Thiswork has been submitted to Academic Press for possible publication. Copyright may be transferred without notice, after which this version may no longer be accessible

Perception of linguistic rhythm by newborn infants

Franck Ramus
Laboratoire de Sciences Cognitives et Psycholinguistique (EHESS/CNRS), Paris, France

Previous studies have shown that newborn infants are able to discriminate between certain lan-
guages, and it has been suggested that they do so by categorizing varieties of speech rhythm.
However, in order to confirm this hypothesis, it is necessary to show that language discrimina-
tion is still performed by newborns when all speech cues other than rhythm are removed. Here,
we conducted a series of experiments assessing discrimination between Dutch and Japanese by
newborn infants, using a speech resynthesis technique to progressively degrade non-rhythmical
properties of the sentences. When the stimuli are resynthesized using identical phonemes and
artificial intonation contours for the two languages, thereby preserving only their rhythmic
structure, newborns are still able to discriminate the languages. We conclude that new-borns
are able to classify languages according to their type of rhythm, and that this ability may help
them bootstrap other phonological properties of their native language.
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Human newborns, as young as a few days old, have in-
triguing speech perception capacities. For instance, they
perceive phonetic contrasts categorically (Eimas, Siqueland,
Jusczyk, & Vigorito, 1971), and they perceive well-formed
syllables as units (Bertoncini & Mehler, 1981; Bijeljac-
Babic, Bertoncini, & Mehler, 1993; Bertoncini, Floccia,
Nazzi, & Mehler, 1995; van Ooyen, Bertoncini, Sansavini, &
Mehler, 1997). In addition, it has been repeatedly suggested
that they process linguistic rhythm, as revealed by their ca-
pacity to discriminate between different languages (Mehler
et al., 1988; Nazzi, Bertoncini, & Mehler, 1998; Ramus
et al., 2000). Linguistic rhythm may be viewed as a param-
eter that shows variation across the languages of the world.
Three types of linguistic rhythm have been identified, lead-
ing to a classification of languages into three classes (Pike,
1945; Abercrombie, 1967; Ladefoged, 1975): stress-timed
languages, including most Germanic languages as well as
Russian, Arabic or Thai, syllable-timed languages, includ-
ing most Romance languages as well as Turkish or Yoruba,
and mora-timed languages, including Japanese. It has also
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been proposed that an early setting of this parameter might
act as a bootstrap in the acquisition of phonology (Mehler,
Dupoux, Nazzi, & Dehaene-Lambertz, 1996; Ramus, Nes-
por, & Mehler, 1999). However, the evidence that newborns
are sensitive to linguistic rhythm does not seem to be entirely
conclusive.

Some researchers have directly studied rhythm percep-
tion by infants. Demany, McKenzie, and Vurpillot (1977)
showed that 2-3 month-old infants are able to discrimi-
nate sequences of tones differing in temporal organization.
Fowler, Smith, and Tassinary (1986) moreover showed that
3-4 month-olds where able to discriminate sequences of syl-
lables whose P-centers (Morton, Marcus, & Frankish, 1976)
were isochronous or not. However, it is not clear at all
whether the notion of rhythm investigated in those studies
has anything to do with that of linguistic rhythm, as de-
fined above. There are nevertheless two lines of evidence
suggesting that newborns may classify languages accord-
ing to their rhythm. The first one comes from the pattern
of successes and failures accumulated across the different
studies: newborns have been shown to discriminate between
stress-timed and syllable-timed languages (French-Russian
and English-1talian: Mehler et al., 1988; English-Spanish:
Moon, Cooper, & Fifer, 1993) and between stress-timed and
mora-timed languages (English-Japanese: Nazzi et al., 1998;
Dutch-Japanese: Ramus et al., 2000). However, the only
attempt to assess within-class discrimination has yielded a
negative result (English-Dutch: Nazzi et al., 1998). More-
over, newborns also discriminated between a set of English
and Dutch (stress-timed) sentences and a set of Spanish and
Italian (syllable-timed) sentences, but failed when the two
sets (English and Italian versus Dutch and Spanish) did not
reflect two types of rhythm (Nazzi et al., 1998). Thus, they
seem to be able to discriminate between sets of languages,
if and only if these sets are congruent with different rhythm
classes. As impressive as this result may be, the small hum-
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ber of languages studied does not guarantee that this pattern
would hold for other unrelated languages. Indeed, consider-
ing the great variety of cues present in speech, other proper-
ties than rhythm may have allowed discrimination, and may
therefore be considered as confounding factors. This concern
has led researchers to look for a second line of evidence, by
reducing the speech cues that were available for discrimi-
nation. Thus, Mehler et al. (1988) successfully replicated
their experiments after low-pass filtering their stimuli at 400
Hz. This process, which eliminates the higher frequencies
of speech, and therefore most of the phonetic information,
is thought to preserve only its prosodic properties (rhythm
and intonation). Similarly, the experiments by Nazzi et al.
(1998) used filtered speech exclusively, and Ramus et al.
(2000) used sentences that were resynthesized in such a way
as to preserve only prosodic cues (see below). Thus, there
is converging evidence that prosody is all newborns need to
discriminate languages.

Nevertheless, prosody does not reduce to rhythm. It re-
mains possible that its other major component, intonation,
plays a role in the observed discriminations. Although we
do not know of typological studies of intonation that would
allow to make specific predictions for all the pairs of lan-
guages considered, it is, for instance, predictable that English
and Japanese should be discriminable on the basis of their in-
tonation. Indeed, English is a Head-Complement language,
whereas Japanese is Complement-Head?, and this syntac-
tic parameter is said to have a prosodic correlate, promi-
nence, which is signaled both in terms of rhythm and intona-
tion (Nespor, Guasti, & Christophe, 1996). Moreover, there
is empirical evidence that some languages are discriminable
purely by their intonation, including English and Japanese
indeed (Ramus & Mehler, 1999), English and French (Maid-
ment, 1976, 1983) and English and Dutch (de Pijper, 1983).
In order to assess whether newborns actually perceive lin-
guistic rhythm, it is therefore necessary to get rid of the in-
tonation confound, that is to go beyond speech filtering and
remove intonation from the stimuli.

Ramus and Mehler (1999) have adapted a technique,
speech resynthesis, to selectively degrade the different com-
ponents of speech, including rhythm and intonation. This
technique has notably been used to resynthesize different
versions of English and Japanese sentences, and assess which
components of speech were sufficient for discrimination of
the two languages. The different versions included (a) broad
phonotactics + prosody, (b) prosody, (c) rhythm only, and (d)
intonation only. Results showed that pure rhythm was suf-
ficient for French subjects to discriminate between the two
languages. Pure intonation was also sufficient, but the task
was more difficult and required explicit knowledge of one the
two target languages. In the present series of experiments,
we wish to apply the same rationale to the study of language
discrimination by newborns, i.e., progressively eliminate the
speech cues available for discrimination, and finally assess
whether linguistic rhythm is, as hypothesized, the critical
cue.

Experiment 1: Natural speech

This first experiment aims to test the discrimination of two
languages in the most unconstrained condition, using natu-
ral, unsynthesized sentences. The two languages we have
selected are Dutch and Japanese. The discrimination of this
pair of languages was previously tested in 2-3 month-old En-
glish infants, and yielded only a marginally significant re-
sult (Christophe & Morton, 1998). This was interpreted as
showing a growing focus on the native language, hence a
loss of interest in foreign ones (consistent with Mehler et al.,
1988). This pair of languages has never been tested on new-
borns, but it is expected to be easy to discriminate, given
the English-Japanese discrimination by French newborns ob-
tained by Nazzi et al. (1998), and the fact that English and
Dutch are very close in many respects, including rhythm.

Materials and Method

All the experiments included in this paper use the same
methodology unless otherwise stated. Since we have made
special efforts to improve upon previously used procedures,
our methodology is described below in great detail.

Stimuli

Dutch and Japanese sentences were taken from a corpus
constituted by Nazzi (1997; Nazzi et al., 1998), comprising
short news-like sentences read by four female native speak-
ers per language?. We selected 5 sentences per speaker, i.e.,
20 sentences per language, matched in number of syllables
(15 to 19, with an average of 17) and in duration (3120 ms
+186 for Dutch, 3040 ms +292 for Japanese, F(1,39) = 1.1,
p = 0.3). We were also concerned about the possibility that
speakers in one language might have a higher pitch than
speakers in the other language. Average fundamental fre-
quency? is indeed significantly different between the two lan-
guages: 216 Hz +19 for Dutch, 235 Hz +15 for Japanese,
F(1,39) =11.8, p=0.001. This is compensated for through
resynthesis in Experiment 2, and we will see that this had no
influence on discrimination. Sentences in subsequent exper-
iments were resynthesized from these 40 source sentences,
and gliﬁer only with respect to the type of synthesis that was
used*.

Experimental protocol

As is customary when testing newborns, we used the non-
nutritive sucking technique in a habituation paradigm (Eimas
etal., 1971). Compared with previous studies (see Fernald &

*For example, relative phrases come after the corresponding
verb in English, but before it in Japanese.

2This corpus consists exclusively of adult-directed speech.

% Fundamental frequency was extracted at intervals of 5 ms using
the Bliss software. We calculated an average Fq for each sentence,
as the average of all its non-zero Fp values.

4Samples  of the  different  types of  stimuli
used in the present experiments can be heard on:
http://www.ehess.fr/centres/Iscp/persons/ramus/resynth/ecoute.htm.
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McRoberts, 1996 for a critique), we have taken extra care to
blind the experimenter with respect to the condition and to
reduce direct interventions during the test to a minimum. For
this purpose, the experiment has been programmed on a PC
in such a way as to be maximally automatized.

Experimental conditions. Babies are randomly assigned
to the control or to the experimental group. In the habitua-
tion phase, they are exposed to 10 sentences uttered by two
speakers of one language. In the test phase, babies from the
control group hear 10 new sentences uttered by the other two
speakers in the same language, whereas babies from the ex-
perimental group hear 10 new sentences uttered by two new
speakers in the other language. The language presented in
the habituation phase is counterbalanced across subjects, re-
sulting in four experimental conditions. Assignment of the
subjects to the different conditions is managed by the pro-
gram and withheld from the experimenter.

Procedure. The test takes place in a sound-attenuated
booth, with only the experimenter and the baby inside. The
experimenter sits outside of the infant’s field of vision and
wears a sound-proof headset playing masking noise. This
noise consists of four superimposed streams of all the experi-
mental sentences playing continuously, in order to optimally
mask the stimuli. The baby is seated in a reclining chair,
and is presented with a pacifier fixed on a flexible arm. The
air pressure in the pacifier is measured by a pressure trans-
ducer, amplified and transmitted to the computer via an ana-
log/digital board. The computer detects sucks and computes
their relative amplitude.

During the first two minutes, the baby sucks in silence
and the computer calculates a high-amplitude (HA) thresh-
old, such that 75% of the sucks have an amplitude above
the threshold. Subsequently, only HA sucks are considered®.
The habituation phase then starts. Each HA suck may elicit
one sentence, subject to the condition that only one sentence
is played at once, and observing an inter stimulus interval of
at least 500 ms. Sentences are played in a random order, di-
rectly from the hard disk of the computer, by two loudspeak-
ers placed in front of the baby. The habituation phase goes
on until the habituation criterion is met: it consists in a min-
imum 25% decrease in the number of HA sucks per minute
for two consecutive minutes, compared with the maximum
number of sucks previously produced in 1 minute®. When
the criterion is met, the computer switches to the test phase,
which lasts for 4 minutes. Test sentences are played in the
same conditions as the habituation sentences.

Delay and rejection conditions. Other factors may inter-
fere with the test and may make it necessary to delay the shift
to the test phase or simply to discard the baby’s data. We
have tried as much as possible to have these decisions made
automatically by the computer, on the basis of the sucking
pattern and of indications given by the experimenter. When
the baby loses the pacifier, starts crying, or falls asleep, the
experimenter needs to take appropriate action. When doing
so he presses a special key on the keyboard, indicating the
occurrence of an event interfering with the baby’s sucking.

The most critical period in the test consists of the two min-
utes before and the two after the shift, which are used for the
statistical analyses. It is important to ensure that during those
four minutes, (a) no interference has occurred, (b) the baby
was awake and sucking, and thus heard enough sentences.
The computer thus implements the following conditions:

Delay:

¢ if some interference was signaled during the 2 min-
utes preceding the shift,
¢ OR if the baby didn’t hear any sentence during any
one of those 2 minutes,

then the shift is delayed for at least one minute, and the
habituation phase goes on.

Rejection:

¢ if some interference was signaled during the 2 min-
utes following the shift,

¢ OR if the baby didn’t hear any sentence during any
one of those 2 minutes,

¢ ORif the habituation phase has already lasted for 20
minutes,

then the test is discontinued and the baby’s data are
discarded.

In addition, the experimenter himself may make the decision
to discontinue the test, (a) if the baby refuses the pacifier, (b)
if he/she doesn’t keep awake or suck enough, (c) if he/she
keeps crying or being agitated.

Considering that (a) the experimenter is not aware of the
baby’s experimental condition, (b) he can’t hear the stimuli
during the test, (c) decisions concerning the shift to the test
phase and the acceptability of a baby’s data are as automatic
as possible, we regard it as an unlikely possibility that the
experimenter have a significant influence (be it conscious or
unconscious) on the baby’s behavior, leading to biased ef-
fects.

Participants

Experiments took place at the Maternité Port-Royal,
Haopital Cochin in Paris. Participation was solicited from the
mothers after birth, during their stay at the maternity hospi-
tal. One of the parents’ informed consent was obtained, and
experiments were run with the agreement of the CCPPRB
Paris-Cochin (the hospital’s ethics committee). Babies were
pre-selected on the basis of their medical files, according to
the following criteria:

e Age between 2 and 5 days old;

o Gestational age greater than or equal to 38 weeks;

¢ Birth weight greater than or equal to 2800 grams;

® Eliminating the weaker 25% of the sucks helps increasing the
signal/noise ratio (Siqueland & DeL ucia, 1969).

The first minute of the phase is not taken into account for the
determination of the maximum. Additional conditions impose that
this maximum is at least 20 HA sucks per minute, and that the ha-
bituation phase lasts at least 5 minutes.
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No suffering at birth (APGAR score = 10 at 5 min);
Normal medical assessments at birth and at two days;
No seroconversion to rubella or toxoplasmosis;

Mother not affected by viruses, and not addicted to any
drug including alcohol or tobacco;

o No family history of deafness or neurological problems;

o No Dutch or Japanese spoken at home.

Babies were tested three hours after feeding on average,
when they could be easily woken and kept in a quiet alert
state, and when their sucking reflex was maximal.

In the present experiment, 32 babies were successfully
tested, 18 males and 14 females, with a mean age of 67 & 22
hours, a mean gestational age of 40 + 1;1 weeks and a mean
birth weight of 3530 + 402 g. Twenty-nine came from mono-
lingual French families, 2 from families where one or several
other languages than French are spoken and 1 from a family
where no French is spoken. The results of 42 additional ba-
bies were rejected for the following reasons: rejection of the
pacifier (1), sleeping or insufficient sucking before the shift
(12), crying or agitation (9), failure to meet the habituation
criterion (9), sleeping or insufficient sucking after the shift
(6), loss of the pacifier after the shift (4) and computer failure

).

Results

Figure 1 shows the number of HA sucks per minute for the
2 groups of subjects. To ensure that babies were in compara-
ble conditions during the habituation phase, an ANOVA was
performed on average number of HA sucks over the 5 min-
utes preceding the shift, and showed no significant effect of
group (control or experimental) [F(1,31) = 2.6, p = 0.12],
although there is a trend for babies in the control group to
suck more, and no significant effect of the language heard
in habituation (Dutch or Japanese) [F(1,31) < 1]. In or-
der to assess whether the experimental group reacted more
to the change than the control group, we conducted an anal-
ysis of covariance (ANCOVA), with the average number of
HA sucks during the 2 post-shift minutes as dependent vari-
able, the average number of HA sucks during the 2 pre-shift
minutes as covariate, and the group as independent variable”.
Here, there is no significant group effect [F(1,29) < 1],
showing that the babies in the experimental group have not
reacted to the language change.

Discussion

This experiment shows that newborns fail to discriminate
between Dutch and Japanese when the stimuli are not de-
graded at all, consisting just of natural sentences. This may
seem inconsistent with Nazzi et al.’s (1998) finding that sim-
ilar French newborns can discriminate between English and
Japanese. Among the few differences between our experi-
ment and that of Nazzi et al., is the fact that their sentences
were low-pass filtered, whereas ours aren’t. While it may
seem that the more information, the easier the discrimina-
tion, previous experiments on adults suggest that it is not
always the case: Irrelevant information may actually impair
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Figure 1.  Exp. 1. Dutch-Japanese discrimination — Natural
speech. Minutes are numbered from the shift, indicated by the
vertical line. Error bars represent +1 standard error of the mean.
Adapted with permission from Ramus et al. (2000). Copyright 2000
American Association for the Advancement of Science.

the discrimination (Ramus & Mehler, 1999; Ramus, Dupoux,
Zangl, & Mehler, submitted).

Here, the fact that each newborn hears 4 speakers during
the experiment may constitute such irrelevant information.
Indeed, it has been suggested that the adaptation to speaker
variability is a costly process in younger infants, that may
interfere with other speech categorization abilities (Jusczyk,
Pisoni, & Mullenix, 1992). It is actually remarkable that
all language discrimination experiments performed on new-
borns to this day have used stimuli where speaker variabil-
ity was completely absent, through the use of a single bilin-
gual speaker (Mehler et al., 1988; Moon et al., 1993), or at
least strongly attenuated through the use of low-pass filter-
ing (Mehler et al., 1988; Nazzi et al., 1998). Experiment 1 is
thus the first language discrimination experiment to expose
newborns to 4 different voices.

Speech resynthesis is a convenient technique to test
whether newborns were disturbed by speaker variability:
whatever the original number of speakers, all sentences are
synthesized using only one voice, that of the synthesizer. If
our hypothesis is correct, we should then predict that new-
borns will be able to discriminate the two languages once the
sentences are resynthesized.

"This is the standard analysis of sucking rates since Christophe,
Dupoux, Bertoncini, and Mehler (1994) showed that it is more ap-
propriate than doing a simple ANOVA on a dishabituation index
(e.g., the difference in sucking rates between the 2 minutes after
and the 2 minutes before the shift). Here, we also ran the ANOVAs
and found that they always led to the same conclusions as the AN-
COVAs. We thus only report the results of the latter.
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Experiment 2: Saltanaj
resynthesized speech

Materials and Method

Simuli

We used the same sentences as for Experiment 1, but we
resynthesized them in the saltanaj manner described by Ra-
mus and Mehler (1999). For each sentence, the fundamen-
tal frequency (Fp) is measured, phonemes are identified and
their duration measured. These parameters can be manipu-
lated at will, and then used as input to the speech synthe-
sizer MBROLA® (Dutoit, Pagel, Pierret, Bataille, & van der
Vrecken, 1996). The saltanaj manipulation involves reduc-
ing the phonemic inventory of the sentences, by mapping
each phoneme to a single instance of the same manner of
articulation: fricatives are mapped to /s/, vowels to /a/, lig-
uids to /I/, plosives to /t/, nasals to /n/ and glides to /j/. The
exact phoneme durations as well the Fy curve are copied
from the original sentences. Thus, the overall rhythm and
intonation of the sentences are faithfully preserved, together
with broad phonotactic characteristics. However, phonetic
and fine phonotactic differences are eliminated. Obviously,
access to syntax and meaning is blocked as well. Voice
differences are eliminated, since a single synthetic voice is
used; however, prosodic differences between speakers are
preserved. It therefore still makes sense to have a speaker
change in the control condition, where "speakers" refers to
those who produced the original sentences.

Incidentally, resynthesis gives full control over the aver-
age fundamental frequency which, we have noted earlier, was
significantly different between the two languages. We have
thus decided to reduce this difference by multiplying all Fo
values by 1.04 for Dutch, and by 0.96 for Japanese. Note that
although this manipulation removes a possible confound, it
is not a very plausible one. Indeed, in Experiment 1, the fact
that Japanese speakers have a higher pitch on average isn’t
sufficient by itself to allow for a discrimination.

Procedure

Hesketh, Christophe, and Dehaene-Lambertz (1997), test-
ing 2-3 month-olds with the non-nutritive sucking procedure,
have improved the habituation paradigm by having each baby
undergo 2 shifts (one of language, one of speakers). Thanks
to the within-subject design, they found that the statistical
power increased, and thus needed fewer subjects to complete
an experiment.

Here we have tried to adapt this 2-shift design to experi-
mentation on newborns. The first two phases of the experi-
ment were run exactly as in Exp. 1. After a baby had under-
gone the first shift and the four-minute test phase, a second
shift was made possible. It was subject to the same habit-
uation criterion, delay and rejection conditions as the first
one. When met, it allowed the baby to undergo a second
four-minute test phase. In that case, the second shift was of
a different kind (language or speaker) to the first one. Babies

who didn’t successfully pass the second shift were neverthe-
less kept for analysis of the first shift.

Thus, this attempt at improving the procedure did not in-
terfere with the collection of the data on the first shift, mak-
ing it possible to independently analyze the results of the two
shifts. Indeed, for all babies, everything was as in Exp. 1 up
until the fourth test minute. Some babies were just allowed
to go on further if they could. This experiment was stopped
as soon as 32 babies successfully passed the first shift.

Participants

Thirty-two babies were successfully tested, 16 males and
16 females, with a mean age of 80 & 25 hours, a mean ges-
tational age of 39 + 0;6 weeks and a mean birth weight of
3508 + 477 g. Twenty-five came from monolingual French
families, 3 from families where one or several other lan-
guages than French are spoken and 4 from a family where
no French is spoken. The results of 20 additional babies
were rejected for the following reasons: sleeping or insuffi-
cient sucking before the first shift (6), crying or agitation (4),
failure to meet the habituation first criterion (1), sleeping or
insufficient sucking after the first shift (3), loss of the pacifier
after the first shift (6).

Results

First shift

Figure 2 shows the number of HA sucks per minute for
the two groups of babies. There was no significant group
effect on babies’ sucking during the 5 pre-shift minutes
[F(1,31) < 1], neither was there an effect of the habitua-
tion language [F(1,31) = 1.8, p = 0.19]. An ANCOVA
on the 2 post-shift minutes, controlling for the 2 pre-shift
minutes, showed a significant group effect [F(1,29) = 6.3,
p = 0.018], indicating that babies in the experimental group
increased their sucking significantly more than those in the
control group. This leads us to the conclusion that the babies
in the experimental group were able to discriminate between
the two languages.

Second shift

Out of 32 babies successfully passing the first shift, only
11 passed the second one. The results of the remaining 21
were discarded due to sleeping or insufficient sucking before
the second shift (7), crying or agitation (2), failure to meet the
second habituation criterion before the 20 minute time limit
(6), sleeping or insufficient sucking after the second shift (4),
loss of the pacifier after the second shift (2). The small pro-
portion of babies able to undergo the second shift already
shows that this procedure, as used on 2-month-olds, is not
viable for newborns: it would lead to discard too much data
(here, a total of 41 babies out of 52).

8 MBROLA is freely available from
http://tcts.fpms.ac.be/synthesis/mbrola.html.
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Figure 2. Exp. 2: Dutch-Japanese discrimination — Saltanaj
speech, first shift. Minutes are numbered from the shift, indicated
by the vertical line. Error bars represent &1 standard error of the
mean. Adapted with permission from Ramus et al. (2000). Copy-
right 2000 American Association for the Advancement of Science.

Nevertheless, a discrimination index | was computed ac-
cording to the following formula (Hesketh et al., 1997):

= (p05t2e><pe_ prezexpe) — (post2cont — Pre2cont)

where post2 and pre2 refer to the average number of sucks
during the 2 post-shift (respectively pre-shift) minutes, and
where the cont and expe indices refer to the type of shift
(control or experimental). Thus, a baby increasing her sucks
more to the language shift than to a speaker shift will have a
strictly positive 1. Figure 3 gives the values of | for the 11
babies. Table 1 shows the dishabituation scores depending
on type and order of the shifts.

Table 1

Dishabituation scores (post2 — pre2) according to order and
type of the shift. The number of observations per case is
indicated in parentheses.

First shift Second shift
control/experimental (4) 0 +0.8
experimental/control (7) +6.6 +4.5

There is a very slight trend in the predicted direction: ba-
bies increase their sucking more during experimental shifts
than during the corresponding control ones. However, this
is true of 6 babies out of 11 only, and the average discrim-
ination index is 1.9 & 14, not significantly different from 0
[t(10) < 1].

Note that during the first shift, these 11 babies are behav-
ing consistently with the others during the first shift: they
increased their sucking more (+6.6) to the language change
than to the speaker change (+0). Thus, whereas the first shift
reveals meaningful information concerning the reactions of
infants, the second shift merely shows a perseveration of the
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Figure 3. Exp. 2: Values of index | for 11 babies passing the two
shifts.

behavior produced during the first shift, which is little mod-
ulated by the nature of the second shift. In summary, this
attempt suggests that there is little to learn from a second
shift with newborns. However, this outcome does not dimin-
ish the results obtained on the first one, which are clear and
interpretable.

Discussion

The data obtained on the 32 newborns who successfully
passed the first shift show that (a) they are able to discrimi-
nate between Dutch and Japanese, (b) they can do so when
sentences are resynthesized in the saltanaj manner, i.e. when
lexical, syntactic, phonetic and most phonotactic information
is removed..

Although the interaction with Exp. 1 is not quite signifi-
cant [F(1,59) = 2.6, p = 0.11]°, this is also consistent with
the hypothesis that newborns have difficulties coping with
talker variability (Jusczyk et al., 1992), which would be the
reason why they failed to discriminate the same sentences
when they were not resynthesized.

The saltanaj resynthesis achieves a comparable level of
stimulus degradation as low-pass filtering: Since all the du-
rations and the fundamental frequency are faithfully repro-
duced, prosody, in a broad sense, is still preserved. It is

° Note that interaction are seldom significant in experiments on
newborns anyway, due to their low statistical power. For instance,
in directly comparable studies, no significant interaction were ever
reported (Mehler et al., 1988; Nazzi et al., 1998).
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therefore insufficient to disentangle the role of rhythm and
intonation. This concern is addressed in the next two experi-

ments.
Experiment 3: sasasa with Contour 15
artificial intonation 400
Materials and Method 22 a0 /\ Y
Si . E § 200 - <7
imuli 38 e
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In previous experiments testing language discrimination &= 0
by adults on the basis of rhythm only (Ramus & Mehler, 0 10‘00 20‘00 30‘00
1999; Ramus et al., submitted), sentences were resynthe-
sized following the flat sasasa manner: all consonants were Contour 16
mapped to /s/ and all vowels to /a/, and in addition the orig- 400
inal o contour of the sentence was ignored and replaced by ) 200
a constant Fo. Thus all differences concerning intonation or 5z
syllable structure were eliminated, preserving only rhythmi- E g 200
cal differences between the two languages. E & 100 -
When testing babies, an additional concern is to keep them o2
awake and active in the experiment. In this respect, flat 0 ‘ ‘ ‘
sasasa stimuli are potentially problematic. Both their low 0 1000 2000 3000
phonetic diversity and their monotonous intonation are sus-
ceptible to provoke boredom or distress in infants, and/or 400 Contour 17
to induce them to process the stimuli as non-speech. We =5
thus felt we had to improve the attractiveness of our stimuli, £ £ 300
while still adequately testing our hypotheses. Considering g § 200
that newborns are known to react normally to low-pass fil- S g
tered speech (Mehler et al., 1988; Nazzi et al., 1998), we as- g g 1
sumed that phonetic diversity was not a necessary condition, T oo ‘ ‘ ‘
but we chose to preserve some variability in the intonation. 0 1000 2000 3000
Therefore, we decided to resynthesize the same 40 sen-
tences as before using a sasasa phonetic mapping, i.e., to Contour 18
map all consonants to /s/ and all vowels as /a/. However, o~ 400
instead of applying a flat intonation to each sentence, we ap- £ T 300 2
plied artificial intonation contours. Five intonation contours g3 200 \/\/\
inspired from French sentences were designed and each was 2 g
applied to 4 of the Dutch and 4 of the Japanese sentences. g2 § 100
All contours included a regular declination towards their end, 0 ‘ ‘ ‘
in order to be more easily adapted to sentences of different 0 1000 2000 3000
lengths; they are illustrated in Figure 4. Thus, the resynthe-
sized sentences incorporate both within-sentence and within- Contour 19
language intonational variability, but no differences in into- 400
nation between the two languages. SN 500
A potential criticism of this method is that there might be 3 =
an interaction between intonation and rhythmic structure, so § g 200
that the five contours selected might be more adapted to the S 2 100
rhythmic structure, say, of Dutch, than to that of Japanese. =
This would then introduce a difference between the two sets 0 ‘ ‘ ‘
of sentences that would not be a rhythmic difference, strictly 0 1000 2000 3000
speaking. In order to investigate this possibility, we have Time (ms)
conducted the following preliminary experiment on adult
subjects.

Figure4. Intonation contours used in Exp. 3.
Judgement by adult subjects of sentences resynthesized
with an artificial intonation. Twelve participants were re-
cruited and tested in a quiet room. They were 4 men and
8 women, with a mean age of 34 years, and of various native
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languages (4 French, 1 Rumanian, 3 Spanish, 1 German, 2
English, 1 Dutch).

Two blocks of stimuli were designed: one comprising the
40 experimental sentences to be used on the babies (sasasa
with artificial intonation), and the other the saltanaj sen-
tences with original intonation used in Exp. 2, to provide
a baseline.

Each participant heard the sentences one by one, in a ran-
dom order within each block; the order of the blocks was
counterbalanced across subjects. The task was to judge how
natural the intonation of each sentence was (from 0: very
strange to 5: perfectly natural). If artificial intonations are
equally adapted to the rhythmic structure of the two lan-
guages, they should yield similar average judgements. These
are shown in Figure 5.

Dutch ------. Japanese
2 35
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s 3
©
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e
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saltanaj sasasa - artificial
intonation
Synthesis type

Figure 5. Adult subjects’ judgements of the intonation pattern of
Dutch and Japanese sentences. Error bars represent +1 standard
error of the mean by subject.

It appears that the artificial intonations of the sasasa stim-
uli are judged to be significantly less natural in Dutch than in
Japanese sentences [F(1,11) = 12.5, p = 0.005]. However,
the same is true of the saltanaj sentences with their original
intonation [F(1,11) = 8.4, p=0.02]. It thus can’t be inter-
preted as an effect of mismatch between the artificial intona-
tion contours and Dutch rhythm. Rather, it seems to reflect
the influence of syllabic structure on subjects’ responses, al-
though they were instructed to report specifically about in-
tonation. From their reports, it appears that the presence of
heavy consonant clusters in Dutch (also reflected by longer
/s/s in the sasasa version) biased them in favor of Japanese.
Thus, there is a main effect of language [F(1,11) = 21.8,
p = 0.001], and there is also a main effect of type of synthe-
sis [F(1,11) = 8.4, p = 0.02], revealing that sasasa synthesis
sounded less natural to the subjects than saltanaj. Despite
these effects that interfered with the subjects’ judgements,
it is most important to note that there is no interaction be-
tween language and type of stimuli [F(1,11) < 1], indicating
that the artificiality of the sasasa stimuli’s intonation did not

interact with the rhythmic structure of the two languages®,
which was the hypothesis under test. We therefore consider
our stimuli as appropriate to test language discrimination on
the basis of rhythm only.

Procedure

Due to the unsuccessful attempt to have the babies un-
dergo 2 shifts in Exp. 2, we abandoned the second shift and
reverted to the one-shift procedure used in Exp. 1.

Participants

Forty babies'* were successfully tested, 19 males and 21
females, with a mean age of 66 + 23 hours, a mean gesta-
tional age of 40;1+ 1;1 weeks and a mean birth weight of
3428 + 424 g. Twenty-six came from monolingual French
families, 11 from families where one or several other lan-
guages than French are spoken and 3 from families where no
French is spoken. The results of 20 additional babies were
rejected for the following reasons: rejection of the pacifier
(2), sleeping or insufficient sucking before the shift (7), cry-
ing or agitation (3), failure to meet the habituation criterion
(2), sleeping or insufficient sucking after the shift (4), loss of
the pacifier after the shift (3).

Results

Figure 6 shows the number of HA sucks per minute for the
two groups of babies. There was no significant group effect
on babies’ sucking during the 5 pre-shift minutes [F(1,39) =
1.5, p = 0.23]. However, there was a significant effect of the
habituation language [F(1,39) = 12.8, p = 0.001], babies
listening to Dutch sucking more (35.6 + 8.3 sucks per minute
on average) than those listening to Japanese (25.8 +9.1 sucks
per minute). To take this effect into account, we included the
habituation language factor in the usual ANCOVA. We found
that it had no significant effect on sucking patterns during the
2 post-shift minutes [F(1,35) < 1], and most importantly,
that it did not interact with the group factor [F(1,35) < 1].
Thus, this effect had no consequence on the overall result of
the experiment; its interpretation will be addressed in a later
section. Finally, the ANCOVA on the 2 post-shift minutes,
controlling for the 2 pre-shift minutes, showed no group ef-
fect [F(1,35) < 1], indicating that the babies didn’t discrim-
inate between the two languages.

Discussion

There are several possible interpretations of the failure of
babies to discriminate between Dutch and Japanese given
the sasasa sentences with artificial intonation. One is that
babies don’t process speech rhythm, and that language dis-
crimination experiments should be re-interpreted as reveal-
ing the processing of intonation. Another is that rhythm and

© Note also that no floor nor ceiling effect would have prevented
this interaction to appear.

" Eight additional babies were tested after analyses on the first
32 babies were found a little ambiguous.
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Figure 6. Exp. 3: Dutch-Japanese discrimination — Sasasa speech
with artificial intonation. Minutes are numbered from the shift, in-
dicated by the vertical line. Error bars represent +1 standard error
of the mean.

intonation are inseparable: babies may be sensitive to speech
rhythm, but intonation is necessary to fully process it. Yet an-
other interpretation would be that babies can process speech
rhythm, but the stimuli used were inadequate for them to ex-
hibit this ability.

For instance, Ramus et al. (2000) showed that newborns
don’t discriminate Dutch from Japanese anymore when the
same sentences are played backwards. This suggests that
stimuli that are not enough speech-like are not correctly pro-
cessed by babies, even though they contain enough basic
acoustic information for the discrimination to be feasible in
principle. In this respect, sasasa might not be speech-like
enough: there is indeed no natural language with so little
phonetic diversity. It could also be that these stimuli are too
boring or distressing for the babies, as we had hypothesized
regarding a flat intonation. Whatever the appropriate expla-
nation, we will now try to increase the chances that the babies
correctly process the stimuli.

Experiment 4: saltanaj with
artificial intonation

Materials and Method

Simuli

There are two differences between the stimuli used in Ex-
periment 2 and those of Experiment 3: one is the reduction
of the phonetic inventory (from saltanaj to sasasa), and the
other is the use of artificial intonation contours instead of the
original ones. At least one of them has caused babies to fail
in the discrimination task. It is therefore natural to undo one
of those changes in order to know which was critical. We
thus reverted to the saltanaj stimuli of Exp. 2, but this time
we applied them the artificial intonation contours of Exp. 3.

Participants

Forty babies were successfully tested, 21 males and 19 fe-
males, with a mean age of 68 & 21 hours, a mean gestational
age of 40; 1+ 1 weeks and a mean birth weight of 35124341
g. Twenty-seven came from monolingual French families,
12 from families where one or several other languages than
French are spoken and one from a family where no French is
spoken. The results of 44 additional babies were rejected for
the following reasons: rejection of the pacifier (5), sleeping
or insufficient sucking before the shift (22), crying or agita-
tion (8), failure to meet the habituation criterion (2), sleeping
or insufficient sucking after the shift (4), loss of the pacifier
after the shift (3).

Results

Figure 7 shows the number of HA sucks per minute for
the two groups of babies. There was no significant group
effect on babies’ sucking during the 5 pre-shift minutes
[F(1,39) < 1], neither was there an effect of the habitua-
tion language [F(1,39) = 2.1, p = 0.16]. An ANCOVA
on the 2 post-shift minutes, controlling for the 2 pre-shift
minutes, shows no significant group effect [F(1,37) = 1.46,
p = 0.24]. However, examination of Figure 7 suggests that
there is an effect, which is confined to the first minute after
the shift. A new ANCOVA, taking as dependent variable the
number of sucks during the first post-shift minute, and con-
trolling for the 2 pre-shift minutes, yields a significant group
effect indeed [F(1,37) = 4.48, p = 0.04]. This suggests that
the newborns have again discriminated between Dutch and
Japanese. However, the effect is weaker than in Experiment
2, being evident during only one minute following the lan-
guage change.

50

40

30 A

20

10
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Minutes
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Figure 7. Exp. 4: Dutch-Japanese discrimination — Saltanaj
speech with artificial intonation. Minutes are numbered from the
shift, indicated by the vertical line. Error bars represent +1 standard
error of the mean.

Discussion

We can now come back to the three different interpreta-
tions of Experiment 3 we have proposed. Since no intona-
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tional difference remained between the two languages in the
present saltanaj stimuli, intonation is not likely to be the cue
whose processing is responsible for the language discrimina-
tion patterns observed. For the same reason, intonation can-
not be necessary for rhythm processing. The most plausible
interpretation is therefore that newborns can process speech
rhythm, but something in the sasasa stimuli prevented them
from correctly processing it. For instance, their extremely
low phonetic diversity might lead babies to process them as
non-speech. Alternatively, the constant frication of sasasa
sentences may have been too distressing for babies to cor-
rectly perform the task; indeed, adult subjects also rated these
stimuli lower than the saltanaj in Exp. 3, and complained
about the harsh sound of the /s/s. Whatever the correct ex-
planation may be, the alternatives could be tested by run-
ning further discrimination experiments while manipulating
the nature and the variety of the phonemes used in the resyn-
thesis.

While it is clear now that intonation does not play a cru-
cial role in newborns’ ability to discriminate between lan-
guages, the last two experiments are still open to an alterna-
tive interpretation: that newborns discriminate the saltanaj
stimuli on the basis of basic phonotactic differences between
Dutch and Japanese (e.g., the presence/absence of conso-
nant clusters); since these differences are not preserved in
the sasasa version, this would explain both failure in Exp.
3 and success in Exp. 4. There are, however, good in-
dependent reasons to doubt that newborns are sensitive to
these phonotactic differences. Indeed, this has been di-
rectly tested in experiments where newborns had to dis-
criminate between lists of words of different syllabic struc-
ture. For instance, newborns were unable to discriminate bi-
syllabic words with complex syllabic structure (e.g., CVC-
CCV, CCVvCey, cvCeve..) from bi-syllabic words with
simple syllabic structure (e.g., CVCV, VCCV, VCVC..),
although they were able to discriminate simple bi-syllabic
(CVCV) from tri-syllabic words (CVCVCYV) (Bijeljac-Babic
et al., 1993). Similarly, they were unable to discriminate be-
tween tri-moraic (CVCCV) and bi-moraic words (CVCV),
although they were able to discriminate again bi-syllabic
from tri-syllabic words (Bertoncini et al., 1995). If newborns
were able to extract phonotactic regularities from 3-second
long Dutch and Japanese utterances, they would be expected
to do so also from bi-syllabic words. The fact that they do
not suggests that sensitivity to phonotactic differences is not
available at birth; this is consistent with evidence that famil-
iarity with the native language’s phonotactic pattern emerges
between 6 and 9 months of age (Jusczyk, Friederici, Wessels,
Svenkerud, & Jusczyk, 1993; Friederici & Wessels, 1993;
Jusczyk, Luce, & Charles-Luce, 1994). In summary, the
most plausible interpretation of newborn’s ability to discrim-
inate Dutch from Japanese in their saltanaj version with ar-
tificial intonation, is that they have reacted to the rhythmic
differences between the two languages.

Post-hoc analysis: Preference for
Dutch

After finding a significant effect of language during the
habituation phase of Exp. 3 (with babies sucking more to
Dutch than to Japanese), we have looked for a similar trend
in the other experiments. As shown in Table 2 and Figure 8,
the same trend was present in all four experiments, suggest-
ing a consistent phenomenon.

Table 2
Average number of HA sucks produced during the 5 pre-shift
minutes, as a function of Experiment and language.

Exp. 1 Exp. 2 Exp. 3 Exp. 4
Dutch  33+11 322+112 356+83 29.4+9.6
Japanese 30.9+11.1 27+10.4 25.8+9.1 25.3+8.3
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Figure 8.  Average number of HA sucks produced during the 5
pre-shift minutes, as a function of language. Error bars represent
+1 standard error of the mean.

Overall, during the 5 minutes preceding the shift, babies
produced on average 32.5 + 10 HA sucks per minute to lis-
ten to Dutch, and 27.1+ 9.7 to listen to Japanese. The dif-
ference is significant: F(1,142) = 11.1, p = 0.001. The fact
that this effect is consistent across 4 experiments suggest that
this is not a random sampling effect. It is remarkable that a
similar effect was also noted by Nazzi et al. (1998): they
found that French newborns sucked more to listen to En-
glish than to listen to Japanese. In earlier studies, such pat-
terns had been interpreted as showing babies’ "preference"
for their native-language: Mehler et al. (1988) found that
French newborns sucked more during the habituation phase
to listen to French than to Russian, and Moon et al. (1993),
using a technique directly assessing preference, found that
newborns sucked more to listen to their native language (En-
glish or Spanish). Similar results have been found in older
babies as well (Dehaene-Lambertz & Houston, 1998; Bosch
& Sebastian-Gallés, 1997).

Here (and also in Nazzi et al.’s study), where neither lan-
guage was the babies’ native language, one may want to
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look for an alternative explanation. For instance, follow-
ing adult subjects’ judgements in Exp. 3, one might argue
that Dutch sentences, containing more consonant clusters
and more frication, are less pleasant to listen to, and thus
keep the babies more excited. Such an interpretation would,
however, assume that stimuli that are less preferred provoke
more sucking, which would appear to be in contradiction
with the earlier studies’ interpretations. In the absence of
a good model of what provokes a baby’s sucks, the question
remains open'?.

It is yet possible to provide an interpretation of the present
results in terms of genuine preference. Indeed, French can be
seen as closer to Dutch and English than to Japanese along
a number of dimensions. Regarding the most relevant one,
rhythm, objective acoustic/phonetic measures of rhythmic
properties suggest that French rhythm is much closer to that
of Dutch and English than to that of Japanese (Ramus et al.,
1999). Similar arguments could be made for syllable struc-
ture, intonation, size of the phonemic repertoire... It is thus
conceivable that Dutch and English sound more familiar to
the French newborn than Japanese. Native-language prefer-
ence might therefore be re-interpreted as preference for the
most familiar stimulus (along the dimensions that are rele-
vant to the baby).

Conclusion

The literature on infant speech perception has suggested
for years that newborns discriminate languages’ rhythmic
patterns. The evidence accumulated so far, although com-
pelling, has always left open the possibility that the dis-
criminations observed might be due to a sensitivity to into-
national differences. Here, using resynthesized stimuli, we
have shown that intonation is not necessary for newborns
to discriminate between Dutch and Japanese. This does not
strictly imply that intonation was not used by babies to dis-
criminate languages in previous experiments, but it makes
the "intonation hypothesis" more unlikely than ever, thereby
strengthening the "rhythm hypothesis".

The point of the present study is not, however, to deny
that intonation can be processed by newborns and play a
role in language acquisition (see for instance Guasti, Nespor,
Christophe, & van Ooyen, in press), but to show that rhythm
is sufficient for babies to discriminate languages, and there-
fore that they genuinely process rhythm. This in turn rein-
forces the plausibility of language acquisition scenarios that
rely on rhythm as a cue to other properties of language the
infant has to learn. Noticing the correlation between a lan-
guage’s rhythm type and the structure of its syllables, Ramus
et al. (1999) proposed for instance a detailed scenario of how
the early perception of rhythm might cue the acquisition of
syllable structure. It has also been proposed that procedures
that listeners use to normalize for speech rate are language-
specific, and indeed depend on the type of rhythm of a given
language (Pallier, Sebastian-Galles, Dupoux, Christophe, &
Mehler, 1998; Sebastian-Gallés, Dupoux, & Costa, in press).
Since speech rate variability, like talker variability (see Exp.
1), is likely to be an obstacle to the extraction of relevant

linguistic units by the infant, an interesting hypothesis would
be that the perception of speech rhythm allows for an early
selection of the appropriate normalization strategy. The "syl-
lable structure” and the "normalization™ hypotheses are ob-
viously independent and not exclusive. More generally, it is
conceivable that speech rhythm may allow infants to make
quite a large array of language-specific adjustments on their
phonological representations.

"Phonological bootstrapping" scenarios (Morgan & De-
muth, 1996) like those proposed above typically require three
lines of evidence: (a) a correlation between a perceptible
acoustic/phonological cues and a linguistic property to be
learnt, (b) evidence that the acoustic/phonological cues are
processed by infants sufficiently early, and (c) evidence that
infants actually use those cues in their acquisition of the lin-
guistic property. The first line of evidence typically comes
from linguistic and experimental studies like those of Ramus
et al. (1999), Pallier et al. (1998) and Sebastian-Gallés et al.
(in press). The second line comes from perceptual studies
conducted on infants like the present one. Here, we have
shown that speech rhythm is indeed a cue that is processed by
newborns. The third line of evidence may be more difficult to
obtain, because the actual causes of observed developmental
changes are never certain. The proposed scenarios yet predict
that an impairment in speech rhythm perception may delay
or impair the infant’s acquisition of correct syllable structure
and/or speech rate normalization.

Such predictions may eventually be testable if suitable
neuropsychological cases are found. We speculate that
dyslexic children might provide us with such a case. Al-
though speech rhythm perception has never been specifically
tested in dyslexics, there is some evidence that they may have
trouble discriminating the rhythmic patterns of sequences of
tones (McGivern, Berka, Languis, & Chapman, 1991; Kujala
et al., 2000). Similarly, neither the representation of sylla-
ble structure nor speech rate normalization have been inves-
tigated in dyslexics. However, informal observations point at
particular difficulties with handling complex consonant clus-
ters, hence suggesting a possibly impoverished representa-
tion of syllables. Dyslexics, or alternatively other language-
impaired populations, might thus provide a critical test of the
hypothesized bootstrapping role of rhythm.
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