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Abstract

Interval-based rhythm metrics were applied to the speech of English, Catalan and Spanish 2, 4
and 6 year-olds, and compared with the (adult-directed) speech of their mothers. Results reveal
that child speech does not fall into a well-defined rhythmic class: for all three languages, it is
more ‘vocalic’ (higher %V) than adult speech and has a tendency towards lower variability (when
normalized for speech rate) in vocalic interval duration. Consonantal interval variability, however,
is higher in child speech, particularly for younger children. Nevertheless, despite the identification
of common, cross-linguistic patterns in child speech, the emergence of language-specific rhythmic
indices is also clearly observable, even in the speech of 2 year-olds.
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Introduction

This paper examines the extent to which ‘rhythm metrics’, based on extracting certain (predomi-
nantly durational) properties from the acoustic signal (cf. Ramus, Nespor, & Mehler, 1999; Low,
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Grabe, & Nolan, 2000; Grabe & Low, 2002; Dellwo, 2006; White & Mattys, 2007), can usefully
be applied to the developing phonology and phonetics of a child. While the efficacy of these met-
rics in capturing rhythmic differences in adult speech has been widely discussed and evaluated (see
in particular a comparison of all metrics by White & Mattys, 2007), little attention has been paid to
the acquisition of speech rhythm and the usefulness of metrics in investigating this. In this study,
we apply a range of metrics based on acoustically defined intervals' to the speech of 2, 4 and 6
year-old Catalan, Spanish and English children to investigate how cross-linguistic differences
detected in adult speech are acquired. In particular we address the following questions: How useful
are the different rhythm metrics for a) testing cross-linguistic differences in child speech, and b)
discriminating between child and adult speech? Are cross-linguistic differences in rhythmic indi-
ces already present in very early (age 2) multi-word utterances? What is the rhythmic ‘profile’ of
child speech as depicted by the rhythm metrics and how does it differ from adult speech? Are these
differences still observable in the speech of 6 year-olds?

I.I Background on speech rhythm measurement

Attempts to define the acoustic bases of perceived differences in adult speech rhythm have a long
and well-documented history (see White & Mattys, 2007, for an overview). An early thesis pro-
posed that perceived differences in rhythm (i.e., between the perceived ‘Morse Code’ thythm of for
example Germanic languages and the perceived ‘machine gun’ rhythm of for example Romance
languages) were dependent on these languages adopting (categorically) different timing strategies,
with isochronous units coinciding with either syllables (hence the term ‘syllable-timed”) or stress-
delimited feet (hence the term ‘stress-timed’) (Pike, 1945; Abercrombie, 1967). Many instrumental
studies subsequently sought and failed to find any evidence of isochrony (cf. Lea, 1974; Pointon,
1980; Roach, 1982; Dauer, 1983). Nevertheless, though the acoustic basis is elusive, the percept of
a distinction between two broad categories is strong, and empirically supported (Ramus, Dupoux,
& Mehler, 2003, for example, show adult ability to distinguish between rhythmic categories, but
not within them) and fuels on-going investigation.

An alternative explanation for the source of perceived rhythmic difference (see Bertinetto,
1981; Dauer, 1983, 1987; Roach, 1982; and Dasher & Bolinger, 1982) proposes that it emerges
from distinct sets of phonological and phonetic properties found across languages, most notably
the complexity of syllable structure and the presence versus absence of vowel reduction. In brief,
so-called ‘stress-timed’ languages, like English, have a greater range of syllable structures, per-
mitting complex codas and onsets, with heavier syllables more likely to attract stress, and also
tend to reduce unstressed vowels (both durationally and quantitatively, see Delattre, 1966) when
compared with vowels in stressed syllables. In contrast, in so-called ‘syllable-timed’ languages
like Spanish, open syllables are far more common (many syllables are CV), and vowel reduction
is much less evident. This hypothesis of rhythmic difference (which shall be referred to hereafter
as the ‘phonology-derived’ hypothesis) in effect captures differences in the degree to which lan-
guages use duration to execute prosodic prominence. On this interpretation, the execution of
prosodic prominence is not merely dependent on transparent timing strategies (hence the failure
to find the basis of rhythm in isochrony) but interacts in a complex manner with the segmental
string. To the extent that the proposed rhythm metrics ‘work’ (i.e., discriminate between per-
ceived differences), it is because they reflect the acoustic effects of this interaction (i.e., variations
in duration of vocalic and consonantal intervals), without having to take into account or model the
component parts of this interaction (i.e., the language-specific structural and phonetic properties
that result in these variations).
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These claims find strong support in psycholinguistic studies which show that rhythmic
differences are detectable from birth. Critical evidence (Nazzi, Bertoncini, & Mehler, 1998; see also
Nazzi, Jusczyk, & Johnson, 2000; Nazzi & Ramus, 2003; Ramus et al., 2003) that infants attend to
rhythmic differences from birth would appear to indicate that these differences reflect something
that can be perceived before lexical or phonological analysis is available to the infant, and therefore
can be captured objectively from the acoustic stream. From this, Ramus et al. (1999) argue that “the
infant primarily perceives speech as a succession of vowels of variable durations and intensities,
alternating with periods of unanalysed noise (i.e., consonants)” (p. 270). This insight led Ramus et
al. (1999) to develop three measures of utterance rhythm which can be extracted purely on acoustic
grounds, on the basis of vocalic and consonantal intervals: i) the standard deviation of vocalic inter-
vals (4V); ii) the standard deviation of intervocalic (i.e., consonantal) intervals (4C); and iii) the
proportion of total utterance duration which comprises vocalic intervals (%V). Application of these
metrics to eight languages of perceived different rhythmic categories revealed a combination of AC
and %V or 4V to be the most useful in distinguishing categories (Ramus et al., 1999). The metric
AV also proved useful in discriminating between canonical ‘stress-timed’ and ‘syllable-timed’ lan-
guages, but not helpful in placing Polish (of supposedly ‘intermediate’ rhythm? class), since it was
even lower for Polish than for ‘syllable-timed’ languages.?

Evidence that AC and 4V are inversely proportional to between-language differences in speech
rate* (e.g., Barry, Andreeva, Russo, Dimitrova, & Kostadinova, 2003; Dellwo & Wagner, 2003;
Lee & Todd, 2004) led Dellwo (2006) to propose the rate-normalized metric VarcoC, and Ferragne
and Pellegrino (2004) and White and Mattys (2007) to propose the rate-normalized metric VarcoV.
VarcoC and VarcoV are variation coefficients calculated as the standard deviation of the interval
duration in question (4C or 4V) divided by the mean interval duration (mean C or mean V), and
multiplied by 100.

A different approach to measuring the basis of rhythmic difference, but one nevertheless derived
from acoustic intervals, is that proposed by Low et al. (2000), namely the application of the pair-
wise variability index (PVI). Rather than taking global ‘vocalic-ness’ and variability in that
‘vocalic-ness’, the PVI attempts to capture sequential differences in vocalic interval duration, and
specifically between stressed and unstressed syllables. The motivation for looking at the sequential
nature of the contrast is that prosodic prominence depends on syntagmatic contrast: what counts is
a comparison with what has gone immediately before and with what lies immediately ahead. The
PVT1is calculated as the mean of differences between successive intervals, and is normalized (nPVI)
for variability of speech rate by dividing by the sum of intervals. Grabe and Low (2002) also pro-
pose an intervocalic PVI (PVI-C), but warn against normalizing this. The rationale for this is that
since the size and variability of intervocalic intervals largely reflect a language’s phonotactics and
since these are claimed to be an underlying source of that language’s rhythmic properties, normal-
izing eliminates rhythmic difference.

With the proliferation of different metrics, one question that arises is how well they perform
comparatively. There are in effect three main comparisons to consider here, namely 1) that between
the different category of metric (%V vs. the global interval variability measures vs. the sequential
interval variability measures); ii) speech rate normalized versus non-rate normalized; and iii)
vocalic versus consonantal measures. White and Mattys (2007) carried out a direct comparison of
the usefulness of rhythm metrics in capturing perceived differences between ‘stress-timed’ English
and Dutch on the one hand and ‘syllable-timed’ French and Spanish on the other (for adult speech).
They found %V> and the rate-normalized vowel metrics (VarcoV and nPVI-V) to be the most
effective overall (with a slight favoring of VarcoV over nPVI-V, also for within-category discrimi-
nation). They failed to find a significant correlation between %V and speech rate (see also Dellwo
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& Wagner, 2003), and it would appear that this metric is fairly robust across different rates and
there is thus no need for rate normalization. For interval variability metrics, however, White and
Mattys (2007) found that while speech rate normalization increased the effectiveness of vocalic
measures (VarcoV was found to have greater discriminatory power than 4V), this was not mirrored
in the case of consonantal metrics, where speech rate normalization failed to facilitate discrimina-
tion between rhythmic types. Specifically, no evidence was found for systematic patterning
between rhythmic classes when using the rate-normalized metric VarcoC. This is compatible
with Grabe and Low’s advocacy of leaving their intervocalic PVI measure (for consonants) raw
(rPVI-C). In other words, normalizing speech variability over an utterance is deemed to be helpful
for discriminating rhythm types when using vocalic interval variability measures, but unhelpful
when using consonantal interval variability measures.¢

Comparing consonant and vowel measures, in White and Mattys’s study the former proved to
be less effective or consistent in discriminating between rhythmic types, though non-normalized
metrics fared better in this respect than normalized metrics, as already discussed. As White and
Mattys (2007, p. 520) point out, the apparent comparative weakness of consonantal metrics may be
due to the idiosyncrasies of the materials used (with variation in segmental content), and they cite
previous studies (e.g., Ramus et al., 1999) that did achieve greater discriminatory success with
consonant metrics.

Thus, in summary, between the different categories of metric it would appear that all three types
(%V, global interval variability and PVI) discriminate fairly robustly between rhythm types, that
speech rate normalization is recommended for vocalic variability measures but not for consonantal
variability measures, and overall that vocalic variability measures would appear to be more reliable
than consonantal variability measures.

I.2 Rhythm acquisition

To date, research on sentence-level rhythm in acquisition has principally, though not exclusively,
focused on perception. Indeed, as has been already noted, the development of interval-based met-
rics was to a large extent motivated and validated by the discovery that infants attend to rhythmic
differences from birth (Nazzi et al., 1998). In a wider framework, it has been shown that infants’
knowledge of native language prosody is detectable even by the last trimester before birth (Quer-
leu, Renard, Versyp, Paris-Delrue, & Crepin, 1988; Hepper, Scott, & Shahidullah, 1993), and
certainly precedes that of ambient segmental patterns (e.g., Jusczyk, Cutler, & Redanz, 1993;
Jusczyk, Luce, & Charles-Luce, 1994). There is evidence not only of infants’ ability to detect the
rhythmic pattern of their native language, but also of their adapting their own perceptual abilities
to the relevant phonetic categories from an early age. For example, Skoruppa, Pons, Christophe,
Bosch, Dupoux, Sebastian-Galles, Alves Limissuri, and Peperkamp (2009) report that by the age
of 9 months, Spanish and French infants show language-specific tuning to abstract stress percep-
tion, with Spanish infants (whose ambient language has contrastive lexical stress) successfully
keeping track of stress patterns when listening to pseudo-words, and French infants (whose ambi-
ent language has fixed stress) ignoring this dimension. A study by Hohle, Bijeljac-Babic, Herold,
Weissenborn, and Nazzi (2009) shows the emergence of a language-dependent trochaic bias by 6
months (apparent in German, but not in French), strongly suggesting that rhythmic structure of
the ambient language has a very early impact on infants’ processing of stress information. This
study confirms the results of an earlier study by Friederici, Friedrich, and Christophe (2007)
which investigated the processing of rhythmic structure from event-related brain potentials and
revealed that experience with German and French differentially affects the brain responses already
in 4-month-old infants.
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However, infants’ abilities to detect certain regularities of input and process them in a particular
way is one matter, their ability to integrate this perceptual knowledge with their early productions
and reproduce these regularities is quite another. Infants have been shown to have the capacity for
learning arbitrary distributional patterns (e.g., Saffran, Newport, & Aslin, 1996), and several stud-
ies show the beginnings of this integration by the end of the first year, with the emergence of lan-
guage-specific properties in child productions (cf. Boysson-Bardies et al., 1986; Boysson-Bardies
& Vihman, 1991). More recent studies suggest that infants’ imitative abilities are apparent much
earlier (cf. Kuhl & Meltzoff, 1996; Vouloumanos & Werker, 2007; Jones, 2009) and even appear
to be active in shaping the melody of cries of newborn infants (Mampe, Friederici, Christophe, &
Wermke, 2009).

That children use what they hear to inform what they go on to produce is arguably self-evi-
dent; how and when they do so is not, and thus we should not assume a priori that perceptual
sensitivity to rhythm translates immediately or directly into production. In a study on segmental
duration in babbling and first words — a property which is arguably a key building block en route
to the acquisition of sentence-level rhythm — Vihman, Nakai, and DePaolis (2006) find evidence
for an early mismatch between the evidence for finely tuned perceptual learning and what chil-
dren actually produce, with adult-like rhythmic patterns apparently being acquired on a word-
by-word basis. The authors conclude that “[a] more abstract knowledge of the rhythmic patterning
appropriate to the native language can be expected to emerge only gradually from the combined
perceptual and production knowledge or representation of increasing numbers of individual
words, with further reorganisation needed once larger and more varied units begin to be com-
bined and integrated — the challenge of prosodic learning at the syntactic level” (2006, p. 364).
This would give us reason to expect that the rhythmic characteristics of early multi-word utter-
ances do not constitute a seamless progression from the ability to produce isolated words with
the correct (adult target) rhythmic pattern.

A further potentially confounding factor is that while (according to the ‘phonology-derived’
hypothesis) language-specific rhythm emerges from distinct combinations of phonological and
phonetic properties, in child speech these properties are notoriously unstable and in flux (Vihman,
1996). The degree to which this flux deviates from a common path among children exposed to the
same ambient language will affect how successfully the metrics reveal any systematicity in the
emerging rhythmic profiles. For example, the gradual acquisition of the ability to produce complex
consonant clusters may differ considerably between children, and even for a single child. Further-
more, the path a single child follows may not be /inear, in the sense that any advances may theo-
retically be subject to temporary reversal. For example, with respect to final lengthening, Snow
(1994) found that children start to control this after the onset of the multi-word stage (1;5-2;0), but
then may experience a regression a few months later (see also Snow, 2006). These factors poten-
tially militate against the metrics detecting any systematic patterns for child speech.

At the production level, early studies by Allen and Hawkins (1978, 1980) describe (particu-
larly English) child speech as being more ‘syllable-timed’, due to a combination of factors related
to the apparent primacy, in both perception and production, of stressed syllables. They cite earlier
research showing that children show selective attention to stressed syllables (Blasdell & Jensen,
1970; Risley & Reynolds, 1970) and note a predominance of stressed syllables in early speech,
which is “composed largely of reduplicated or partially reduplicated forms that are themselves
short sequences of phonologically similar, unreduced monosyllables” (Allen & Hawkins, 1980, p.
233). This affects the overall rhythm of the speech: “2-year olds tend to use far fewer reduced
syllables than do adults, so that their speech rhythm has fewer syllables per foot, or more beats
per utterance; in short, it sounds more syllable-timed” (Allen & Hawkins, 1980, p. 231). The
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ability to reduce weak syllables in English is acquired relatively late and marks “an important step
in the child’s development toward adult phonological rhythm. [...] [B]y the age of 4 or 5, rhythm
becomes more adult-like, with increased rate and greater numbers of reduced nuclei” (Allen &
Hawkins, 1978, p. 174).

Development towards adult rhythm also depends on phonetic mastery of other major correlates
of stress: pitch, intensity and duration. More recent studies show that by 2 years, children have
begun to exert some control over these in their productions of familiar words (Klein, 1984; Kehoe,
Stoel-Gammon, & Buder, 1995). Nevertheless, there is evidence that fO control is acquired earlier
than timing or intensity (for a review see DePaolis, Vihman, & Kunnari, 2008). Astruc, Prieto,
Payne, Post, and Vanrell (2009) analyzed one-word utterances controlled for stress produced by 2,
4 and 6 year-old English, Spanish and Catalan-speaking children’ as part of a naming game. They
found that while children as young as 2 years can control relevant intonation parameters such as
pitch timing and height, they still do not control syllabic duration and still excessively lengthen
final syllables. These findings support Allen and Hawkins’ claim that adult target rhythm has not
been acquired by age 2.

Later studies have also investigated cross-linguistic differences in either isolated word or sen-
tence level rhythm (cf. Vihman, DePaolis, & Davis, 1998; Grabe, Watson, & Post, 1999; Vihman
& Velleman, 2000; Vihman, Nakai, & DePaolis, 2006). Looking at the duration of disyllabic VCV
sequences for two stages of development in American English, Welsh and French, Vihman et al.
(2006) found no clear evidence of between-language differences at the four-word point.3® They
also found that all language groups made progress towards the adult model over time, but this was
more evident in French and Welsh. This echoes findings by Grabe et al. (1999). Applying the PVI
to vocalic intervals in the speech of French and English 4-year-old monolinguals, they found evi-
dence that younger children produce speech that is ‘more even timed’ (i.e., more ‘syllable-timed”)
than their parents’, in both languages, though the difference was especially evident for English
children. They concluded, in support of Allen and Hawkins (1978, 1980) that this ‘more even’ tim-
ing evident in child speech is the less marked, default setting, and that the production of ‘less even’
or ‘stress-timing’ is acquired later. Several studies comparing monolinguals and bilinguals
(Spanish, English and German) have confirmed the greater tendency towards more even timing in
the speech of younger infants (Kehoe & Lleo, 2002; Whitworth, 2002; Bunta & Ingram, 2007).
Intriguingly, Kehoe and Lle6 (2002) also report /ess even timing in the Spanish of a bilingual
German-Spanish child, suggesting interference from German. This finding is problematic for the
strong ‘phonology-derived’ hypothesis discussed above, unless it is also the case that the child’s
Spanish syllable structure and phonotactics were also influenced by German, a possibility not
explicitly explored in that study.

Objectives and hypotheses of the present study

2.1 Outline of general objectives

One aim of this study is to explore the efficacy of the rhythm metrics applied to child speech, in
detecting both cross-linguistic differences and discriminating between child and adult speech. A
further aim is to provide a more complete picture of the acquisition of language-specific rhythmic
profiles (and in particular when these begin to emerge) and of the rhythmic character of child
speech (and whether this is still evident at the age of 6). It seeks to achieve these aims by extending
the age dimension (to 2, 4 and 6 years) and by applying both sets of interval-based metrics (both
the PVI and those developed by Ramus, in addition to %V). The study investigates three languages
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(English, Spanish and Catalan) which differ in certain phonological and prosodic properties, and
are said to differ according to rhythmic class.

Two of these fall uncontroversially into two perceptually distinct classes. English (Southern
Standard British variety) is canonically classed as ‘stress-timed’ in the rhythm literature. It displays
a wide variety of syllable structure types, a high frequency of complex syllable types, strong quan-
titative vowel reduction in unstressed position!'? (Delattre, 1966), stress attraction to heavier syl-
lables, and substantial final lengthening (Wightman, Shattuck-Hufnagel, Ostendorf, & Price, 1992;
Turk & White, 1999). Spanish (European variety) is canonically classed as ‘syllable-timed’. It has
a predominantly CV syllable structure, a low frequency of complex syllables, and displays very
weak vowel reduction (Delattre, 1966), a weak correlation between stress and syllable weight, and
weaker final lengthening than in English (Hualde, 2005; Ortega-Llebaria & Prieto, 2007).

Catalan holds a more ambiguous position in the schema of rhythmic classification by dint of its
mixed phonological properties. Though its predominant syllable structure is CV (typical of ‘syllable-
timed’ languages), it has a greater incidence of more complex syllables than Spanish, weak vowel
reduction (see Mascard, 2002, for a thorough review of this process), a moderate correlation between
stress and syllable weight, and much less final lengthening than in English (Astruc & Prieto, 2006).

The apparent mix of ‘syllable-timed’ and ‘stress-timed’ properties in Catalan has led to claims,
in line with a strong interpretation of the ‘phonology-derived’ account of rhythm, that Catalan is
rhythmically ‘intermediate’ (Nespor, 1990). However, there is contradictory evidence from empiri-
cal studies. While Grabe and Low (2002), using the PVI, report an intermediate rhythm index, with
metric scores clearly differing from Spanish, Ramus et al. (1999, 2003) find Catalan clusters with
Spanish and other ‘syllable-timed’ languages such as Italian and French. Gavalda-Ferré (2007)
finds different results with different metrics: %V and 4C class Catalan as ‘syllable-timed’ while the
PVI classes it as intermediate. She also shows that different degrees of vowel reduction found in
different dialects of Catalan have no impact on any rhythm scores, providing evidence of the rela-
tive independence of vowel reduction and durational reduction. Her findings echo those of Ramus
et al.’s perceptual study that “suggest that vowel reduction in Catalan is not enough to make it
depart from syllable-timing” (2003, p. 341). Prieto, Vanrell, Astruc, Payne, and Post (2008, submit-
ted) also find evidence for Catalan clustering with Spanish, except for %V and 4V which class it
as intermediate. Thus, although the weight of the evidence is behind Catalan clustering with
‘syllable-timed’ languages, discrepancies clearly exist. The motivation for the inclusion of Catalan
in the present study was to ascertain whether these relatively subtle differences from Spanish
induce different patterns in children acquiring rhythm.

To conduct a valid comparison between adult and child speech, it was necessary that the adult
and child speech material be as similar as possible, in both content and elicitation. Since the method
of having subjects read prepared sentences, adopted by most previous studies, was not appropriate
for young children, the material was elicited in a semi-spontaneous way for both groups, with
adults and children responding to visual prompts as part of a structured game (described in more
detail in the Method section below). Because differences in elicitation technique could theoreti-
cally introduce rhythmic variation, it was deemed desirable to confirm previously reported cross-
linguistic rhythmic differences for the semi-spontaneous adult speech. In other words, we expected
to find lower %V and higher variability scores (VarcoV, nPVI-V, 4C and rPVI-C) for English when
compared with Catalan and Spanish. Given the uncertainty surrounding a possible rhythmic differ-
ence between Catalan and Spanish, we expected to find much weaker metrical discrimination
between these two languages. If claims of Catalan’s intermediate profile were to be upheld, we
would expect any observed differences to be in the direction of lower %V and higher variability
scores than for Spanish.
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2.2 Specific hypotheses

Our first hypothesis concerns the detection of cross-linguistic differences in child speech. If the
metrics are able to detect cross-linguistic differences in adult speech rhythm, they should also
allow us to detect cross-linguistic differences, if these exist, at the developmental stage. Grabe et
al.’s (1999) study suggests they do exist (at least for French and English, and at the age of 4) and
can be detected. However, that study only investigated nPVI-V. We extend that study by investigat-
ing also younger children (age 2 years) and older children (age 6 years), and by applying a full set
of metrics (both vowel and consonant interval metrics, and both PVI and 4/Varco). English remains
the test language for ‘stress-timing’, but Spanish and Catalan are used instead of French for ‘sylla-
ble-timing’. Our hypothesis is that cross-linguistic differences will be apparent in child speech
across the metrics, that is English will show lower %V and higher interval variability, but that these
differences will not be evident, or at most only weakly evident, for the very early speech (2 years).
This prediction is based on findings reported above (Allen & Hawkins, 1978, 1980; DePaolis et al.,
2008; Astruc et al., 2009) that children have not yet acquired vowel reduction or mastered the
durational correlates of stress by the age of 2, and show a universal tendency to simplify syllables
and reduce consonant clusters at an early age. A further part of this hypothesis is that the greatest
difference will be between English and the other two languages (as for adult speech).

Our second hypothesis addresses the question of rhythmic distinction between child and adult
speech. Child speech, particularly for younger children, may differ phonologically and phoneti-
cally from the adult target quite substantially, and our hypothesis is that this will be reflected in a
distinction in metric scores, irrespective of the rhythmic category of the language in question, with
the rhythmic profile of child speech proving more ‘even-timed’, or ‘syllable-timed’ than that of
adult speech.

More specifically, in terms of relative ‘vocalic-ness’, we hypothesize that %V scores will be
higher in child speech for any given language. This hypothesis is motivated principally by the later
acquisition of syllable codas — young children typically delete consonants and/or simplify conso-
nant clusters — resulting in a higher proportion of CV syllables. We hypothesize further that this
distinction will be particularly evident for English (i.e., the difference between adult and child %V
scores the greatest for English), given the findings of previous studies (Grabe et al., 1999; Vihman
et al., 2006), and since there is a greater discrepancy in phonotactics between early productions and
adult target for English than for the other languages examined.

In terms of vocalic interval variability, we hypothesize that child speech will show less varia-
bility than adult speech (lower scores for VarcoV and nPVI-V). This hypothesis is motivated by a
number of observations, and has already been supported for nPVI-V for 4 year-olds (Grabe et al.,
1999). Firstly, child speech has a smaller variety of syllable structure types, and therefore there
will presumably be less variation in the duration of the vowel, since the number of consonants in
the onset and especially the coda typically affect its duration. Secondly, as Allen and Hawkins
have described (1978, 1980, and see the discussion in section 1.2), the ability to reduce weak syl-
lables is acquired relatively late, and early speech is characterized by a predominance of stressed
syllables. This means there should be less variability in nucleus-vowel duration as a result of
prosodic prominence marking. Less variability in vocalic intervals would be compatible with a
more ‘syllable-timed’ profile. As children begin to acquire the phonotactic and prosodic structure
at the root of vocalic variability, their scores for VarcoV and nPVI-V are expected to increase.
However, there is also a possibility that, in the transition towards adult characteristics, children go
through a period of overshooting or undershooting articulations and hence produce even greater
variability than adults.
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In terms of consonant variability, a dimension that has not been specifically addressed in previous
studies of child speech rhythm, our hypothesis is that child speech will be characterized by less
variability in consonant intervals (lower scores for 4C and rPVI-C). The reasoning behind this is
as follows. Although, as discussed, metrics based on variability of consonant interval duration are
not as robust as vocalic metrics in discriminating between rhythmic classes for adult speech, vari-
ous studies report higher variability in ‘stress-timed’ languages and this is claimed to be due to a
wider variety of syllable structures.!! If consonant intervals can typically often span 2 or more
consonants, through the presence of simple and complex codas and onsets, greater variability in the
duration of those intervals will result. Since children acquire codas and complex clusters later, we
hypothesize that there will be less variability in child speech, especially at a younger age. More
even timing in consonant intervals would also be compatible, at least in terms of adult rhythm clas-
sification, with higher %V and more even timing in vocalic intervals.

A second part of this hypothesis concerns the transition from the profile for child speech rhythm
to the profile for adult speech rhythm. The former is not static, since over time children progres-
sively acquire the whole set of phonetic and structural properties characteristic of their ambient
language. While it is beyond the scope of the present paper to investigate the details and trajectory
of this progression, either metrically or in terms of the speech material that underlies the metrics,
our hypothesis is that by age 6, a sufficient number of language-specific phonetic and phonological
parameters have been acquired to blur some of the edges in the distinction between adult and child
speech. This would be in keeping with findings by Bunta and Ingram (2007) that show an early
bias for even timing in bilingual Spanish and English-speaking children, and that this diminishes
with time. As such, our hypothesis is that the characteristic rhythm profile for child speech (as
mapped out for the first part of Hypothesis 2) will be less in evidence by age 6, and instead begin
to show distinctly adult characteristics. In particular, it is hypothesized that by this age child speech
in English will have begun to display recognizably ‘stress-timed’ characteristics and thus not be
robustly distinguishable from adult speech in terms of the rhythm metrics.

2.3 Summary of hypotheses
We hypothesized that:

1. H1 Child speech would show cross-linguistic divergence in rhythmic scores, except for age
2 years, when cross-linguistic metrical divergence would at best be very weak, principally
because the phonotactic and prosodic parameters underpinning greater ‘stress-timing’ in
English have not yet been fully acquired.

2. H2 Child speech rhythm scores would cluster around the ‘syllable-timing’ end of the con-
tinuum (more vocalic!? and more even timing than equivalent adult speech), for all lan-
guages, and particularly for younger children. However, child-speech-specific
characteristics would be weak by age 6, with English child speech displaying recognizably
‘stress-timed’ characteristics.

Method
3.1 Participants

For each language, we recorded nine children interacting with their mothers (providing the child
speech material), and made separate recordings of the mothers interacting with an adult interviewer
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(providing the adult speech material). The children fell into three age groups (i.e., there were three
children in each age group for each language): 2, 4 and 6 year-olds. In total, 27 children and 22
adults were recorded.!® Recordings were made respectively in the participants’ homes in Cam-
bridge, Madrid and Barcelona, using a Marantz PMD660 recorder and Shure PG81 microphones
for the Spanish and Catalan recordings, and a Tascam HD-P2 recorder with AKG C3000B micro-
phones for the English recordings.

3.2 Materials and elicitation

The main goal was to elicit utterances that were, in terms of lexical targets, as similar as possible
across adult and child speech. Our expectation was that the children, and in particular the younger
children, would show some deletion of whole words and syllables, and would delete, modify or
add individual segments. By seeking to prompt the same lexical targets, we hoped to elicit as seg-
mentally comparable data as possible within the bounds of what can be expected for developmen-
tal speech. That way, most of the segmental differences would result from the developmental
nature of the speech (intrinsically of interest) rather than randomly different material. Most previ-
ous studies on adult rhythm have not explicitly sought to control for segmental composition.

Twenty-three short utterances were elicited through the medium of a structured game, based on
short, animated clips, shown on PowerPoint slides on a laptop screen (one utterance per slide). The
animations showed simple, everyday scenes, which could easily be described in words that were
highly familiar to the children. This was done to increase the likelihood of obtaining directly com-
parable speech samples across the age groups. For example, one scene showed a little girl blowing
soap bubbles, another showed a little boy playing a trumpet. The mother was instructed to ask her
child to describe what was happening in each clip, then praise the child for getting it right, and
repeat what the child had said. A typical dialogue went thus:

Mother:  What's happening here? What's the little girl doing?
Child: [She’s] blowing bubbles!'
Mother:  That’s right! She's blowing bubbles!

The mothers were also recorded doing the same task, in the same role, interacting with an adult (the
interviewer). Note that the adult speech used as a basis for comparison was thus adult-directed speech.
This is important because it has been shown — and precisely for the languages under investigation here
— that adults modify their speech rhythm when addressing children (Payne, Post, Astruc, Prieto, &
Vanrell, 2010). While it could be argued that the child’s ‘immediate’ target is actually the child-directed
speech she interacts with, the current paper is concerned with how child speech rhythm differs from
adult speech rhythm, and not with the extent to which it differs from its immediate target.

The total utterances extracted per age and language group are shown in Table 1. Only the target
utterances were extracted for analysis. For example, for the answer ‘she s blowing bubbles’, if the
mother placed this in a broader context e.g., ‘lef me see ... she'’s blowing bubbles’, only the target
lexical items ‘she’s blowing bubbles’ were used in the analysis. This meant that child and adult
utterances were as near as possible in length and in terms of segmental target, within the confines
of the experimental design. The objective was not to elicit the exact same utterances for each sub-
ject (an impossible task cross-linguistically, and an unlikely outcome cross-age), but utterances of
roughly comparable length (see examples in Table 3). Nevertheless, variation in utterance length
occurred, as can be seen from Table 2, with English utterances on average shorter for all age groups
than Catalan and Spanish utterances, and utterances by 2 year-olds on average shorter than utterances
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Table |. Total number of utterances per language for adult speech and each child age (mean per subject in
parentheses).

Age 2 Age 4 Age 6 Adult
English 68 (17) 86 (21.5) 68 (17) 226 (18.8)
Catalan 62 (15.5) 67 (16.8) 69 (17.3) 154 (12.8)
Spanish 64 (16) 89 (22.3) 69 (17.3) 138 (11.5)

Table 2. Mean number of syllables per utterance per age and language group.

Age 2 Age 4 Age 6 Adult
English 3.1 4.79 4.40 4.49
Catalan 4.83 8.95 6.87 7.24
Spanish 4.19 6.69 8.45 8.65

Table 3. Example utterances cross-language and cross-age.

Age English Spanish Catalan
2 [plerji mju:zik] [koka muka] [toka una muzika]
(playing music) (toca misica) toca una musica
4 [perjin tjamhi] [tokando una trompeta] [tokant la trompeta]
(playing a trumpet) (tocando una trompeta) (tocant la trompeta)
6 [fi:z pletjm o tiampet] [esta tokando la [esta tokant la trompeta]
trompeta]

(she’s playing a trumpet)  (estd tocando la trompeta) (estd tocant la trompeta)

by other age groups. An analysis of variance showed that the number of syllables did indeed vary
with Language and Age group (there was a main effect of Language: F(2, 37) = 30.34, p < 0.001;
and of Age: F(3,37)=14.85, p <0.001), and that there was an Interaction of Language*Age (F(6,
37)=13.27, p <0.05). Since this could have potentially been a confounding variable, the data were
checked for correlations between metric scores and utterance length. Although correlations between
number of syllables and interval variability metrics were found'> (Pearson’s 7 for VarcoV r(1147)
=-0.088, p <0.01; nPVI-V r(1147) =-0.251, p < 0.001; AC r(1160) =—-0.193, p < 0.001; rPVI-C
r(1160) =-0.258, p < 0.001), the r values were extremely small.

3.3 Analysis

Vocalic intervals were segmented and labeled (start-points and end-points) from the waveform and
spectrogram by a research assistant using Praat (Boersma & Weenink, 2007). The RA is a native
speaker of English and studied Spanish language as part of her degree. The Catalan and Spanish
labelings were revised by the three author native speakers. Vocalic and consonantal segmentation
was performed with reference to standard criteria (see e.g., Peterson & Lehiste, 1960). The place-
ment of a boundary between a vocalic interval and a consonantal interval was guided primarily by
the presence of a sudden, significant drop in amplitude and a break in the formant structure,
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particularly F2. Marking the onset of consonants was facilitated by various cues, according to
consonant manner. For instance, the onset of a fricative was marked at the start of high frequency
energy (visible frication). The onset of a nasal consonant was marked by the presence of nasal
formant structure and low amplitude in the waveform. Following White and Mattys (2007, p. 507),
the placement of a boundary between a consonantal interval and a vocalic interval was guided
primarily by the presence of a sudden, significant rise in amplitude and the onset of vocalic formant
structure. Thus, any aspiration following stop release was included as part of the consonant inter-
val. Following Ramus et al. (1999, p. 271), prevocalic glides were considered to be part of the
consonantal intervals; postvocalic glides part of the vocalic intervals. Following Grabe and Low
(2002) and White and Mattys (2007), utterance-final intervals were not excluded from analysis,
despite likely lengthening effects in this position, since, as White and Mattys (2007, p. 507) point
out, “the locus and extent of final lengthening and other prosodic lengthening processes [...] may
be language specific and may contribute to the overall perception of cross-linguistic differences in
rhythmicity.”

Although child productions of target words, particularly with younger children, may vary
considerably from adult forms, with frequent segment changes and deletions, this did not ren-
der the task of vocalic and consonantal interval boundaries any more difficult. Interval bound-
aries were placed according to actual articulations, not targets, precisely to capture the
differences in phonotactics and syllable structures of child speech predicted to influence
rhythm. Thus, the segmentation of ‘trumpet’ as for example [tfap1] is no harder than that of
[tzamprt], just different.

Vocalic and intervocalic (consonantal) intervals were then extracted using a Praat script, and the
following metrics were calculated (after Grabe & Low, 2002, and White & Mattys, 2007):

i) Measure of ‘vocalic-ness’: %V
ii) Measures of variability in vocalic interval duration (rate normalized): VarcoV and nPVI-V
iii) Measures of variability in consonantal interval duration (not rate normalized): AC and
rPVI-C.

Rate-normalized metrics were chosen for vocalic intervals and non-normalized metrics were cho-
sen for consonant intervals since, as has been discussed in section 1.1, these have been shown to
have greater discriminatory power for adult speech. In addition, speech rate was calculated by
dividing the number of vocalic intervals (roughly equivalent to the number of syllables) by the total
time in seconds of each utterance.

Results and discussion

We carried out a series of univariate by-subject (F1) and by-item (F2) analyses of variance on
all of the metric scores and speech rate to test the following: i) confirmation of cross-linguistic
differences in semi-spontaneous adult speech (to establish a baseline with which to compare
child speech) (see section 4.1); ii) cross-linguistic differences in child speech (Hypothesis 1)
(see section 4.2); iii) differences between child and adult speech (Hypothesis 2) (see section
4.3); iv) differences in speech rate (see section 4.4). We only report results that attained sig-
nificance in both F1 and F2. We report Bonferroni-corrected post hoc comparisons based on
the (more stringent) subjects analyses: as is customary, the number of paired comparisons
always equaled the total number of comparisons possible between the levels of the variable in
question.
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4.1 Confirmation of cross-linguistic differences in semi-spontaneous adult speech

Since unlike most previous studies on speech rhythm the material in the present study was semi-
spontaneous, in order to conduct a valid comparison between the child and adult speech data, it was
first necessary to confirm whether previously reported cross-category differences could be repli-
cated in the adult speech data.

For adult speech, in line with previous studies, there was found to be a main effect of Language
for all metrics (%V: FI1(2,19)=12.96, p <0.001; F2(2,204)=17.13, p <0.001; A4C: F1(2, 19) =
10.13, p=0.001; F2(2, 204) = 14.71, p < 0.001; VarcoV: F1(2, 19) =9.73, p = 0.001; F2(2, 204)
=19.64; p <0.001; nPVI-V: FI(2, 19) =41.81, p <0.001; F2(2, 204) = 48.05, p < 0.001; rPVI-C:
F1(2,19)=5.30,p<0.05; F2(2,204) =9.96, p <0.01).

Bonferroni-corrected post hoc comparisons were performed on Language (i.e., between all
possible pairs of languages, which equaled 3 pairwise comparisons). These comparisons revealed
that the only consistently robust difference is between English on the one hand and Spanish and
Catalan on the other, while the latter two are more similar. For most metrics, English is distinct from
Catalan (4C: p <0.01; rPVI-C: p <0.05; VarcoV: p <0.001; nPVI-V: p <0.001), and from Spanish
(%V: p <0.001; AC: p <0.05; nPVI-V: p < 0.001). As we would expect for a ‘stress-timed’ lan-
guage, English shows greater variability in both consonant and vocalic interval duration (see
Figures la and 1b. Actual means are given in Table 4 in the Appendix), and a lower %V (see Figure
1b). The choice of parameters represented graphically in Figures 1a and 1b follows White and Mat-
tys (2007) for their adult rhythm data, in plotting %V against VarcoV and rPVI-C against nPVI-V,
and reproduces a very similar pattern to the results for Spanish and English in that study'® (compare
with their Figures 1 and 2, pp. 511-512). The results are also consistent with those for speech mate-
rial obtained from the same set of English, Catalan and Spanish subjects as the present study, but
reading carefully prepared sentences of equal length (see Prieto et al., submitted). This reassured us
that the elicitation technique adopted had not introduced any spurious rhythmic effects.

The distinction between Catalan and Spanish is extremely weak. However, and in line with the
findings of Prieto, Vanrell, Astruc, Payne, and Post (2008) and Prieto et al. (submitted) for read
speech from controlled material, %V is significantly lower in Catalan than in Spanish (p < 0.05),
as would be expected if Catalan were indeed less ‘syllable-timed’ than Spanish. Nevertheless, in all
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other respects, Catalan and Spanish clustered tightly together. This absence of a clear-cut difference
between Catalan and Spanish is consistent with the contradictory results of previous studies, as
discussed in section 2.

4.2 Hypothesis |: Cross-linguistic rhythmic divergence in child speech

Our first hypothesis (H1) was that child speech would show cross-linguistic divergence in rhyth-
mic scores except for age 2 years, when cross-linguistic metrical divergence would at best be very
weak. Our results show that cross-linguistic differences are indeed detectable in child speech.
Univariate ANOVAs were run on the child metric scores, with Language and Child Age as factors.
As for adult speech, there was shown to be a main effect of Language on all metrics (%V: FI(2,
18) =4.13, p <0.05; F2(2, 198) =12.52, p < 0.01; 4C: F1(2, 18) = 11.18, p=0.001; F2(2, 198) =
27.87, p < 0.001; VarcoV: FI(2, 18) = 13.81, p < 0.001; F2(2, 198) = 18.86, p < 0.001; nPVI-V:
FI1(2,18)=19.78, p <0.001; F2(2, 198) = 31.60, p < 0.001; rPVI-C: F1(2, 18) =9.33, p < 0.01;
F2(2,198) =28.44, p <0.001).

Bonferroni-corrected post hoc comparisons (3 pairwise comparisons) showed that, as for adult
speech, the only robust difference is between English on the one hand and Catalan and Spanish on
the other. The difference between English and Spanish was significant for all metrics (%V: p <
0.05; 4C: p <0.01; VarcoV: p = 0.001; nPVI-V: p <0.001; rPVI-C: p < 0.01), and similarly the
difference between English and Catalan was significant for all metrics (%V: p <0.05; 4C: p <0.01;
VarcoV: p = 0.001; nPVI-V: p < 0.001; rPVI-C: p < 0.01). As with adult speech, English child
speech shows greater variability in both consonant and vocalic interval duration, a lower %V than
Spanish and Catalan, and a lower speech rate than the other two languages (see Figures 2a and 2b
and Table 5 in the Appendix). The difference between Catalan and Spanish, already extremely
weak in adult speech, is non-existent for child speech, with no significant differences found.

The second part of the hypothesis predicted that cross-linguistic differences would be weak or
non-existent at the youngest age tested (age 2). Separate univariate ANOVAs on the metric scores
for 2 year-olds, with Language as a factor showed, however, that the cross-linguistic differences
are already robust for this age, at least for interval variability measures. There was a main effect of
Language for all the metrics (VarcoV: F1(2, 6)=6.53,p <0.05; F2(2,66)=5.72,p <0.01; nPVI-V:
FI(2,6)=6.34,p<0.05; F2(2, 66) =7.45, p=0.001; AC: F1(2, 6) = 11.69, p <0.01; F2(2, 66) =
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27.50, p <0.001; rPVI-C: FI(2, 6) =7.65, p <0.05; F2(2, 66) =23.84, p <0.001), except for %V,
where significance was attained only for F2, and was marginal in F1 (F1(2, 6) =4.42, p = 0.066;
F2(2,66) =17.64; p <0.001).

Bonferroni-corrected post hoc comparisons (3 pairwise comparisons) revealed that Catalan and
English were distinct for consonantal variability metrics (4C: p < 0.05; rPVI-C: p < 0.05) and that
Spanish and English were distinct for all variability metrics (VarcoV: p < 0.05; nPVI-V: p <0.05;
AC: p <0.05; rPVI-C: p < 0.05). In all cases, English variability scores were higher than Spanish
and Catalan. Catalan and Spanish were not distinct for any of the metrics (see Figures 3a and 3b).

It would appear then that cross-linguistic differences in interval variability (though not, it
would seem, in %V) observed in adult speech are already present in the speech of 2 year-olds,
contrary to what we hypothesized. We cannot, however, assume that these differences do not
fluctuate or change over the acquisition period. Indeed, the ANOVASs run on the scores for all
child ages also revealed a main effect of Child Age for all metrics (though not always in both F'/
and F2): %V: F1(2, 18)=4.71, p <0.05; F2(2, 198) = 14.27, p <0.001; VarcoV: F1(2, 18) = 1.64,
ns; F2(2, 198) = 3.30, p < 0.05; nPVI-V: FI1(2, 18) =4.12, p < 0.05; F2(2, 198) = 0.17, ns; 4C:
F1(2,18)=3.39,p=0.056; F2(2, 198)=10.82, p < 0.001; and rPVI-C: F1(2,18)=7.08, p<0.01;
F2(2,198)=22.29, p<0.001. Furthermore, there was a significant interaction of Language*Child
Age for %V and most of the consonantal variability metrics (%V: FI(4, 18) = 3.07, p < 0.05;
F2(4, 198) = 9.60, p < 0.001; 4C: FI(4, 18) = 2.56, ns; F2(4, 198) = 7.61, p < 0.001; rPVI-C:
F1(4,18)=3.37,p<0.05; F2(4, 198) = 11.93, p < 0.001). This suggests that not only do relative
vocalic-ness and variability in consonant intervals vary with child age, but also that they do so in
different ways for different languages. By contrast, there was no interaction of Language*Child
Age on vocalic interval variability metrics, suggesting cross-linguistic differences are more
robustly present from an earlier age.

A brief examination of mean scores (reproduced in Table 6, Appendix) provides the following
broad picture. Firstly, between the ages of 2 and 6, Catalan and Spanish become less ‘vocalic’.
Secondly, consonant variability follows a consistently downward trend over the age range for all
three languages, but much more dramatically in English, particularly between ages 2 and 4. Mean
scores in rPVI-C for English progress as follows: 179 > 102 > 94. Compare this with a much more
limited reduction in Spanish (93 > 89 > 81) and Catalan (93 > 89 > 76). In other words, though they
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may start out strong, cross-linguistic differences in consonant variability may not be consistently
robust over this period.

To summarize the findings for Hypothesis 1: the first part of the hypothesis — that cross-lin-
guistic differences are present in child speech — is broadly supported, while the second part — that
these differences would be weak or non-existent at age 2 years — is not. Variability indices of adult
speech rhythmic class distinctions are observed to be robustly present in child speech already by
the age of 2 years, with Catalan and Spanish child speech exhibiting more ‘even-timed’ character-
istics than English. Cross-linguistic differences in consonantal variability and %V appear to fluc-
tuate to some extent over the age range, with %V diminishing in Catalan and Spanish and
consonant variability decreasing at different rates. In contrast, vocalic variability appears to be
fairly stable over this age range. This suggests that the cross-linguistic differences may not be
consistently strong for all parameters. A detailed study of the phonological development of the
children’s speech over this time period may help to chart and explain the trajectory of the metrics
over this time period.

4.3 Hypothesis 2: Rhythmic properties of child speech

Our second hypothesis (H2), relating to rhythmic type, was that child speech rhythm scores would
be more characteristic of ‘syllable-timing’ (i.e., higher %V and lower interval variability) than
adult speech, but that these child-speech-specific characteristics would be weak by age 6. We
report our findings in three subsections: i) vocalic-ness (%V); ii) vocalic interval variability
(VarcoV and nPVI-V); and iii) consonant interval variability (4C and rPVI-C). A univariate
ANOVA was run on the child and adult scores, with Age as a factor (4 levels of age, i.c., age 2, age
4, age 6 and adult) for each metric. Bonferroni-corrected post hoc comparisons were performed on
AGE (i.e., between all possible pairs of ages, totally 6 pairwise comparisons), with only those
between age 6 and adult reported.

4.3.1 Vocalic-ness (%V). Age was found to have a main effect on %V, FI(3,37) = 14.40, p <0.001;
F2(3, 401) = 28.41, p < 0.001. Bonferroni-corrected post hoc comparisons revealed that adult
scores were significantly different from all groups of child scores except age 6 (adult versus age 2:
p < 0.001; adult versus age 4: p < 0.001; adult versus age 6: ns). As predicted, %V scores were
higher in child speech for these ages (2 and 4 years) than in adult speech in all languages (see %V
scores in Figures 4b, 5b and 6b). These results are compatible with the hypothesis that child speech
is more characteristically ‘syllable-timed’ in its rhythm than adult speech, but that by age 6 this
contrast is much weakened. Indeed, it would appear at least in Spanish and English that the contrast
is no longer present (see Figures 4b and 6b).

4.3.2 Vocdlic interval variability. For normalized scores, Age was found to have a main effect only
for VarcoV, Fi(3, 37) = 2.89, p < 0.05; F2(3, 401) = 8.04; p < 0.001. However, Bonferroni-cor-
rected post hoc comparisons revealed that child VarcoV scores were significantly lower than adult
scores only at age 2 (adult versus age 2: p < 0.05; adult versus age 4: ns; adult versus age 6: ns) (see
VarcoV scores in Figures 4b, 5b and 6b). Again, these results are compatible with the hypothesis
that child speech is more characteristically ‘syllable-timed’ in its thythm than adult speech, but that
by age 6 this contrast is no longer present.

4.3.3 Consonant interval variability. Age was found to have a main effect on both metrics (4C:
FI1(3,37)=17.62,p<0.001; F2(3,402)=53.15, p < 0.001; rPVI-C: FI(3, 37) =24.54, p <0.001;
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F2(3, 402) = 78.83, p < 0.001). Bonferroni-corrected post hoc comparisons revealed that child
scores were significantly higher than adult scores for all child ages (for each metric, adult versus
age 2: p <0.001; adult versus age 4: p = 0.001; adult versus age 6: p = 0.05) (see also Figures 4a,
Sa and 6a). This observed higher consonant interval variability does not support our hypothesis of
greater syllable-timing in child speech. However, as we will suggest in section 5, this may be due
to different factors underlying variability in vocalic and consonantal interval duration. With respect
to the second part of the hypothesis, however, 6 year-olds are indeed closer to the adult target, as
predicted. Nevertheless, as is evident from Figures 4a—6a, even at age 6 years, consonant variabil-
ity is still considerably higher than for adults.

4.3.4 Summary of child speech rhythmic characteristics. The results provide evidence that, regardless
of the language spoken, child speech is more vocalic and shows less variability (when normalized
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Figures 6a and 6b. English data: Distribution of adult speech and child speech over the rPVI-C,
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for speech rate) in vowel interval duration than the speech of adults directed to other adults. These
are characteristics more commonly associated with so-called ‘syllable-timed’ rhythm, and are in
keeping with the findings of previous studies for 4 year-olds (cf. Grabe, Watson, & Post, 1999).
However, there is an apparent conflict between consonantal and vocalic scores: consonant inter-
vals show significantly Aigher variability in child speech, more characteristic of ‘stress-timed’
rhythm. Closer examination of the speech of 6 year-olds compared with adult speech reveals,
however, that by this age the differences in %V and vocalic variability are no longer significant in
any of the languages investigated, and suggests that substantial progress has been made towards
adult targets, in terms of acquiring both appropriate proportions of vocalic stretches and appropri-
ate degrees of durational variability in those vocalic stretches. The same cannot be said for conso-
nant interval variability, since though progress towards adult targets is evident, variability remains
considerably higher in child speech than in adult speech even at this age.

4.4 Speech rate

The fact that in many of the variability results reported here there is a difference between normalized
and non-normalized scores strongly suggests speech rate is an important factor for consideration.
Aunivariate ANOVA was run on speech rate scores with Age (child versus adult) and Language as
factors. There was shown to be a significant main effect of Age, FI(1, 43) = 120.85, p < 0.001;
F2(2,408)=784.50, p <0.001, with speech rate slower in child speech than in adult speech, across
languages, as Figure 7 shows. There was also a significant main effect of Language, F1(2, 43) =
12.08, p <0.001; F2(2, 408) = 64.31, p < 0.001. There was no interaction between Age and Lan-
guage. Post hoc comparisons revealed a significant difference between English and Catalan (p <
0.01) and between English and Spanish (p <0.01), with speech rate slower in English in both cases.
There was no significant difference between Catalan and Spanish.

Summary and general discussion

5.1 The emergence of cross-linguistic rhythmic differences in child speech

A principal finding of this study is that cross-linguistic rhythm metric distinctions clearly detectable
in adult speech are also clearly observable in child speech, even at the age of 2 years (in the case



Payne et al. 19

of interval variability). The differences between English and Catalan/Spanish are particularly
robust: child speech in English has a slower speech rate, higher variability in consonant and vocalic
interval duration and (at least beyond the age of 2 years) lower %V than child speech in Spanish
and in Catalan. In other words, according to the metrics, English child speech is already less ‘even-
timed’ (more ‘stress-timed’ rhythm) than Spanish and Catalan child speech. On the other hand, any
putative distinction between Catalan and Spanish, the evidence for which is already very weak in
adult speech, is not yet detectable in child speech for the ages investigated.

There is evidence that the degree of difference diminishes somewhat over the age range inves-
tigated, as Catalan and Spanish child speech becomes slightly less vocalic, and consonant interval
variability is attenuated in all three languages but more rapidly in English child speech. Interest-
ingly, since a decrease in %V automatically means an increase in %C, this means that the propor-
tion of consonants in child speech increases (in Catalan and Spanish) as variability in consonant
intervals decreases. At first sight this might appear surprising since, all other things being equal, an
expected outcome of there being more consonants is greater variability in consonant duration.
Indeed, according to the ‘phonological approach’ to rhythm, this is the rationale behind ‘stress-
timed’ languages like English having greater variability in consonant intervals, since typologically
such languages are observed to permit more complex syllables, that is syllables with codas (as
shown also in their lower %V).

However, at the developmental stage, there is another factor to be taken into consideration, and
that is that variability in consonant duration is also a product of immature phonetic abilities, and as
such, as these abilities develop, variability will decrease, irrespective of whether the child is yet
achieving syllable structure targets. Thus, phonetic and phonological abilities may be interacting in
a complex manner with respect to their impact on the rhythm metrics. Hence, a low %C coupled
with high variability in consonant duration may reflect a stage when children are wavering both in
their attainment of the correct syllable structure and in the timing of the consonants they actually
do produce. In other words, this is a stage when phonetic uncertainty parallels phonological uncer-
tainty. As these abilities develop, %C increases and variability decreases, as seen in the speech of
slightly older Spanish and Catalan children. The picture for English is slightly different. The fact
that %V/%C do not vary as much over this period of development, but consonant interval variabil-
ity decreases dramatically, would suggest that attainment in adult phonological structure makes
critical advances at an earlier stage than the fine-tuning of phonetic ability, that is to say that chil-
dren start producing the (more frequent) codas of English before they have fine-tuned their
phonetic abilities. These broad patterns of development, and in particular the co-development of
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Figure 7. Mean speech rate in vocalic intervals/second in Spanish, Catalan and English child speech and
adult speech. Error bars represent one standard error around the mean.
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phonetic and phonological abilities, are important pointers for further investigation. The trajectory
of metric scores from age 2 to age 6 in each language is undoubtedly a complex one, and is likely
to be closely linked to language-specific patterns in the acquisition of segmental and syllabic abili-
ties and the detail of prosodic lengthening. Further investigation into these properties and how they
are manifested in the child speech material is needed in order to understand the developmental
aspect of rhythm acquisition more fully.

5.2 The rhythmic characteristics of child speech

This study has shown that child speech is characterized by a higher %V, lower vocalic interval
variability and higher consonant variability than adult speech. This does not support the hypothesis
that child speech categorically clusters around the more ‘syllable-timed’ end of the rhythm con-
tinuum, since higher consonant interval variability is reported to be more characteristic of ‘stress-
timing’. It does, however, suggest certain commonalities in the development of child speech,
irrespective of language, and irrespective of the cross-linguistic distinctions clearly evident even at
this early stage.

The data reported here show that early vowel productions, across languages, are characterized
by more even timing, in contrast to early production of consonant intervals, which are character-
ized by /less even timing than adult speech. There are a couple of apparent anomalies in these
observed patterns. Firstly, why should vocalic intervals become more variable, but consonant inter-
vals become /ess variable, with age? One might reasonably expect these properties to pattern in a
similar way, even allowing for the possibility of one lagging behind the other. Secondly, one might
also reasonably expect consonant interval duration to become more variable as the child produces
more consonant codas and more consonant clusters.

One possible explanation that would fit the data is that different factors underlie vocalic and
consonantal timing variability in developing speech. While basic vowel production from a pho-
netic perspective may be mastered early on, variability in vocalic timing would be seen to reflect
language-specific prosodic patterns in the ambient language and is acquired later on. In other
words, since it encodes prosodic structure, variability in vocalic duration is linguistically useful.
On this interpretation, the main task for the child following the period observed in this investiga-
tion is to acquire and master this variability. In contrast, consonant production from a phonetic
perspective is mastered later on, resulting in greater variability in timing in early productions. In
other words, this variability is extraneous. For consonants, therefore, the main challenge for the
child is to master control over this extraneous variability, and thus reduce it.

This interpretation would be in keeping with findings by Allen and Hawkins (1980, p. 236) who
report different patterns for vowels and consonants in converging with adult norms. Specifically,
although “vowels show mature patterns of relative and absolute duration quite early, by around 3
years for heavy syllable nuclei and by 4 or 5 years for light nuclei”, they take much longer to mas-
ter accent-related rhythmic patterns, and “their production of the full system of stress distinctions
may remain inaccurate in some respects until the age of 12”. In contrast, “consonant durations
show a much longer developmental pattern, characterised by great variability within and between
children and among consonant types and contexts. Target consonant duration and variability around
that target do not stabilise for the average child until about age 10 or later.” In other words, local-
ized vocalic timing is mastered early on, but variability from longer domain prosodic structure
occurs later, while control over consonant timing more generally occurs later on.

These patterns reveal cross-linguistic commonalities in the way children acquire mastery over
vocalic and consonantal timing. However, the data indicate that children also show sensitivity to
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cross-linguistic phonotactic differences early on and reflect this in their own early productions:
English child speech displays a high degree of consonant interval variability at age 2. As child age
increases, these strongly language-specific characteristics appear to be attenuated, though do not of
course disappear. The proportion of consonantal intervals in Catalan and Spanish is shown to
increase (since there is a decrease in %V) as child age increases, and this is accompanied by a
decrease in variability in consonant intervals. This would be evidence of a parallel phonological
and phonetic development: as children start to attain adult target syllable structure, they also start
to reduce the variability in their consonant production (at least in terms of duration). Thus, contrary
to what a strong phonological approach to rhythm would presumably predict, the introduction of
more consonants (a decrease in %V) in the speech of children does not automatically equate with
greater variability in consonant interval duration. This is because, in child speech, consonant inter-
val variability is not dependent only on phonotactic structure, but also on degree of mastery in
consonant production.

Overall, the picture to emerge is one of the child facing a variety of different, possibly conflict-
ing, challenges. On the one hand, there is the general challenge of mastering vowel and consonant
production, and the production of these in sequences. This results, cross-linguistically, in certain
commonalities when compared with adult speech: a higher proportion of vocalic intervals (most
likely reflecting a greater incidence of simpler syllable structures); lower variability in the duration
of those vocalic intervals (possibly due to the fact that structurally-dependent variation has not yet
been acquired); and higher variability in the duration of consonant intervals (consonant production
requiring more advanced articulatory skills). A likely explanation for these commonalities is that,
for this early age range, children’s productions are particularly influenced and guided by biome-
chanical constraints (Davis, MacNeilage, & Matyear, 2002). However, these can be expected to
weaken over time, just as language-specific patterns strengthen (see Vihman, Kay, Boysson-
Bardies, Durand, & Sundberg, 1994) and the child starts to tune her productions to the phonetic
detail of her ambient language.

Attuning to adult targets can be seen to occur relatively early on, since the study has shown
that by age 6, the rhythmic profile of child speech is well on the way to being isomorphic with
that of adult speech, at least insofar as the vocalic components of this profile are concerned. This
suggests that significant progress is made over this period in acquiring language-appropriate
degrees of vocalic variability to approximate towards the relevant adult targets. Progress is also
made in reducing consonantal variability, but at a slower pace, and, in line with Allen and Hawk-
ins (1980), would appear to require a much longer developmental span. Since these targets dif-
fer, the precise nature of the progress achieved in reaching these targets also differs. The
challenge to reduce consonant variability is greater for those acquiring Spanish or Catalan than
for those acquiring English, since adult levels of consonant variability in the former are lower.
Indeed, as Figures 4—6a indicate, by 6 years, children are closer to adult consonant targets in
English than in either Spanish or Catalan. Conversely, for those acquiring English, in which
adult levels of consonant variability are relatively high, the greater challenge is to acquire higher
levels of vocalic variability.

In short, the rhythmic indices of early child productions do differ from those of adult speech,
and in a way that is common across the languages investigated. However, these indices cannot be
categorically classed as more ‘syllable-timed’. Furthermore, though the cross-linguistic child pro-
ductions display common properties, they also already display influence of the ambient language.
It cannot, therefore, be said that children start out with a ‘default’ thythm which then takes on
language-specific properties, rather that rhythmic indices of both ‘child speech’ and the ambient
language co-exist from an early age.
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Conclusions and next steps

The interval-based metrics applied in this study have proved useful in that they yield what is per-
haps a surprisingly!” clear picture of cross-language and cross-age differences in the acoustic indi-
ces of speech rhythm. Ambient language influence is evident from the earliest connected speech
productions (2 years). Cross-linguistic similarities in child productions are also apparent, when
compared with adult speech, reflecting universal challenges in acquiring general articulatory skills.
However, though some properties are more characteristic of so-called ‘syllable-timing’, others are
quite the opposite, and this suggests that ‘evenness’ is not an across-the-board intrinsic property of
early productions. The gap between child and adult scores narrows over the age range investigated,
and by 6 years the vocalic components of thythmic profiles are statistically indistinct from those of
adult rhythmic profiles for the same language, while the consonantal component is closer, even if
still off target.

It should be borne in mind that the differences investigated here are in acoustic indices which,
it is claimed, directly reflect a cross-linguistic perceptual distinction in rhythm in adult speech. The
perceptual validity of these indexical differences in child speech needs to be tested before we can
conclude that what the indices point to as rhythmically distinct is, indeed, perceived as rhythmi-
cally distinct. The same is also true of course for any study of adult speech rhythm and is not a
problem unique to child speech. However, even if differences in interval-based indices were not to
be perceived as rhythmic in child speech — they could, for example, prove to be weak or incoherent
cues perceptually — knowledge of interval variability and vocalic-ness in child speech nevertheless
provides insight into when and how the basis of perceived cross-linguistic rhythmic differences in
adult speech begins to emerge in early productions.

Other potential dimensions to the perception of rhythm need to be explored. Prieto et al. (sub-
mitted) provide evidence that rhythm class distinctions finely correlate with differences in the way
languages instantiate the durational marking of prosodic heads and prosodic boundary lengthening.
White, Payne, and Mattys (2009) put forward the claim that rhythmic differences between northern
and southern varieties of Italian stem from differences in the realization of prosodic phenomena. In
addition to an amplified structural consideration of the sources of rhythm, other possible differ-
ences in the way rhythm is manifested need to be investigated, such as intensity,'® vowel quality
and FO. These further considerations lie beyond the scope of this paper, and remain to be explored
more fully in both adult and child speech.

Finally, the present study has revealed a non-simplistic picture of how language-dependent
rhythmic properties develop in child speech. It is not the case that child speech is categorically more
‘even-timed’ than adult speech, and it is not necessarily the case that all language-specific rhythmic
properties increase with age. The complexity may in part result from an interplay between phonetic
and phonological factors, and between general and language-specific factors, in developmental
speech. These factors may make competing demands on the child’s developing abilities. Further-
more, they need not be synchronized, as the different behavior and different developmental time
spans regarding consonant and vocalic interval variability have shown: in much simplified terms, it
has been suggested that vocalic interval variability is largely a skill to be mastered, while consonant
interval variability is partly an artefact of immature articulatory co-ordination skills (interacting
with language-specific phonotactics). Behind each metric may lie multiple phonetic and/or phono-
logical ‘causes’, and this is applicable to both adult and child speech. As with rhythmic studies of
adult speech, a full ‘explanation’ of the metrics — for example to know whether %V is higher in
child speech because of extra phonetic lengthening or because of a higher incidence of open
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syllables — will also require analysis of the segmental structure and its phonetic implementation. In
identifying robust patterns in child speech, and establishing interval-based metrics as a valid tool in
the investigation of thythm acquisition, the findings of this study mark a key step in this direction.
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Notes

1 Following White and Mattys (2007), other rhythm metrics, based on variability in the duration of phono-
logical constituents (e.g., Deterding, 2001), were not applied.

2 The term ‘intermediate’ is used to mean displaying characteristics of both stress- and syllable-timing and
therefore, supposedly, falling between these two categories (see Nespor, 1990) along a kind of rhythmic
continuum (see Dauer, 1987). As Ramus et al. (1999, p. 269) point out, the existence of languages that
fail to fall neatly into these two categories may indicate that there are simply more categories.

3 In alater study, it is argued that Polish may simply belong to a distinct rhythmic class, which is not in-
termediate between the two others (Ramus et al., 2003, p. 341), and as a consequence the ambiguity over
AV is potentially resolved.

4 VarcoC also varied according to speakers’ intended speech rate within a particular language, though not
in a consistent way across the languages in that study (French, German and English).

5 Or %C, since variation in %C and %V amount to the same thing.

6 Elsewhere, however, there is evidence that rate-normalized consonant metrics do discriminate. For ex-
ample, Dellwo (2006) reports a higher VarcoC for English and German than for French (though no
statistical tests were reported).

7 These children were the same subjects as used in the present study.

8 Where the concept of ‘x-word point’ is defined as the point in the child’s development at which she can
produce x different word types. (See for example Vihman, 1996, p. 141.)

9 The authors do not state the age range for this point, but the range for the 25-word point was 16—17
months.

10 Vowel reduction in English, in the form of centralization to schwa, is of course also qualitative.
Qualitative differences — not detectable by duration-based rhythm metrics — may also contribute to the
rhythm percept, but are not detectable by duration-based metrics, and lie outside the scope of this study.

11 Although other factors may be present. For example, languages with systematically variable consonant
duration (i.e., gemination) should also, in theory, show higher variability in consonant intervals (see
White, Payne, & Mattys, 2009, for a comparison of rhythm in geminating and non-geminating varieties
of Italian).

12 ‘More vocalic’ or ‘less vocalic’ are to be understood as referring to the relative proportion of vocalic
intervals in an utterance, not the number of vocalic segments.

13 Some adults had more than one child participating, hence there were fewer adults than children recorded.
In total, there were 9 English-speaking mothers, 6 Spanish-speaking mothers, and 7 Catalan-speaking
mothers.

14 Or an approximation.

15 The correlation between number of syllables and %V was just above the level of significance (Pearson’s
r for %V r(1148) = 0.057, p = 0.054).
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16 Catalan was not investigated in that study.

17 Given the structural and implementational variability in child speech, both among speakers and
longitudinally.

18 In a rare study of this kind, Lee and Todd (2004) report evidence that ‘stress-timed’ English and Dutch
show greater variability in vocalic intensity than ‘syllable-timed’ Italian and French, for adult speech.
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Appendix

Table 4. Means (standard errors) of metrics for Spanish, Catalan and English adult speech.

Spanish Catalan English
%V 48 (0.7) 44 (0.6) 41 (0.6)
VarcoV 50 (2.1) 42 (1.2) 61 (1.6)
nPVI-V 44 (1.4) 40 (1.2) 62 (1.6)
AC 54 (1.6) 50 (1.7) 73 (2.9)
rPVI-C 57 (2.7) 53 (1.7) 72 (2.7)

Table 5. Means (standard errors) of metrics for Spanish, Catalan and English child speech.

Spanish Catalan English
%V 51 (0.7) 51 (0.7) 47 (0.8)
VarcoV 41 (1.2) 40 (1.1) 55 (1.7)
nPVI-V 43 (1.4) 43 (1.3) 60 (2.0)
AC 83 (3.5) 77 (2.8) 112 (4.7)
rPVI-C 88 (3.3) 88 (3.1) 126 (6.1)

Table 6. Mean metric scores for child speech by age.

Metric  Engchild Engchild Engchild Catchild Catchild Catchild Spchild Spchild Sp child
age 2 age 4 age 6 age 2 age 4 age 6 age 2 age 4 age 6

AC 145.49 102.21 91.46 75.56 89.91 66.09 80.83 90.34 75.13
rPVI-C 178,55 101.64  93.45 92.73 89.37 75.6 92.52 89.14 8l1.16
%V 44.38 50.18  43.77 56.34 48.1 47.52 56.6 50.05 46.21

VarcoV ~ 50.57 55.84 56.62 36.82 40.59 41.32 37.06 42.07 43.13
nPVI-V  61.36 60.93 56.47 41.23 42.53 42.6 40.45 43.19 42.84






