Phonetic enhancement of sibilants in infant-directed speech
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The hypothesis that vocalic categories are enhanced in infant-directed speech (IDS) has received a
great deal of attention and support. In contrast, work focusing on the acoustic implementation of
consonantal categories has been scarce, and positive, negative, and null results have been reported.
However, interpreting this mixed evidence is complicated by the facts that the definition of phonetic
enhancement varies across articles, that small and heterogeneous groups have been studied across
experiments, and further that the categories chosen are likely affected by other characteristics of
IDS. Here, an analysis of the English sibilants /s/ and /f/ in a large corpus of caregivers’ speech to
another adult and to their infant suggests that consonantal categories are indeed enhanced, even after
controlling for typical IDS prosodic characteristics. © 2010 Acoustical Society of America.
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I. INTRODUCTION

In many (if not all) cultures, people speak differently
when addressing infants and children than when talking to
other adults (Lieven, 1994). The driving forces behind the
acoustic characteristics of this special register, variably re-
ferred to as motherese, baby talk, or infant-directed speech
(IDS), have long been the object of speculation. Most re-
searchers agree that caregivers adapt their speech in order to
engage their children’s attention and maintain positive rap-
port by enhancing the expression of emotion and affect (Fer-
nald, 1989, 1992; Fernald and Simon, 1984; Kaplan et al.,
1991; Stern et al., 1982; Uther et al., 2007). In addition,
some researchers further hypothesize that IDS may also
serve to facilitate language acquisition (Englund, 2005; En-
glund and Behne, 2006; Fernald, 2000; Liu et al., 2007; Sun-
dberg, 2001; Werker et al., 2007).

While the idea that caregivers may enhance linguistic
categories when addressing their children is as old as the
concept of IDS itself (see e.g., Ferguson, 1964), it was only
recently that researchers turned to the acoustic signal as a
possible level at which this enhancement may apply. This
recent work indeed suggests that across-category acoustic
distance is augmented in speech to infants when vowels and
tones are measured (on vowels: Burnham et al., 2002; Kirch-
hoff and Schimmel, 2005; Kuhl ez al., 1997; but see Englund
and Behne, 2006; on tones: Liu et al., 2007, 2009; but see
Kitamura et al., 2001; Papousek and Hwang, 1991).

In contrast, consonantal contrasts have received less at-
tention, and the little work on them has reported conflicting
results: some report enhancement (e.g., Malsheen, 1980;
Sundberg, 2001), and others no difference or even deteriora-
tion (e.g., Baran ef al., 1977; Sundberg and Lacerda, 1999).
Given that consonants play a fundamental role in word-
learning and lexical access, both in childhood and later on (to
give just a few examples, Cutler et al., 2000; Nazzi, 2005;
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New et al., 2008), it is important to assess the possibility that
consonantal categories may be enhanced in speech addressed
to young children.

Here, this question is revisited. Previous mixed results
are interpreted as the unfortunate outcome of four limiting
factors. First, there have been two different definitions of
phonetic enhancement, one of which did not take into ac-
count the identifying acoustic features of the particular con-
trasts under study. Second, enhancement may be modulated
by the child’s age, in which case even negative results could
be meaningful. Third, side effects of the prosody of IDS,
when not controlled for, may introduce additional variability
that complicates documenting phonetic enhancement. Fi-
nally, small sample sizes may have limited the power to de-
tect trends. In addition to this interpretation of existing lit-
erature, new evidence for phonetic enhancement of
consonants is provided bearing in mind all these factors.
Specifically, the contrast between /s/ and /[/ was studied
within a perceptually-based definition of phonetic enhance-
ment, using a large corpus of speech to two very different
infant age groups, and possible confounding factors were
carefully considered.

A. Interpreting previous mixed results on consonantal
phonetic enhancement

To date, only a few studies have looked at consonantal
enhancement (Baran e al., 1977; Englund, 2005; Englund
and Behne, 2006; Malsheen, 1980; Sundberg, 2001; Sund-
berg and Lacerda, 1999). Except for one study on /s/ duration
(Englund and Behne, 2006), all these have investigated Voice
Onset Time (the lag between the constriction release and the
onset of voicing; VOT), an important acoustic cue to stop
voicing.

1. Conceptualizing phonetic enhancement

The first complication in the interpretation of previous
evidence on phonetic enhancement relates to the fact that
two very different concepts of enhancement have been used.
In some of that research, enhancement is conceived as an
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exaggeration along the temporal dimension (Englund, 2005;
Englund and Behne, 2006; Sundberg, 2001; Sundberg and
Lacerda, 1999), possibly based on the assumption that this
temporal expansion draws the listener’s attention toward the
sounds thus emphasized. Along these lines, overall duration
for /s/ was reported to be stably longer in speech to 1- to
6-month-old Norwegian children (Englund and Behne,
2006). However, while some have reported longer VOTs in
IDS (Englund, 2005; Sundberg, 2001), others have found
VOTs to be overall shorter in IDS (Sundberg and Lacerda,
1999).

Furthermore, this view does not take into consideration
whether the temporal dimension involved is perceptually rel-
evant either for the category under study, or for how this
category enters into contrastive relationships with other
sounds in the language. For instance, lengthening of VOT
has been considered enhancement, regardless of whether it
results in an expansion or a compression of the voiced/
voiceless contrast, and longer /s/s would be viewed as en-
hanced, with no consideration that length is not a relevant
dimension for any contrast involving /s/ or for the definition
of /s/ as a category (Gordon et al., 2002). Therefore, it is
harder to explain how this enhancement would affect learn-
ers’ perception to facilitate language acquisition.

A second definition of phonetic enhancement arises from
the work on sound implementation in clear speech (Bond and
Moore, 1994). Clear speech is that oriented to listeners who
have a difficulty understanding (normal listeners in noisy
environments, hearing-impaired individuals, non-native in-
terlocutors; Biersack e al., 2005; Lindblom, 1990; Payton
et al., 1994; Picheny et al., 1985) as well as the speech of
talkers who are highly intelligible (Bradlow et al., 1996).
This literature suggests that phonetic enhancement is heavily
dependent on the sound inventory, such that categories be-
come more different from sounds that are neighboring in
phonetic space. Thus, enhancement of consonantal categories
is specific to the contrasts in which they participate, and
occurs along perceptually relevant dimensions. An excellent
example of how important this is comes from the results
reported by Kang and Guion (2008), who show that speakers
expand consonantal contrasts along the acoustic dimensions
that they themselves rely on to discriminate the contrastive
sounds. Talkers who distinguish voiced and voiceless stops
on the basis of VOT tend to expand the distance along the
VOT dimension. In contrast, speakers who rely on the pitch
at the onset of a following vowel increase the distance be-
tween voicing categories along this pitch dimension.

Returning to the literature on IDS, for English stops, one
would predict that mothers would increase the VOT differ-
ence between voiced and voiceless stops, rather than making
VOTs overall longer regardless of the category. Unfortu-
nately, not even within this perceptually-based definition do
results line up neatly. Thus, Malsheen (1980) reports that
only some mothers increased the VOT difference between
voiced and voiceless stops to differ in IDS, while Baran et al.
(1977) report that 1 out of 3 mothers in their sample did so.
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2. Phonetic enhancement and age

It is conceivable that enhancement of consonants may
vary with the child’s age and development, since such a
variation has already been documented in vowels Ratner
(1984) and tones (Liu ef al., 2009). Three hypotheses would
predict age-dependent phonetic enhancement. Malsheen
(1980) has proposed that caregivers emphasize phonetic cat-
egories in response to the child’s first comprehensible pro-
ductions. In support of her hypothesis, she reports voicing
enhancement in the speech of both caregivers whose child
was at the first-words or holophrastic stage at the time of
recording, while results were more variable in the other 2
groups (whose children were in the babbling and phrase
stages). On the other hand, this hypothesis cannot account
for the vowel space expansion repeatedly documented in
speech to prelinguistic infants, as documented by Kuhl et al.
(1997) among others.

A second possibility has been put forward by Sundberg
(1998), who suggested that consonantal categories could be
underspecified in speech directed to younger infants, and
overspecified when addressing older infants, and the oppo-
site would be found for vowels. This timeline responds in
part to developmental changes in infants’ perception of na-
tive vowel categories, which occurs earlier than those for
consonants (e.g., compare 6 months in Kuhl ez al., 1992 and
10-12 months in Werker and Tees, 1984). In consonance
with this hypothesis, she reports shorter VOTs in speech to
3-month-olds (Sundberg and Lacerda, 1999) but longer ones
in speech to 11- to 14-month-olds (Sundberg, 2001). How-
ever, Englund and Behne (2006) found no support for Sun-
dberg’s model of overspecification of phonetic contrasts de-
pendent on the infant’s age. They measured duration of /s/
and vowel space size longitudinally in speech to infants who
were between 1 and 6 months of age. According to their
interpretation of the model, the vowel space size should de-
crease with infants’ age, and to be larger in IDS than ADS.
Additionally, the model predicts that duration of /s/ ought to
increase with age, as consonantal categories would be em-
phasized in speech to older infants. Neither prediction was
supported.

A third possibility arises from the literature documenting
prosodic characteristics of IDS. This work shows that the
prosody of IDS changes markedly over the first year (e.g.,
Kitamura and Burnham, 2003). If consonantal implementa-
tion is at least partly modulated by variation in prosody (e.g.,
changes in speech rate), then we can expect it to vary over
the first year. This hypothesis has not received as much at-
tention as the others, but it will be considered as a possible
explanation in the corpus analysis reported below. In order to
consider this possibility, it is necessary to bear in mind seg-
mental side-effects of IDS prosody, as noted in the next sub-
section.

3. Segmental side effects of IDS prosody

The study of the acoustic implementation of consonants
in IDS should take into account the complex articulatory
bases of these and other IDS acoustic characteristics, and the
possibility of cross-talk between the prosodic and the seg-
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mental levels. The typical prosodic profile of IDS includes
higher pitch, larger pitch excursions, and lower speech rate.
A higher average pitch is found in almost all studies (Grieser
and Kuhl, 1988; Stern et al., 1983; but see Pye, 1986). Ex-
panded pitch ranges or greater pitch variability is frequently
reported (e.g., Fernald and Simon, 1984; Golinkoff and
Ames, 1979; Grieser and Kuhl, 1988; Niwano and Sugai,
2003; see also Shute and Wheldall, 1999, who suggest this
depends on the talker’s gender; Fernald et al., 1989 for evi-
dence of cross-linguistic variation in the use of pitch range in
IDS; and Kitamura et al., 2001, and Stern et al., 1983, for
evidence that the modulation of pitch depends on the child’s
age and sex). Finally, lower speech rates are also commonly
reported (Grieser and Kuhl, 1988).

Each of these prosodic characteristics could affect the
acoustic characteristics of speech sounds in complex ways.
Let us take speech rate as an example, since this timing
parameter is a consideration for the VOT research summa-
rized above. To begin with, there is individual variation in
how speech rate is reduced, by lengthening pauses or words,
according to findings from the clear speech literature
(Picheny et al., 1985). Furthermore, speech rate may affect
some categories more than others; for instance, Kessinger
and Blumstein (1997) reports that rate affects long-lag VOT
to a larger extent than short-lag VOT. If speakers lengthen
long-lag VOT items when speaking slowly more than they
lengthen short-lag VOT items, slowed speech would result in
apparent phonetic enhancement (greater difference in VOT
in the slower, IDS speech). However, such differences may
not be the result of any intention to clarify the phonetic dis-
tinction on the part of the speaker, and may instead be a side
effect of the desire to speak more slowly. In short, as a result
of these 2 complicating factors, it is unclear what kinds of
controls would be ideal to “clean” the effects of speech rate
on VOT. For example, Englund (2005) normalizes on the
basis of vowels immediately following the stop, which
would solve the problem of individual variability, but not
that of category-specific rate effects. Therefore, a safer strat-
egy is to choose contrasts for which we have a clear idea of
the segmental consequences of the prosodic profile and that
are minimally affected by them. In this quest, VOT may not
be a very good candidate.

4. Small sample sizes and individual variation

A final limitation to the interpretation of those mixed
results is that they have used relatively small talker samples.
Thus, Malsheen (1980) includes 2 speakers in each of 3 age
groups; 3 caregivers’ speech was studied in Baran et al.
(1977) and Sundberg (2001); and the sample size was 6 in
Sundberg and Lacerda (1999) and Englund (2005)/Englund
and Behne (2006). While it is understandable that small
sample sets arise due to the fact that acoustic analyses are
time- and resource-consuming, this does entail a loss of
power, particularly if there is some individual variation.

B. Present study: Goals and predictions

In sum, the evidence in favor of consonantal categories
in IDS being enhanced is unclear, but these conflicting re-
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sults could be explained by the empirical and conceptual
considerations raised above. In this paper, evidence was
sought by trying to incorporate those considerations. First,
the perceptually-based definition of phonetic enhancement
was adopted, which proposes that enhancement occurs along
a perceptually relevant dimension which is used to discrimi-
nate neighboring sounds. This definition was preferred in
order to ensure that the dimensions to be considered were
important to the speakers, so that speakers are more likely to
enhance the contrasts if that is their goal.

Second, the corpus contained speech to infants at two
age ranges (4—-6 months, and 12-14 months), in order to
detect age-related changes. These 2 ages were chosen be-
cause infants are at very different stages of linguistic devel-
opment. While the younger group is just beginning to babble
and has an almost non-existent receptive vocabulary (likely
limited to their own names and those of their family mem-
bers), the older group is already at a stage where they can
understand a larger number of words and even produce a
few. Each group was represented by at least 20 speakers, in
order to have the statistical power to control for a number of
dimensions within the same sample even in the presence of
individual variation. Finally, a fricative sibilant place of ar-
ticulation was chosen (/s/ and /[/, as in “sock” vs. “shock™),
since these are more impervious to the prosodic characteris-
tics of IDS, as detailed below.

Sibilants are produced by forming a narrow constriction
that allows a rapid flow of air through the teeth, where the
noise is generated. The ‘vertical’ size of this constriction has
a rather limited variance, such that it is not the extension of
the tongue movement which affects the acoustic implemen-
tation of the contrast (Shadle, 1991). Instead, the filtering of
the noise source responds to the size of the semi-independent
cavities formed by that constriction. In English, the contrast
depends primarily on the place at which the constriction is
made, which in /s/ is at the alveolar ridge and in /[/ further
back toward the palate. In addition, the acoustic profile of
both sibilants can be affected by the lip shape (through
rounding and/or protrusion) and the tongue shape, which af-
fects the size of the front cavity (the space between the con-
striction and the lips, Shadle, 1991; Toda et al., 2008), and
that of the sublingual cavity (the space below the tongue and
behind the lower teeth, Toda et al., 2008; but see also Shadle
et al., 2009). Therefore, more distinct /s,[/ contrasts are
achieved by changing the place of constriction (Toda et al.,
2008), by eliminating the sublingual cavity when producing
/s/ (letting the tongue make contact with the lower teeth,
Perkell et al., 2004b), by shaping the dorsum of the tongue
into a ‘dome’ for /f/ (Narayanan and Alwan, 2000; Shadle
et al., 2008; Toda et al., 2008), and by protruding and/or
rounding the lips in /[/ (Shadle et al., 2009).

With these articulatory considerations in mind, specific
predictions can be made regarding the acoustic realization of
/s,J/ and how the contrast may be enhanced. In acoustic
terms, this sibilant place of articulation contrast is cued by
different distributions of energy in the frication portion
(Jongman et al., 2000). If the energy distribution is treated as
a probability distribution (Forrest et al., 1988), the preva-
lence of lower-frequency energy in /[/ and higher-frequency
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energy in /s/ can be detected as higher location of the cen-
troid (first moment or M1) and more negative skewness
(third moment or M3) in /s/ as compared to /[/. Both of these
acoustic correlates reflect mainly the size of the front and the
sublingual cavities. In addition, it has been proposed that the
formant transitions into the vowels can provide a cue into the
specific tongue shape, with an increase of doming being re-
flected in a higher onset F2 (Toda et al., 2008). As for en-
hancement, Maniwa ef al. (2009) show that, in clear speech,
MI tends to be slightly higher for fricatives across all places
of articulation as pitch increases, with both changes likely
triggered by a general increase in articulatory tension. Along-
side these across-the-board changes, the distribution of en-
ergy for /[/ tends to remain the same in clear and conversa-
tional speech, whereas M1 increases and M3 decreases for
/sl, suggesting a more forward constriction for the latter
sound during clear speech. These changes entail a significant
increase in the acoustic distance between /s/ and /[/, as /s/
effectively moves away, in acoustic space, from the neigh-
boring /[/. On the other hand, at least in their sample, onset
F2 was significantly higher for clear speech without interact-
ing with place of articulation. This may suggest that talkers
do not use distinct tongue dorsum shapes to enhance con-
trasts, and thus contrastive enhancement can be reliably cap-
tured by analyzing the frication portion alone. Furthermore,
Newman et al. (2001) show that adult listeners are better
able to identify /s,[/ in the speech of talkers whose sibilants
are very different along this dimension, the spectral charac-
teristics of the frication, and less so for talkers whose sibi-
lants overlap in that dimension. In sum, production and per-
ception data converge to suggest that M1 is likely to be
relevant to sibilant enhancement.

With respect to interference from IDS prosody, speech
rate is not likely to be a problem. Fricatives in general tend
to be relatively stable, such that spectral characteristics re-
main more or less constant throughout the frication period
(Shadle er al., 1992). Furthermore, phonetic enhancement is
not achieved by more extreme gestures in place-of-
articulation contrasts in fricatives, making fricative place en-
hancement more independent from speech rate (which plays
a limiting role in the extremeness of articulations, Lindblom,
1963). Indeed, variation in duration as a function of speech
rate appears not to affect greatly the spectral characteristics
of fricatives (Baum, 2004). As for pitch, if higher pitch is the
result of tenser vocal configurations or an increase in airflow,
then we expect higher M1 for all sibilants, but no category-
specific effects. Finally, there is little cause for concern re-
garding the larger pitch ranges typical of IDS, as no clear
articulatory link arises between sibilant implementation and
this prosodic characteristic.

In short, based on this previous research on fricative
production, we can be fairly certain that phonetic enhance-
ment should be independent from prosodic IDS characteris-
tics, since pitch, pitch excursions, and the general slowing
down of speech rate are unlikely to interact with tongue
shaping and the position of the constriction. It should be
noted that the only potential problem relates to lip protrusion
or rounding, which would be prevented by smiling. In this
case, there would be an increase in M1 for both /s/ and /[/, or
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possibly more for /[/, as the normal lip protrusion for this
consonant would be reduced. Most importantly, the specific
phonetic enhancement prediction is that, if caregivers en-
hance phonetic contrasts in speech to their child, the acoustic
implementations of /s/ and /[/ will diverge, most likely by
raising M1 in /s/. This increase should occur beyond any
increases that are correlated with higher pitch, and should be
independent from the size of the pitch excursions.

Il. EXPERIMENT: SIBILANT ENHANCEMENT IN IDS

The infant’s caregiver was invited to describe and clas-
sify some toys and objects of everyday use in conversation
with the infant, first, and with an experimenter later. This
recording was carried out in a laboratory setting because,
being essentially noise, fricatives require carefully controlled
recording conditions. The resulting corpus was hand-tagged
by a highly trained phonetician and submitted to detailed
acoustic analyses in order to gather measures of pitch, rate of
speech, and sibilant characteristics.

A. Methods
1. Participants

The final data included a homogeneous sample of 55
female caregivers, all of them native American English
speakers and of comparable education levels (M =16.3, range
12-22 years of education). Thirty-two of them had infants of
between 12 and 14 months of age (M=12.29, range 12.3 to
13.29 in months.days, 14 female); 2 of these caregivers had
multiple infants (one set of triplets and one set of twins,
respectively). The infants of the remaining 23 caregivers
were between 4 and 6 months of age (M =5, range 4.10 to
5.27, 13 female); 2 of these caregivers had multiple infants
(each had a set of twins). The person being recorded reported
being the child’s primary caregiver and spending at least
50% of the child’s wake time with him/her (on average, 90%
of the time in the older age group; 86% in the younger set).
All caregivers in both age groups were female, and all but
one were the infant’s mother (one was the grandmother). All
of the infants had been born at full term and were healthy.

An additional 13 dyads participated in at least part of the
experiment, but their results were not included for the fol-
lowing reasons: equipment error during recording (4), data
loss (4), infant was premature (10 weeks; 1); caregiver was
male (4). Male caregivers were excluded for a number of
reasons: to preserve the homogeneity of the sample, because
most of them were not the infant’s primary caregiver; car-
egiving styles may vary with caregiver’s sex in ways affect-
ing their speech and language (Fernald et al., 1989;
Golinkoff and Ames, 1979; Tamis-LeMonda et al., 2004);
and some research suggests that male and female talkers dif-
fer in the extent to which they enhance the clarity of their
speech (e.g., Bradlow er al., 1996, 2003; see also Maniwa
et al., 2009). No infants were excluded for fussing, although
data for some caregivers is scarce as a result of overlap with
the child’s vocalization (see Tables I-III).
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TABLE 1. Number of analyzable tokens in each category and dyad (subset).

ADS IDS
Dyad Age  Sex Sentences s | Sentences s I
2582  13.32 F 39 33 34 232 162 21
2849 1345 M 54 23 2 241 64 14
2850 1296 F 52 23 27 229 125 29
2857 1293 M 48 25 7 191 99 41
2868  13.13 F 30 12 2 167 73 16
2870 13.8 F 80 57 25 122 63 12
2874 1257 M 82 47 18 146 70 33
2877 1342 M 80 46 14 109 44 18
2883 1339 M 78 54 18 173 88 49
2887 124 M 48 28 3 234 75 40
2890 123 F 77 24 40 215 55 22
2891 1276 F 57 32 29 116 64 17
2893 125 F 83 44 20 125 71 23
2895 1299 M 61 44 8 219 87 12
2900 1313 M 118 52 14 155 65 21
2901 12.2 M 88 61 15 145 67 18
2906  12.66 F 89 78 62 104 26 15
2907 1214 M 119 43 17 115 56 24
2921 1211 M 59 40 4 128 63 7
2922 13.85 M 35 16 7 241 149 29
2925 1289 M 55 20 11 146 49 19
2934 1395 F 127 55 25 182 71 29
2939 1313 M 36 24 7 149 50 25

2. Caregiver’s speech recordings: Procedure,
equipment, and acoustic analyses

The caregiver and infant were taken into a small, sound
treated room. In one corner of the room, there was a table
with three tubs on it. Each tub contained objects chosen to

TABLE II. Number of analyzable tokens in each category and dyad (con-
tinued).

ADS IDS
Dyad Age Sex Sentences s | Sentences s )
2947  13.18 M 72 46 13 107 62 29
2951 127 M 167 116 30 216 9% 36
2953 1299 F 79 32 25 69 20 10
2981 13.09 M 30 26 8 97 48 11
2983 1243 F 127 53 50 132 51 22
3018 1332 F 88 38 30 101 44 6
3020 1352 F 66 18 19 196 74 28
3049 1296 F 63 30 10 66 20 6
3088 12.66 M 90 43 6 181 56 26
3044 503 M 102 60 9 167 57 23
3050 497 F 186 111 45 140 8 33
3052 493 M 96 44 10 137 71 17
3064 5.1 M 64 40 7 187 82 29
3065 5.1 M 77 62 21 118 47 14
3068 4.7 M 58 36 8 89 36 24
3069 497 F 71 24 9 157 54 11
3073 4.8 F 91 56 20 134 70 29
3082 4.8 F 59 28 16 74 29 12
3083 49 F 111 69 18 119 56 16
3084 454 M 91 56 13 185 85 26
3086 543 M 56 38 9 136 121 32
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TABLE III. Number of analyzable tokens in each category and dyad (con-
tinued).

ADS IDS
Dyad Age Sex Sentences s I Sentences N I
3087 487 M 26 14 1 126 47 3
3089 5.3 M 87 49 7 173 99 28
3091 474 M 132 89 31 146 88 30
3092 546 M 106 65 17 138 46 18
3093 461 M 62 44 7 137 89 13
3095 447 M 89 64 8 116 61 14
3098 546 F 84 44 29 133 61 28
3100 434 F 56 33 6 121 79 13
3101 461 F 23 18 4 113 48 16
3108 586 F 167 106 9 160 77 16
3112 589 F 79 63 11 112 47 17
Totals 4350 2496 915 8167 3743 1170

elicit the target sounds (/s,[/, e.g., shoes, socks, sand toys) as
well as some filler items. Most of the filler items were se-
lected to elicit /p/- or /b/-initial words and to contain the
point vowels /i,a,u/, to avoid biasing the caregiver toward the
sounds of interest.

The caregiver was fitted with a lavalier mic and was
asked to “tell [your child] what these objects are, what they
are for, and sort them into groups or categories.” It was em-
phasized that the purpose of the experiment was to investi-
gate how infants learn categories from their caregivers.
These instructions were given to ensure that the parent pro-
duced the target sounds but without being overly conscious
about the clarity in their speech, and instead focused on ob-
ject categories (such as clothes, toys, etc.) Caregiver and
child were then left alone for about 5 min. Then the experi-
menter returned and engaged the parent in conversation to
ensure they produced the target sounds in an adult-directed
register. Although the infant was still in the room, sentences
addressed to the child were not included in the ADS sample.
Extreme care was taken to make sure that caregivers were
comfortable and that the conversation with the adult was as
natural as possible.

The caregiver’s speech was recorded with an AKG
WMS40 Pro Presenter Set Flexx UHF Diversity CK5S5 La-
valier mic and receiver, into a Marantz Professional Solid
State Recorder (PMD660ENG). It should be noted that this
microphone has a completely flat frequency response be-
tween 50 and 20,000 Hz, which should allow a faithful rep-
resentation of sibilants. A wireless system was chosen to
maximize the caregiver’s comfort, allowing him or her to
move around.

All of the coding and analyses were done using Praat
(Boersma and Weenik, 2005). All instances (regardless of
syllable position) of /s,/ that were free of noise and talker
overlap were marked (/i,a,u/ were also tagged for a separate
study). For the pitch and speech rate calculation, sentences
were determined prosodically (not syntactically) and the
number of syllables pronounced as well as the register were
noted. Sentences where the pitch tracker was not reliable
(because of talker overlap, part of the sentence being pro-
duced in glottal fry, or due to mistracking by pitch halving or
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FIG. 1. Example of the coding system. The top tier was used to mark the
point vowels. The edges of the frications of the sibilants were marked in the
second tier, while on the third tier it was noted whether there was a vowel
preceding and/or following the sibilant, in order to extract formants only in
the case when there was a vowel. The fourth tier was used for comments. In
the fifth tier, the number of syllables in the sentence was noted, while the
sixth encoded the register (in this case, “i,” for IDS).

doubling) were excluded from the pitch calculations, and
those where syllable counts were uncertain, due to overlap
between different speakers or the caregiver mumbling, were
excluded from the rate of speech calculation. Sibilants
shorter than 40 ms were also excluded, as the window of
analysis used would then include neighboring sounds. A
sample of this coding is given in Fig. 1.

The tagged sound files were then analyzed using a
custom-written script, yielding a number of measurements.
With respect to place of articulation contrast in the sibilants,
the dimension of interest here was the first spectral moment
(M1) of the energy distribution from a 40 ms Hamming win-
dow taken from the midpoint of the frication, following the
methods in Jongman et al. (2000). This dimension provides a
robust separation of /s/ and /[/ in English, as evident in Fig.
2. In addition, M1 has been found to reflect changes in clear
speech and appeared more reliable with the analyses methods
used here (over e.g., peak location). At the sentence level, the
following correlates were considered: average pitch (in Hertz
and ERB; both showed the same pattern; linear measures are
reported here for ease of comparison with previous research);
pitch excursions (maximum-minimum within the sentence;
converted into semitones, as in other research, e.g., Fernald
et al., 1989), and rate of speech (number of syllables/
duration in seconds).

B. Results and analyses

The number of sentences and sibilants tagged in each
caregiver’s samples is given in Tables I-III, split into three
groups for ease of inspection. In order to describe the global
acoustics of this sample, measurements for all tagged sen-
tences were submitted to Repeated Measures Analyses of
Variance with Register (IDS, ADS) as within- and Age
Group as between-subjects factors. As shown in Fig. 3, when
talking to their child, caregivers spoke more slowly [4.3
compared to 4.7 syllables/second; main effect of Register,
F(1,53)=21.27, p<0.001; no interaction with Group], with
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FIG. 2. The top panel is a spectrum (distribution of intensity over fre-
quency) for /s/ and the bottom one a spectrum for /[/. The peak location for
/f/ is usually much lower than that for /s/, and /[/ has more evenly distrib-
uted energy. As a result, M1 is higher in /s/ than /f/.

a higher average pitch [259 compared to 210 Hz; main effect
of Register, F(1,53)=189.36, p<<0.001; interaction with
Group, F(1,53)=5.05, p<<0.03, due to higher average pitch
in speech to older infants, 265 compared to 249 Hz] and
produced larger pitch excursions within the sentences [13.55
compared to 10.8 semitones; main effect of Register,
F(1,53)=23.89, p<<0.001; no interaction with Group].

In order to test the predictions for the sibilants, the mea-
surements for all the sibilants were submitted to a Repeated
Measures Analysis of Variance with M1 as the dependent
measure, Label and Register as within-measures and Group
as between-measure. Results suggested that the phonetic
implementation of /s,[/ differs across the two infant groups
and registers [Label*RegistersGroup F(1,53)=6.89, p
<0.02]. Separate ANOVAs within each age group were used
to investigate this pattern. In the analyses for the speech to
4—6-month-olds, there was no significant interaction
Label#Register [Fs<1]. In contrast, in the speech to the
older infants, a Label*Register interaction [F(1,31)
=4.3, p<0.05] revealed that M1 was higher in IDS for /s/,
but not for /f/ [7903 compared to 7626 Hz Welch Two
Sample #(2673)=5.33 p<0.001; for /f/ 5102 compared to
5035 Hz, Welch Two Sample #(1295)=0.06].

As reported on Tables I-III, very few tokens were usable
for some of the caregivers, usually due to overlap of the
child vocalizing or fussing, a problem that affected the ADS
portion and the older age group to a greater extent. Analyses
excluding caregivers for whom fewer than 5 tokens of either
sibilant could be used in either register (namely, 2849, 2868,
2887, 2921, 3087, and 3101) shows the same pattern of re-
sults, although weaker due to the reduced degrees of freedom
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FIG. 3. Averages and 95% confidence intervals for Rate of speech, Average pitch, and Pitch excursions by register. Given that for Rate and Excursions there
is no interaction with the child’s age, data are collapsed across the groups. In contrast, caregivers of the 12—-14 month-olds (“0”) addressed their child with an
average pitch that was significantly higher to that used by caregivers of the younger infants (*y”).

[Label * Register* Group, F(1,47)=17.21, p<0.01;
Label * Register within the 12- to 14-month-olds, F(1,27)
=3.87, p=0.06].

This higher M1 only for /s/ fits the predictions based on
the clear speech literature. Nonetheless, in order to rule out
that this difference in the acoustic realization of /s/ is a side
effect of the lower speech rate or pitch characteristics of IDS,
several linear regression models predicting M1 were fitted to
the data. In the first one, the variable Label (/s,[/) was en-
tered, as well as the measured acoustic characteristics of the
sentences in which each /s,[/ token occurred: average pitch,
pitch excursion, and rate of speech. Notice that these data
should capture local effects, as they take into account the
pitch of the same sentence from which the sibilant measures
were taken, rather than an average over the whole sentence
set for that talker. Additionally, notice that the degrees of
freedom for these models do not equal the total number of
sibilants, as data points where either pitch or rate of speech is
missing were excluded. This model was highly significant,
and so were the estimates for Label, Rate of speech, and
Average pitch, although Excursion was not.

Several factors were added in a second model, including
Register and Age Group as well as interactions involving
every combination of Label, Group, and Register. This also
resulted in a significant model, where all the predictors (ex-
cept for Excursions), and most importantly the interaction
Label # Group*Register, were significant. This second model
constituted a significant improvement over the first, as con-
firmed through an ANOVA [F(6,7549)=13.49, p<0.001],
which lends support to the hypothesis that not all of the
changes in /s,f/ are explained by changes in local acoustic
characteristics, but rather that there were some register-
specific effects, and that these were found in speech to older
infants. The full results for these two models are reported in
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Table IV. In a third model, an attempt was made to control
for the fact that some caregivers contributed more data than
others, and could thus affect results to a larger extent. To this
end, Dyad was added as well as its interactions with Label,
Group, and Register. In accordance with the previous con-
clusions, the Label*Group*Register interaction remained
significant [r=2.2, p<0.05].

As in previous work (Baran et al, 1977), there was
some variation in the fit of this general pattern to individual

TABLE IV. Summary of linear regression models with M1 as the outcome,
and Average Pitch, pitch Excursion, Rate of Speech, phonetic Label, Regis-
ter, and age Group as predictors. Significance at the 0.05 level is signaled
with *; 0.01 with **; 0.001 with ***.

Estimate SE t

Model 1: R?=.518, F(4,7555)=2026, p<0.001

Intercept 7538.367 85.01 88.674"
Label (J) —3285.74 36.632 —-89.695""
Rate of speech —66.153 11.120 —5.949*"*
Average pitch 2.173 0.26 8.359*"
Excursion —1.697 1.32 —1.289
Model 2: R?>=.523, F(10,7549)=826.5, p<0.001
Intercept 7494.5884 89.442 83.79"*
Label (J) —3120.836 73.036 —42.73%*
Group (4-6 months) 123.252 59.006 2.09*
Register (IDS) 125.376 53.392 2.35"
Rate of speech —69.114 11.169 -6.19""
Average pitch 2.398 0.278 8.627"
Excursion —2.011 1.311 —1.53
Label * Group —242.279 116.393 -2.08"
Label*Register —324.913 95.586 —3.4"
Group*Register —492.31 75.924 —6.48"**
Label * Group* Register 504.924 151.817 3.33%
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data. Among the caregivers of older infants, 19 showed an
increase in mean M1 for /s/, 6 a decrease, and the remainder
little change; in contrast, only 6 showed a marked change
with respect to the /[/ category (3 in each direction). Among
the younger cohort, 10 showed some decrease in mean M1
for /s/, but for most the distribution of each consonant over-
lapped across registers.

lll. DISCUSSION

The idea that IDS may be shaped by the implicit goal of
facilitating language acquisition is as old as the concept of
‘motherese’. In his classical paper, Charles Ferguson hypoth-
esized that the apparent universality of certain IDS features
arose from the fact that this register served the same func-
tions in all languages and cultures, including simplifying and
clarifying the linguistic material (Ferguson, 1964). More re-
cently, training studies have shown that infants’ perception of
sound categories can be shaped by the distribution of acous-
tic cues that they are exposed to (Maye et al., 2008, 2002).
These findings revolutionized the field, insofar as they lent
support to the possibility that phonological learning could be
driven by bottom-up learning of categories from the acoustic
distributions in the input (McMurray et al., 2009). As a re-
sult, the question of whether the acoustic implementation of
sound categories is enhanced in IDS is not just of descriptive
interest, but becomes a key element in the puzzle of how
natural language acquisition comes about.

Extant evidence on consonantal enhancement in IDS
was not conclusive, but this may have been due to factors
such as interference from prosodic characteristics and re-
duced power due to small sample sizes. The present study
has attempted to deal with these roadblocks, and is thus able
to provide more conclusive evidence for phonetic enhance-
ment in consonantal implementation in IDS. The speech of
32 caregivers of 12- to 14-month-olds, and 23 4- to 6-month-
olds was analyzed for the acoustic implementation of the
sibilant place of articulation contrast between /s/ and /[/. This
contrast was chosen to minimize the effects of prosodic char-
acteristics, but prosodic IDS characteristics (speech rate and
pitch) were also measured, in order to control for their pos-
sible effect on the sibilants’ acoustic characteristics. The pre-
diction, based on independent studies of clear speech, was
that M1 would be higher for /s/ in IDS than in ADS. This
was the case in speech to 12- to 14-month-olds. Variation in
M1 was not completely accounted for by an increase in av-
erage pitch (which would be the case if they are both due to
a third factor, such as increased vocal effort or airflow, or a
reduction of the length of the vocal tract, e.g., due to smil-
ing), or by a reduction in the speech rate (in which case more
extreme articulations are invited). The following subsections
detail the theoretical and empirical implications of these re-
sults.

A. Factors affecting phonetic enhancement

The fact that enhancement occurs only in speech to the
older infants is compatible with both hypotheses that propose
that phonetic enhancement is mediated by the child’s age or
linguistic development. In other words, this effect could arise
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because caregivers enhance phonetic contrasts in speech to
children who are just beginning to talk (Malsheen, 1980), or
because they are following the more general timeline and
adjusting only the consonants (Sundberg, 1998). In fact, a
third possibility is that caregivers enhance consonants when
they become aware of the fact that their child is beginning to
learn words, as consonants appear to be particularly impor-
tant to word learners. As the linguistic development of the
participants in this study was not measured, the present data
cannot adjudicate between these two interpretations. Future
research could focus on this question by attempting to relate
consonantal enhancement with the child’s productive vo-
cabulary (along Malsheen’s hypothesis), her comprehensive
vocabulary (following the word-learning hypothesis), and the
child’s age (in line with Sundberg’s model).

On the other hand, these data do suggest that variation in
pitch or speech rate as a function of the child’s age is the not
the sole factor driving enhancement. Since the main prosodic
characteristics of IDS were controlled for, the present results
provide stronger support for the independent existence of
phonetic enhancement, rather than this occurring solely as a
side effect of the IDS characteristics that vary with the
child’s age.

Present results also provide indirect support for the
perceptually-based view of phonetic enhancement proposed
in the Introduction. That is, results fit well with the predic-
tion that the direction of change may be predicted from the
existence of highly confusable sounds in the inventory. Spe-
cifically, the direction of enhancement and its limitation to
the realization of /s/ is consistent with previous results from
clear speech, since both in Maniwa er al. (2009) and here the
M1 for /s/ was significantly higher, which could be inter-
preted as an attempt to distinguish /s/ from its acoustic
neighbor, /f/.

Furthermore, it appears that the consideration that pro-
sodic IDS characteristics may affect consonantal realization
was not overly cautious. As expected from their codepen-
dence on lip shape and vocal tension, M1 and average pitch
covaried to some extent, a fact that was predicted given pre-
vious research on the articulatory bases of prosodic and con-
sonantal characteristics. Notice, furthermore, that rate of
speech did bear some relationship with M1, in spite of the
fact that there is no simple articulatory link between these 2
variables and there is no reported relationship between them
in the phonetic literature. Such a result should serve as a
reminder that the articulatory configurations that give rise to
speech are peculiarly complex, and future studies of IDS
characteristics should continue to incorporate direct controls
for possible confounding effects.

B. Individual variation and the input to acquisition

The large pool of talkers recruited for the present study
also afforded an invaluable perspective on individual varia-
tion in caregivers’ speech, showing a great deal of individual
variation. These data could help explain previous null results
as owing to limited sample sizes. Of the 32 caregivers, only
19 clearly followed the general pattern, and 6 displayed the
opposite one. If these frequencies are representative of the
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behavior of the population, it is unsurprising that about half
of the studies in voicing vouch for enhancement and the
other half do not. However, it is possible that the extent of
individual variation was greater for the category under study,
as /s/ appears to be implemented in diverse ways across
speakers (Gordon et al., 2002; Newman et al., 2001).

Aside from this methodological consideration, a deeper
conceptual lesson is to be drawn. As Baran et al. (1977)
pointed out over 30 years ago, general patterns should al-
ways be checked at the individual level. If we are to uphold
the view that language development is affected by the input
infants hear, then assessing individual variation is not only a
means to understand IDS as a register, but also responds to
the theoretical need of a window into the “real” input infants
hear. That is, when the phonetic results of specific behaviors
are averaged, the resulting picture may not be an accurate
depiction of the input specific infants are provided with.
Imagine the following scenario: a subset of the speakers en-
hances a contrast, while others do not modify them at all. As
a result, averaged results would show effects of phonetic
enhancement, leading to the (incorrect) conclusion that all
infants are presented with outstanding phonetic categories.
As is evident from this and other research, this is not the
case, and the impact of this individual variation on infants’
language acquisition only begins to be investigated. For ex-
ample, Liu er al. (2003) report that the size of a mother’s
vowel space predicts, to some extent, the child’s perfor-
mance in sound discrimination. Although this finding is open
to alternative interpretations (for example, talkers with finer
discrimination abilities tend to produce sounds more dis-
tinctly, e.g., Perkell et al., 2004b, 2004a and hearing abilities
could be inheritable), it also suggests that maternal variation
in phonetic implementation could contribute to the well-
documented inter-individual variation in children’s language
acquisition.

C. Limitations of current research on phonetic
enhancement

It is equally important to bear in mind an important limi-
tation of current research on phonetic enhancement in IDS,
including the present study. Measuring phonetic enhance-
ment on the basis of separation in acoustic/auditory space
makes two unwarranted assumptions: first, that this enhance-
ment is perceivable; and second, that it is conducive to learn-
ing. While we rely on findings from the clear speech litera-
ture to assume that larger vowel spaces present learners with
more discriminable categories, this should be directly tested
with IDS samples, as many other acoustic dimensions differ
between IDS and clear speech. To take a simple example,
Trainor and Desjardins (2002) find that vowels produced
with high average pitch are harder for infants to discriminate.
Therefore, it could be the case that the disadvantageous spec-
tral blurring caused by high pitch outweighs the benefits of a
larger vowel space. Similarly, a wider separation between
voiced and voiceless stops on the basis of VOT could have a
negligible effect on perception, as the discrimination be-
tween short-and long-lag VOT is categorical and indepen-
dent from experience (Eimas er al., 1971; Kuhl and Miller,
1978). Regarding the positive impact on learning, there is
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some research using automatic speech recognition systems.
For instance, de Boer and Kuhl (2003) report that an auto-
matic learner showed improved performance when trained
on IDS. In contrast, Kirchhoff and Schimmel (2005) argue
that IDS provides a much noisier sample for the learner, and
thus the learning curve is shallower. Moreover, even if better
or worse performance were found with these automatic
learners, this would not entail an advantage or a disadvan-
tage for human learners, as there are other factors to con-
sider. Thus, an automatic learner may quickly pick up cat-
egories with small variances, whereas research on both infant
and adult learners suggests that, contrary to expectation, in-
creased variability may play an important role (Jamieson and
Morosan, 1989; Rost and McMurray, 2009).

D. Conclusion

In this study, phonetic enhancement in IDS was docu-
mented, even after controlling for other acoustic characteris-
tics, such as speech rate and average pitch. Moreover, this
enhancement was specific to speech addressed to 12-14-
month-olds, but not 4—6-month-olds, suggesting that this
phenomenon is modulated by characteristics of the ad-
dressee. Results also lend indirect support to the hypothesis
that individual variation could underlie previous conflicting
results, although meta-analyses of currently published data
may provide further confirmation. Finally, this paper demon-
strates the importance of taking into account perception and
production in the hypotheses made regarding the enhance-
ment of specific categories. In particular, enhancement is
likely inventory-dependent, with the dimensions along which
category implementation varies being affected by the pres-
ence of sounds that are close in perceptual space. Taken to-
gether, these results provide a moderate degree of support to
phonetic enhancement in IDS consonants, but the impact of
this enhancement on perception and learning awaits confir-
mation.
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