systematic differences were
found across recording sessions or participant groups in
terms of recording technology. Recordings were made at a
sampling rate of 22050 Hz with 16-bit quantization rate.

Token Identification
Mothers read from a storybook specifically constructed

to contain key words with the target /i/, /A/, and /u/ vowels
(see Appendix A). In the ID speech condition, mothers were
asked to read to their infants at each of the three sessions;
recordings ranged from 2.0 to 4.0 minutes (M = 2.7,
SD = 0.5). The infants were present in the room with their
mothers for the duration of the ID session. In the AD con-
dition, mothers were asked to read aloud as if to another
adult at each of the three sessions; recordings ranged from
1.3 to 2.2 minutes (M = 1.7, SD = 0.3). The order of ID
and AD recordings was counterbalanced across mothers.

In total, 66 recordings were collected across both con-
ditions (ID = 11 mothers × 3 sessions, AD = 11 mothers ×
3 sessions). A target of 20 tokens of each vowel from the
words in the storybook was included in the analysis; if more
than 20 were produced, the tokens were randomly selected.
On average, 15.1 (SD = 2.1) tokens of each vowel (/i/, /A/,
and /u/) in the ID speech condition and 15.8 (SD = 1.7) to-
kens of each vowel (/i/, /A/, and /u/) in the AD speech con-
dition were analyzed for each speaker at each interval.
A total of 1,499 tokens in the ID speech condition and
1,559 tokens in the AD speech condition were analyzed.
The Praat 5.0.21 editor (Boersma & Weenink, 2012) and
B
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MATLAB (MathWorks, 2009) software were used to
identify and segment out each vowel in recorded speech
based on a combination of waveform and spectral cues.
Due to a vowel merger between /A/ and /�/ in progress in
Indiana (Labov, Ash, & Boberg, 2006), it was impossible to
reliably determine for a given speaker whether a particular
token of a low back vowel reflected a single phonemic cate-
gory or two, given the expectation of substantial within-
category variation in the vowel space for the ID register
overall. As a result, all instances of low back vowels were
treated as a single category.

Acoustic Analysis
Formant frequencies. Phonetic analysts trained in for-

mant analysis first identified the onset and offset of each
randomly selected vowel token via visual inspection of spec-
trogram and waveform information using segmentation cri-
teria established for the Buckeye Corpus (Pitt et al., 2007).
Measurements of the first (F1) and second (F2) formants
were then taken at the vowel midpoint using a combination
of spectral slices, visual inspection of spectrograms, and
linear predictive coding (LPC) estimates derived from Praat
(Boersma & Weenink, 2012) and FormantMeasurer soft-
ware in MATLAB (Morrison & Nearey, 2011; MathWorks,
2009); all F1 and F2 measurements were checked by hand
for correctness. Analysts identified individual tokens of the
target vowels as usable if the first two formants were rea-
sonably clear and measurements fell within an expected
range of the mean, plus or minus three standard deviations,
as determined by mean formant values for female talkers
across multiple studies tabulated in Kent and Read (1992).
Tokens that fell outside the expected range had strongly
stratified harmonics, or for which F1 or F2 could not be
determined (i.e., due to high F0, coarticulation, poor sound
quality, or background noise), were checked by one of the
authors for usability before being included in or excluded
from the analysis. Tokens with high F0 (i.e., greater than
350 Hz) were often excluded due to the quantization of the
spectrum and thus greater variability and unreliability of
formant measurements in high-F0 tokens (Vallabha & Tuller,
2002). If a randomly selected token of a given vowel was
excluded for any reason, it was replaced by another ran-
domly selected token of that vowel from among the remain-
ing tokens produced by that mother in the same speech
condition. A total of 18.5% of selected tokens were excluded
for various reasons (5.3% AD condition, 28.5% ID condi-
tion); of these, 4.6% had F0 over 350 Hz (0.0% AD condi-
tion, 5.3% ID condition).

Formant values in Hz were converted to mel units.
The mel scale is based on psychophysical studies of pitch
distance and reflects human perception of frequency more
directly than linear Hz. The relationship between the mel
scale and Hz is a nonlinear, strictly monotonic increasing
function, such that above 500 Hz, larger and larger inter-
vals are judged by listeners to produce equal pitch incre-
ments. The mel scale has been used in many prior studies
of vowel space and formant characteristics (e.g., Bradlow,
Torretta, & Pisoni, 1996; Englund & Behne, 2005; Kuhl
urnham et al.: Vowel Space in Storybook Speech to Infants 243
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et al., 1997; Lam & Kitamura, 2010, 2012; Xu et al., 2013;
Xu Rattanasone et al., 2013). The following equation was
used for the Hz to mels conversion (Fant, 1973; in Bradlow
et al., 1996):

mels ¼ 1000
log 2

� log
Hz

1000
þ 1

� �
(1)

The mels conversion provided the basis for all analyses re-
ported. The means and standard deviations of F1 and F2
were determined for each speaker in both ID and AD speech
conditions.

Vowel space area. Vowel space triangles were con-
structed in an x–y plane, where the average F1 and F2 values
of /i/, /A/, and /u/ vowels were the respective x and y coordi-
nates of the corners. The area of the resultant triangles in
both ID and AD conditions was calculated using the follow-
ing equation (Baker, 1885; Liu et al., 2003; Weisstein, 2014):

Area ¼ ðF1i� F2a � F2uð Þ þ F1a� F2u � F2ið Þ þ F1u� F2i � F2að Þj j
2

(2)

Vowel space dispersion. Previous research on AD
speech has identified vowel space dispersion as a good in-
dex of speech clarity (Bradlow et al., 1996). The vowel
space dispersion is calculated by measuring the distance of
each token from a central point in the talker’s vowel space.
This measure provides an indication of the overall expansion/
compaction of the set of vowel tokens from each participant,
and detects fine-grained individual differences in acoustic–
phonetic characteristics (Bradlow et al., 1996). By capturing
a different aspect of vowel production characteristics than
the traditional Heron method (Kuhl et al., 1997; Neel, 2008),
this metric helps to provide an assessment of vowel clarity.
Vowel space dispersion was calculated by finding the cen-
troid of each speaker’s vowel space triangle and averaging
the distances of the individual tokens from the centroid (see
Appendix B for further detail; Bradlow et al., 1996).

Reliability
The formants of any vowel token whose F1 or F2

was two or more standard deviations away from a given
participant’s mean F1 or F2, respectively, were checked by
hand to ensure accuracy. In addition, trained analysts re-
measured a random selection of 5% of the tokens used in
each speech sample for an analysis of interrater reliability.
The percentage difference (Di) between the first rater’s mea-
surement (r1) and the second rater’s measurement (r2) was
calculated using the following equation (Kuhl et al., 1997):

Di ¼ r1 � r2j jð Þ =r1ð Þ � 100% (3)

The average interrater percentage difference was 5.7%
(SD = 4.8). This is in line with reliability reported in previous
studies and indicates high interrater reliability (e.g., Kuhl
et al., 1997).
244 Journal of Speech, Language, and Hearing Research • Vol. 58 • 2
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Results and Discussion
Formant Frequencies

The means and standard deviations for F1 and F2
frequencies of each point vowel are shown in Table 1. A
2 (Speech Style: ID vs. AD speech) × 3 (Interval: 3, 6, and
9 months) repeated-measures analysis of variance (ANOVA)
was conducted with speech style and interval as within-
subjects factors for each formant (F1, F2) of each point vowel
(/i/, /A/, and /u/).

The results for /i/ demonstrated a significant effect of
speech style with F2 higher in ID compared with AD speech,
F(1, 10) = 34.424, p < .001, hp

2 = 0.775. A higher F2 corre-
sponds to a generally more advanced or fronted tongue
position according to standard acoustic–phonetic modeling
assumptions and empirical findings (Stevens, 2000); thus, our
data suggest a more advanced/fronted tongue position in ID
(M = 1898 mels, SD = 58 mels) than AD (M = 1860 mels,
SD = 49 mels) speech. No main effect of interval or interac-
tion between interval and speech style was found for F2. The
results also demonstrated a significant effect of speech style
with F1 higher in ID compared with AD speech, F(1, 10) =
9.556, p = .011, hp

2 = 0.489. Since a higher F1 is generally
assumed to correspond to a lower tongue position (Stevens,
2000), our data suggest there is a lower tongue position in
ID (M = 539 mels, SD = 35 mels) than AD (M = 496 mels,
SD = 49 mels) speech. No main effect of interval or inter-
action between interval and speech style were found for F1.

The results for /A/ demonstrated a significant effect
of interval on F2, F(2, 20) = 3.699, p = .043, hp

2 = 0.27.
However, no pairwise comparisons of interval were signif-
icant in post hoc t tests after a Bonferroni correction to
p = (.05/3) = .017 (3 months: M = 1186 mels, SD = 55 mels;
6 months: M = 1176 mels, SD = 63 mels; 9 months: M =
1202 mels, SD = 48 mels); this lack of post hoc significance
likely reflects the conservative nature of Bonferroni tests
(i.e., their relatively high Type II error rate). No main effect
of speech style or interaction between interval and speech
style were found for F2. No significant main effects or inter-
action were found for F1.

The results for /u/ demonstrated a significant effect of
speech style, with F2 lower in ID compared with AD speech,
F(1, 10) = 5.552, p = .040, hp

2 = 0.357; this may indicate a
more retracted/backed tongue position in ID (M = 1169 mels,
SD = 91 mels) than AD (M = 1190 mels, SD = 83 mels)
speech. No main effect of interval or interaction between
interval and speech style were found for F2. The results
also demonstrated a significant effect of speech style, with F1
higher in ID compared with AD speech, F(1, 10) = 27.752,
p < .001, hp

2 = 0.735, which may indicate a lower tongue
position in ID (M = 543 mels, SD = 30 mels) than AD
(M = 518 mels, SD = 28 mels) speech.
Vowel Space Area and Vowel Space Dispersion
We first examined whether an overall difference in

vowel space area or vowel space dispersion existed. The
means and standard deviations of the vowel space area and
41–253 • April 2015



Table 1. Mean (SD) F1 and F2 frequencies in mels for the point vowels /i/, /ɑ/, and /u/ in infant-directed (ID) and adult-directed (AD) speech at
three longitudinal intervals (Study 1) and at four cross-sectional intervals (Study 2).

Interval
Speech
Style

/i/ /ɑ/ /u/

F1 F2 F1 F2 F1 F2

Study 1
3 months AD 483 (41) 1861 (41) 879 (41) 1185 (51) 509 (25) 1194 (74)

ID 544 (36) 1910 (57) 877 (60) 1187 (61) 541 (24) 1170 (60)
6 months AD 501 (48) 1866 (46) 845 (44) 1182 (53) 518 (29) 1189 (77)

ID 540 (39) 1888 (48) 861 (44) 1170 (73) 546 (24) 1163 (94)
9 months AD 503 (59) 1852 (61) 841 (51) 1198 (40) 528 (29) 1188 (101)

ID 533 (33) 1897 (70) 867 (69) 1206 (56) 541 (42) 1174 (118)
Study 2
3 months AD 534 (44) 1878 (60) 849 (36) 1158 (41) 527 (39) 1195 (72)

ID 551 (31) 1895 (72) 843 (56) 1165 (78) 541 (29) 1175 (63)
9 months AD 500 (65) 1884 (65) 851 (60) 1186 (62) 523 (26) 1173 (104)

ID 506 (68) 1900 (61) 857 (54) 1176 (83) 543 (25) 1204 (135)
13 months AD 504 (52) 1872 (56) 843 (52) 1168 (74) 515 (32) 1185 (33)

ID 526 (32) 1915 (48) 837 (55) 1183 (58) 528 (39) 1179 (52)
20 months AD 518 (53) 1850 (73) 826 (38) 1161 (44) 516 (37) 1182 (54)

ID 546 (42) 1885 (57) 841 (54) 1167 (64) 547 (30) 1185 (57)

Table 2. Mean (SD) vowel space area in mels2 and vowel space
dispersion in mels for infant-directed (ID) and adult-directed (AD) speech
at three longitudinal intervals (Study 1) and at four cross-sectional
intervals (Study 2).

Study Interval AD ID

Study 1
Area 3 months 123399 (22508) 123574 (25280)

6 months 111763 (24742) 113739 (20865)
9 months 104335 (30153) 118778 (33082)

Dispersion 3 months 393 (27) 395 (24)

Downloa
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dispersion values for ID and AD speech are reported in
Table 2, and Figure 1 shows vowel space triangles. A 2
(Speech Style: ID vs. AD speech) × 3 (Interval: 3, 6, and
9 months) repeated measures ANOVA was conducted sep-
arately for vowel space area and vowel space dispersion with
speech style and interval as within-subjects factors.

The difference in mean vowel space area for ID (M =
118697 mels2, SD = 26351 mels2) compared with AD (M =
113166 mels2, SD = 26405 mels2) speech was not signifi-
cant as a function of interval or speech style, and there
was no significant interaction between these variables.
Also, the difference in mean vowel space dispersion for
ID (M = 395 mels, SD = 32 mels) and AD (M = 384 mels,
SD = 28 mels) speech was not significant as a function of
interval or speech style, and there was no significant inter-
action between these variables.1

Summary
Overall, Study 1 showed a reliable shift in F1 and F2

for both /i/ and /u/ in ID as compared with AD speech, but no
effect of speech style on /A/ formant values; there was also
no significant expansion of vowel space area or dispersion
in ID as compared with AD speech.2 These results provide
little support for across-the-board enhancements to phono-
logical contrast in ID speech compared with AD speech.
The lack of a difference in vowel space area and dispersion
between speech styles for this study may be due to the use
1Percent change of vowel space area and dispersion were also calculated

using the formula %ΔX ¼ XID�XAD
XAD

h i
� 100%, where X represents the

percentage for the metric in question (i.e., either vowel space area or
dispersion) and the subscript indicates the Speech Style. Results of this
alternative analysis were nearly identical to the analysis of raw vowel
space area and raw vowel space dispersion.
2The data were also analyzed using raw Hz as a metric; statistical results
using ANOVA were very similar.

B

ded From: http://jslhr.pubs.asha.org/ by a ReadCube User  on 04/01/2016
f Use: http://pubs.asha.org/ss/rights_and_permissions.aspx
of a storybook for elicitation, which has not been frequently
employed in previous ID vowel space studies.
Study 2
The aim of Study 2 was to extend the findings from

Study 1 comparing acoustic–phonetic characteristics (F1 and
F2 frequencies) in ID and AD speech to a larger number
of participants (n = 48) over a more extended period of time
from young infant (3 months) to the toddler stage (20 months).
In addition, conducting a separate cross-sectional research
study permitted the opportunity to obtain converging evidence
for vowel space modifications in storybook speech using a
research design complementary to Study 1.
6 months 386 (16) 399 (35)
9 months 374 (36) 390 (37)

Study 2
Area 3 months 110990 (23513) 109293 (25576)

9 months 117860 (26098) 109247 (22875)
13 months 113386 (19883) 114137 (26531)
20 months 104631 (22937) 103975 (30412)

Dispersion 3 months 389 (35) 388 (33)
9 months 382 (29) 389 (28)
13 months 391 (29) 403 (23)
20 months 379 (42) 380 (47)

urnham et al.: Vowel Space in Storybook Speech to Infants 245



3ANCOVA analyses with number of prior recording sessions as a
covariate resulted in similar results to the ANOVA looking at the
production of formant frequencies in the point vowels /i/, /A/, and /u/.

Figure 1. Infant-directed (dashed line) and adult-directed (solid line) vowel space triangles based on mean F1 and F2 values for speech to
participants at the (a) 3-month, (b) 6-month, and (c) 9-month longitudinal intervals in Study 1. Error bars show mean ± 1 SEM.

Downloa
Terms o
Method
Participants

Forty-eight mother–infant dyads were recruited
for participation from the same subject pool as Study 1.
Each mother and her infant participated in a single session
when the infant was approximately 3, 9, 13, or 20 months
of age. The mean age of the infants at the first interval was
3.1 months (SD = 0.4; range = 2.5–4.1; four girls, eight boys),
at the second interval was 9.0 months (SD = 0.4; range =
8.3–9.9; four girls, eight boys), at the third interval was
12.8 months (SD = 0.5; range = 12.1–13.8; four girls,
eight boys), and at the fourth interval was 20.4 months
(SD = 0.9; range = 18.7–21.8; six girls, six boys). Recordings
from six participants in Study 1 were included in Study 2 from
a single temporal interval (i.e., exactly one ID and one AD
recording per mother), thereby balancing sample sizes across
groups and increasing statistical power. Each of the 48 mothers
was assigned to exactly one group based on the age of her
child at the time of the selected recording. This meant that,
although each mother was included in the analysis at only
one time point, that time point was not always the first time
the mother read the storybook to her infant. Research approval
and participant reimbursement were identical to Study 1.

Procedure
Recordings

The recording procedure was identical to Study 1.
In total, there were 96 recordings across ID and AD speech
conditions. ID sessions ranged from 1.6 to 3.9 minutes (M =
2.6, SD = 0.5). AD sessions ranged from 1.3–2.2 minutes
(M = 1.7, SD = 0.2). The order of ID and AD recordings
was counterbalanced across mothers.

Token Identification
The token identification procedure and inclusion cri-

teria were identical to Study 1. On average, 14.3 (SD = 3.2)
tokens of each vowel (/i/, /A/, and /u/) in the ID speech
condition and 15.2 (SD = 2.6) tokens of each vowel (/i/, /A/,
and /u/) in the AD speech condition were analyzed for each
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speaker. A total of 2,062 tokens in the ID speech condition
and 2,194 tokens in the AD speech condition were analyzed.

Acoustic Analysis
Analysis procedures for measuring vowel space area,

vowel space dispersion, and F1 and F2 frequencies were
identical to Study 1. A total of 11.2% of selected tokens
were excluded for various reasons (4.7% AD condition, 17.1%
ID condition); of these, 40.9% were excluded for high F0
(23.9% AD condition, 45.3% ID condition).

Reliability
Interrater reliability analysis procedures were identi-

cal to Study 1. The average interrater percentage difference
was 8.9% (SD = 8.5), indicating high reliability consistent
with that of prior studies (e.g., Kuhl et al., 1997).

Results and Discussion
Formant Frequencies

The means and standard deviations for F1 and F2
frequencies of each point vowel are shown in Table 1. A 2
(Speech Style: AD, ID) × 4 (Interval: 3, 9, 13, or 20 months)
mixed measures ANOVA was conducted with speech style
as a within-subjects factor and interval as a between-subjects
factor for each formant (F1, F2) of each point vowel (/i/,
/A/, and /u/).3 The results for /i/ demonstrated a significant
effect of speech style, with F2 higher in ID compared with
AD speech, F(1, 44) = 19.042, p < .001, hp

2 = 0.302, which
may indicate a more advanced/fronted tongue position in
ID (M = 1899 mels, SD = 59 mels) than AD (M = 1871 mels,
SD = 63 mels) speech. No main effect of interval or inter-
action between interval and speech style was found for F2.
The results also demonstrated a significant effect of speech
style, with F1 higher in ID compared with AD speech,
F(1, 44) = 6.956, p = .012, hp

2 = 0.137, which may indicate
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a lower tongue position in ID (M = 532 mels, SD = 48 mels)
than AD (M = 514 mels, SD = 54 mels) speech. No main
effect of interval or interaction between interval and speech
style were found for F1. The results for /A/ demonstrated no
main effects of speech style, interval, or interaction between
interval and speech style for F1 or F2. The results for /u/ dem-
onstrated a significant effect of speech style with F1 higher
in ID compared with AD speech, F(1, 44) = 20.092, p < .001,
hp

2 = 0.313, which may indicate a lower tongue position in
ID (M = 540 mels, SD = 31 mels) than AD (M = 520 mels,
SD = 33 mels) speech. No main effect of interval or inter-
action between interval and speech style was found for F1.
No significant main effect or interaction was found for F2.

Vowel Space Area and Dispersion
We first examined whether an overall difference in

vowel space area or vowel space dispersion existed. The
means and standard deviations of the vowel space area
and dispersion values for ID and AD speech are reported
in Table 2, and Figure 2 shows vowel space triangles. A
2 (Speech Style: AD, ID) × 4 (Interval: 3, 9, 13, or 20 months)
mixed measures ANOVA was conducted separately for
vowel space area and vowel space dispersion with speech
style as a within-subjects factor and interval as a between-
subjects factor.

The difference in mean vowel space area for ID
(M = 109163 mels2, SD = 25883 mels2) compared with AD
(M = 111717 mels2, SD = 22973 mels2) speech was not sig-
nificant as a function of interval or speech style, and there
was no significant interaction between these variables.
The difference in mean vowel space dispersion for ID (M =
390 mels, SD = 34 mels) compared with AD (M = 385 mels,
SD = 34 mels) speech was also not significant as a func-
tion of interval or speech style, and there was no significant
interaction between these variables.4

Summary
Overall, the results of Study 2 were very similar to

those of Study 1. A reliable shift in F1 and F2 for /i/ and in
F1 for /u/ was found in ID as compared with AD speech,
but there was no effect of speech style on /A/ formant
values; additionally, no significant expansion of vowel
space area or vowel space dispersion was found in ID as
compared with AD speech.5 The lack of a difference in
4Percent change of vowel space area and vowel space dispersion were
also calculated following the same method as for Study 1. Results of
this alternative analysis were identical to the analysis of raw vowel
space area and raw vowel space dispersion.
5The data were also analyzed using raw Hz, and the ANOVA results
were nearly identical. The only difference was seen in the vowel space
dispersion, which went from being nonsignificant ( p = .056) to ID
speech being significantly greater than AD speech ( p = .006). This is
likely due to the fact that mels is a logarithmic scale representing
human perception, so that a significant difference in Hz in the highest
frequencies may not translate to a significantly different perception by
the human ear.
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our study for vowel space area and vowel space disper-
sion between speech styles may again be due to the use of
a storybook for elicitation, which has not been employed
frequently in previous ID vowel space studies. The pat-
tern of results was very similar over time, consistent with
Study 1.
General Discussion
The current study tested the generalizability of vowel

hyperarticulation in ID speech by examining vowel space
characteristics of storybook speech directed to infants and
to adults. In addition, the current study examined vowel
space characteristics of ID speech over a wide range of in-
fant ages in order to gain a clearer picture of how ID speech
changes over time. Measurements were conducted using
scripted storybook speech in ID and AD conditions over
approximately the first 9 months (Study 1) or the first
20 months (Study 2) of infant life.

The results of both Study 1 and Study 2 indicated sys-
tematic shifts of F1 and/or F2 frequencies for /i/ and /u/
vowels in ID as compared with AD speech. However, vowel
triangle areas overall were not larger in ID compared with
AD speech. In addition, vowel clarity, as indexed by vowel
space dispersion (Bradlow et al., 1996), was not enhanced
in ID compared with AD speech.

These results suggest limitations to the generalizability
of hyperarticulation in ID speech to a storybook context.
Both of our studies demonstrated higher F1 frequencies for
/i/ and /u/ vowels in ID as compared with AD speech. In con-
trast, across-the-board hyperarticulation would be expected
to result in a lower F1 for these vowels in order to maxi-
mize the distance between vowels in ID speech (Kuhl et al.,
1997). The increase in F2 formant values for the /i/ vowel
and the decrease in F2 formant values for the /u/ vowel
are consistent with findings from previous research suggest-
ing a more advanced/fronted tongue position for /i/ and
more retracted/backed tongue position for /u/ in ID as com-
pared with AD speech (Bernstein Ratner, 1984; Kondaurova
et al., 2012; Kuhl et al., 1997). For the /A/ vowel, no effect
of speech style or interval was found for either F1 or F2 fre-
quencies, despite evidence from previous studies that predicted
an increase in their values (Bernstein Ratner, 1984; Kuhl
et al., 1997). The results demonstrate limited evidence for
hyperarticulation of the point vowels /i/ and /u/, specifically
with regard to the F2 dimension. However, when these re-
sults are considered alongside the raised F1 for /i/ and /u/,
as well as the lack of change in /A/ formant values, the over-
all picture does not correspond to across-the-board hyper-
articulation, which would be expected to produce a lower
F1 for the high vowels /i/ and /u/, as well as a possibly higher
F1 for the low vowel /A/. However, these results do suggest
that the distribution of vowels in acoustic vowel space de-
pends on the speech style, even for a speech context where
there is no overall expansion of the vowel space area (Benders,
2013; Bernstein Ratner, 1984; Englund & Behne, 2005;
Kondaurova et al., 2012; Kuhl et al., 1997).
urnham et al.: Vowel Space in Storybook Speech to Infants 247



Figure 2. Infant-directed (dashed line) and adult-directed (solid line) vowel space triangles based on mean F1 and F2 values for speech to
participants at the (a) 3-month, (b) 9-month, (c)13-month, and (d) 20-month cross-sectional intervals in Study 2. Error bars show mean ± 1 SEM.
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Englund and Behne (2005) attributed findings of for-
mant raising in ID speech to increased smiling behavior in
interaction with infants. This interpretation is consistent
with data showing that infants respond more to positive af-
fect, and that mothers have higher positive affect in ID than
AD speech (Kitamura & Burnham, 1998, 2003). Similarly,
Benders (2013) found evidence supporting a correlation
between F2 raising and higher positive affect in Dutch ID
speech. Therefore, it seems possible that the increase in for-
mant frequencies in the current study could also be accounted
for by mothers’ smiling. Although an increase in both F1 and
F2 was found for only two out of the three vowels examined
here, previous studies likewise have found an overall increase
in vowel formant values in smiled speech, but with effects
varying for specific vowel–formant combinations (Fagel,
2009; Kienast & Sendlmeier, 2000; Tartter, 1980; Tartter &
Braun, 1994). This variability in results may be an indication
of large interindividual and/or cross-language variability with
regard to the specific effects of smiling on formant frequen-
cies, and therefore may also account for the differences in ex-
act patterns of formant raising between our two studies.

Similar to studies of Norwegian and Dutch ID speech
(Benders, 2013; Englund & Behne, 2005, 2006) we found
differences in the distribution of F1 and F2 frequencies be-
tween ID and AD speech, but no overall increase in vowel
space area. Moreover, our results agree with recent studies
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(e.g., Benders, 2013; Cristia & Seidl, 2013; Lam & Kitamura,
2012) that across-the-board hyperarticulation is not gener-
alizable to all aspects and contexts of ID speech. It is pos-
sible that the exclusion of tokens with high F0 may have
affected the results of the current study by excluding the
most hyperarticulated tokens (Adriaans & Swingley, 2012),
but the similarity to other studies that found no difference
between ID and AD vowel space (e.g., Englund & Behne,
2006) as well as the differences in formant frequencies found
between speech styles make this explanation unlikely. The
current study provides nuance to the formulation of a holis-
tic approach to ID speech research that takes into con-
sideration other possible phonetic, communicational, and
situational factors, as suggested by Cristia and Seidl (2013;
see also Englund & Behne, 2006; Lam & Kitamura, 2012).
More research is needed to determine the conditions of sys-
tematic changes in the distributions of vowels as a function of
different speech styles, speaking conditions, and materials,
as well as what, if any, role these changes may play in infant
language acquisition.

In addition to measurements of vowel space area,
the current study employed measurements of vowel space
dispersion as a method of quantifying the clarity of point
vowels in ID as compared with AD speech (Bradlow et al.,
1996; Liu et al., 2003). However, we found no difference
in clarity between ID and AD speech. These results agree
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with recent findings demonstrating that vowel categories
are not necessarily more distinct in ID than in AD speech
(Cristia & Seidl, 2013; McMurray, Kovack-Lesh, Goodwin,
& McEchron, 2013). One possible cause of the lack of
difference in vowel space dispersion between ID and AD
speech could be a large within-category variance in ID
vowel formant frequencies (Cristia & Seidl, 2013; Kuhl et al.,
1997; McMurray et al., 2013). Kuhl et al. (1997) hypothe-
sized that increased variability in ID speech may aid in
language learning by allowing infants to attend to non–
frequency-specific characteristics of vowel categories, rather
than to the particular frequencies their mothers produce.
However, McMurray et al. (2013) found that increased var-
iability in ID vowel production caused a statistical learning
model to perform better on vowel discrimination in AD
rather than ID speech. This finding suggests that increased
variability in ID speech may be a byproduct of other as-
pects of ID speech modifications, rather than a didactic tool
(see also Benders, 2013). As Cristia and Seidl (2013) sug-
gested, it is necessary to design further studies to assess the
degree of variability across different sound categories in ID
speech and whether this variability has any effect on infant
speech processing.

The current study did not show any changes over time
in the distribution of F1 and F2 frequencies or acoustic
vowel space area for either a longitudinal (Study 1) or a
cross-sectional (Study 2) design. This lack of a change sug-
gests that vowel space area in maternal speech to infants is
not significantly different compared with that to adults over
the first 2 years of life, at least in certain interactive contexts
(e.g., reading activities). These findings agree with previous
research demonstrating that little to no change in vowel
space areas is found in speech to children between 4 and
11 months in American English (Cristia & Seidl, 2013), 1 and
6 months in Norwegian (Englund & Behne, 2006), across
the first year in Cantonese (Xu Rattanasone et al., 2013), or
at 7 months and 5 years in Mandarin (Liu et al., 2009).
These findings thus provide converging evidence that infants
experience a vowel space that is consistent over substantial
periods of time during early childhood. However, some
researchers suggest that modifications to ID speech may be
most pronounced around the time that the infant is first
learning to speak (Bernstein Ratner, 1984, 1987; Ko, 2012).
Although Study 2 examined speech to infants at 13 and
20 months of age, there was a large amount of time between
these two visits, and the infants’ stage of linguistic develop-
ment was not assessed. Future research should therefore
take a more temporally fine-grained approach to examining
the characteristics of vowels in speech to older infants as a
function of the infants’ stage of linguistic development.

The results of the present study contribute to the re-
cent findings suggesting that the modification of point vowels
in ID speech to more distinctive positions relative to AD
speech may depend on a number of communicative and
situational factors (Cristia & Seidl, 2013; Englund & Behne,
2006; Kuhl et al., 1997; Lam & Kitamura, 2010, 2012).
The present study used storybook materials, whereas many
previous studies employed spontaneous or semispontaneous
B
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speech (Burnham et al., 2002; Cristia & Seidl, 2013; Englund
& Behne, 2005, 2006; Kondaurova et al., 2012; Kuhl et al.,
1997; Liu et al., 2003; Liu et al., 2009; Uther et al., 2007; Xu
Rattanasone et al., 2013). The use of a storybook allowed
us to avoid the problem of linguistic context variability
(e.g., consonantal environment, position of target words in
an utterance, utterance length), which was not completely
controlled in previous research but could affect vowel
characteristics (Bernstein Ratner, 1986; Englund & Behne,
2005; Hillenbrand, Clark, & Nearey, 2001; Stevens & House,
1963). The use of a storybook also made it unlikely that we
would need to exclude participants due to small numbers
of tokens, which has been a problem with previous studies
(e.g., Cristia, 2010). Finally, by using storybook speech,
our study opens the door to the possibility of a storybook
method for analyzing vowel formant characteristics of in-
dividual mothers in a clinical setting. The amount of lin-
guistic control afforded by a storybook text allows for the
possibility of an automated system that would require little
work on the part of the clinician. Given evidence of an
association between mothers’ vowel space modifications
and their infants’ later speech discrimination skills, such a
test may serve as a predictor of children’s speech outcomes
(Liu et al., 2003). Future work is necessary to investigate
correlations between ID storybook speech and infant lan-
guage acquisition, as well as to develop a specific clinical test
of vowel production.

The storybook materials used here were sensitive
enough to elicit reliable, significant differences in formant
frequency shifts in ID compared with AD speech. Several
studies examining spectral, acoustic, phonetic, and per-
ceptual characteristics of storybook speech in ID and AD
conditions found reliable differences between these two con-
ditions (Inoue, Nakagawa, Kondou, Koga, & Shinohara,
2011; Jacobson, Boersma, Fields, & Olson, 1983; McMurray
et al., 2013). Moreover, prosodic measures from speech sam-
ples in Study 2 support the assumption that the storybook
method successfully elicited the ID speech register (Dilley,
Burnham, Wieland, Kondaurova, & Bergeson, in preparation),
rather than a form of simulated ID speech. For example,
mean F0 was 28–43 Hz higher for ID than AD speech at
each interval. Although not as pronounced a difference as
Fernald et al. (1989) found (i.e., 102 Hz higher for ID than
for AD speech), the differences in mean F0 for the present
study were very similar to findings in Fernald and Simon
(1984; i.e., 54 Hz higher for ID than for AD speech) and
between ID and “baseline” speech in Jacobson et al. (1983;
i.e., 35–45 Hz higher for ID than for AD speech). In con-
trast, Fernald and Simon (1984) found that simulated ID
speech did not differ in mean F0 from AD speech, and
Jacobson et al. (1983) found that simulated ID speech dif-
fered from baseline speech in mean F0 by only 13 Hz. Simi-
larly, the speech styles in the current study also differed in
maximum F0 and articulation rate, in a manner consistent
with previous research (Fernald & Simon, 1984). Although
there was no significant difference in utterance duration
between speech styles, this apparent inconsistency with pre-
vious research (Fernald, 1989; Fernald & Simon, 1984)
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may be attributed to the difficulty in manipulating utterance
length in a storybook reading task. Overall, the speech sam-
ples used in the current study showed prosodic characteris-
tics consistent with previous measurements of ID speech
and underscore the validity of the storybook speech as ex-
amples of ID and AD speech constructs, respectively.

Given that the prosodic analyses of these speech sam-
ples showed differences consistent with an ID–AD contrast,
including wider F0 range, slower rate, and shorter utterances
for ID than AD speech, it is important to inquire why no
increased vowel space expansion in ID speech was found
here, whereas vowel space expansion was found in some
(but not all) other studies. One possibility is that storybook
speech may be relatively careful overall in both ID and AD
speech conditions. This carefulness could lead to a kind
of “ceiling effect” and inability to detect a reliable difference
between the conditions. Another possibility is that the use
of the storybook materials may distract mothers from being
fully engaged with their infants, thus promoting low infant
responsiveness. Lam and Kitamura (2012) proposed that
vowel hyperarticulation may be affected by a reduced level
of infant interactivity. In a study of 6-month-olds, the authors
demonstrated that when an infant could fully or partly hear
their mother’s voice the acoustic vowel space was expanded
in ID relative to AD speech, but this expansion did not occur
when the infant could not hear the mother’s voice. The
authors hypothesized that when an infant is not able to hear
the mother’s voice, mothers unconsciously decrease the
distinctiveness between vowel categories and shift their
attention to speech characteristics such as pitch that are
known to elicit and maintain infant attention (Lam &
Kitamura, 2010, 2012).

Recent research on 18-month-old infant and parent
eye-gaze during a word learning task also demonstrated
that the most successful learning occurred during the mo-
ments when the attention was coordinated between the
infant and the parent (Yu & Smith, 2012). Analysis of infant
and parent interactions suggested that parents provided
object names at optimal moments when they were follow-
ing their infant’s lead and interest in the attended object
(Bornstein, Tamis-LeMonda, Hahn, & Haynes, 2008;
Gros-Louis, West, Goldstein, & King, 2006; Miller, Ables,
King, & West, 2009). Thus, it is possible that that the lack
of the expansion of acoustic vowel space in ID relative
to AD speech in the present study could be accounted for
by the use of the storybook materials affecting infants’ re-
sponsiveness and modulated attention. If mothers were not
attending to their infants or following their responses while
reading a storybook, there would be no need to promote
language learning through exaggeration of vowel charac-
teristics in the present study. These issues will need to be in-
vestigated in further research.

In summary, we found that although systematic dif-
ferences existed in the distribution of vowel formant fre-
quencies in ID as compared with AD speech, no expansion
of the acoustic vowel space or greater clarity of vowels was
observed across speech styles for storybook speech. Our
results could be accounted for by our use of storybook
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speech, which allowed novel control over a number of vari-
ables (Burnham et al., 2002; Cristia & Seidl, 2013; Englund
& Behne, 2006; Kondaurova et al., 2012; Kuhl et al., 1997;
Liu et al., 2003; Liu et al., 2009; Uther et al., 2007). Further
studies are necessary to investigate the nature of modifications
in ID speech, as well as how and whether this speech style
promotes infant language acquisition (c.f., Cristia & Seidl,
2013). Overall, the present study reveals that expansion
of the vowel space reported previously (e.g., Burnham et al.,
2002; Kuhl et al., 1997) did not generalize to a different
interactive context, namely, a storybook reading task. These
results suggest that the presence and/or degree of hyper-
articulation in ID speech is affected by factors other
than speech style (infant or adult directed) and age of the
addressee—specifically, the context of interaction matters.
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Appendix A

“Look What I Found” by Brittnie and Heather
(Tokens of interest are underlined)
The sweet pink kitten went for a walk and saw the cool green turtle. The cool green turtle found a little green key. Who

did it belong to? The cool green turtle wanted the sweet pink kitten to help in finding who the key belonged to. As they were
walking, the sweet pink kitten saw a small green ball. The sweet pink kitten and the cool green turtle were not sure who it
belonged to. They picked up the small green ball and the little green key and kept walking. Along the way, the cool green turtle
found a pretty blue crystal. Once again, the sweet pink kitten and the cool green turtle wanted to know who the pretty blue
crystal belonged to. They picked up the pretty blue crystal along with the little green key and the small green ball and kept
walking. Then they saw the cute brown dog. He looked very sad! The cute brown dog said, “Oh no! I have lost my little green
key, my small green ball and my pretty blue crystal. I dropped them and cannot find them anywhere!” The sweet pink kitten
and the cool green turtle were very happy that they found who the little green key, small green ball and pretty blue crystal
belonged to. The cute brown dog wanted his things returned. The sweet pink kitten and the cool green turtle were glad to return
them, and this made the cute brown dog very happy.
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Appendix B

Vowel Space Dispersion Calculations
First, the centroid (C) of each speaker-condition vowel space triangle was calculated using the formula:

C ¼ F1ɑ þ F1i þ F1u
3

;
F2ɑ þ F2i þ F2u

3

� �
; (A1)

where /i/, /ɑ/, and /u/ were the corners of each vowel space triangle and F1 and F2 were the x and y coordinates of each of the
corners.

Next, the Euclidean distance (|d|) of each token from the centroid was calculated using the formula:

dj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F1C � F1tð Þ2 þ F2C � F2tð Þ2

q
; (A2)

where F1C and F2C were the x and y coordinates of the centroid and F1t and F2t were the first and second formant values for
the token in question.

Finally, the vowel space dispersion (D) was calculated as the ratio of the Euclidean distances (|d|) of each token from the
centroid of the triangle to the number of tokens (n), using the formula:

D ¼
X

dj j
n

: (A3)
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