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Introduction

Most recent studies about speech perception in infants have focused on how they acquire the phonological properties of their native language in a variety of learning contexts (see Kuhl et al., 2008, for a review). The present study takes a different approach by exploring how infants process the acoustic information related to phonetic differences. More precisely, this study aims to assess to which extent infants rely on low-level (i.e., sensory) spectro-temporal modulation cues to discriminate a voicing contrast (see also [START_REF] Bertoncini | Six-month-old infants discriminate voicing on the basis of temporal envelope cues[END_REF].

The auditory mechanisms underlying speech perception in adulthood have been thoroughly described. Speech signals are decomposed by the auditory filters in the cochlea into many narrow frequency bands with a passband equal to one "equivalent-rectangular bandwidth", 1-ERB N [START_REF] Glasberg | Derivation of auditory filter shapes from notchednoise data[END_REF][START_REF] Moore | An introduction to the psychology of hearing, 5th Ed[END_REF]. Over the last two decades, several psychophysical studies reconsidered speech-perception processes based on the general assumption that each 1-ERB N wide band of speech should be viewed as a sinusoidal carrier with superimposed amplitude modulation (AM) and frequency modulation (FM) (e.g., [START_REF] Drullman | Temporal envelope and fine structure cues for speech intelligibility[END_REF]Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995;[START_REF] Sheft | Speech identification based on temporal fine structure cues[END_REF][START_REF] Smith | Chimaeric sounds reveal dichotomies in auditory perception[END_REF][START_REF] Zeng | Speech recognition with amplitude and frequency modulations[END_REF]. The AM componentoften referred to as the "acoustic temporal envelope" -corresponds to the relatively slow modulations in amplitude over time. The FM component -often referred to as the "acoustic temporal fine structure" -represents the relatively fast fluctuations in instantaneous frequency over time with average frequency close to the center frequency of the 1-ERB N wide band.

Both AM and FM features are represented in the phase-locking pattern of auditorynerve fibers' discharges. For most adult mammals, the accuracy of neural phase locking to instantaneous frequency (and thus, FM cues) is constant up to about 1-2 kHz and then F o r P e e r R e v i e w 4 declines so that phase locking is no longer detectable at about 5-6 kHz (e.g., [START_REF] Johnson | The relationship between spike rate and synchrony in responses of auditory-nerve fibers to single tones[END_REF]Kiang, Pfeiffer, & Starr, 1965;Palmer & Russell, 1986;[START_REF] Rose | Phase-locked response to lowfrequency tones in single auditory nerve fibers of the squirrel monkey[END_REF]. In contrast, neural phase locking to AM cues remains accurate for carrier (audio) frequencies well beyond 6 kHz (e.g., [START_REF] Joris | Neural processing of amplitude-modulated sounds[END_REF][START_REF] Joris | Responses to amplitude-modulated tones in the auditory nerve of the cat[END_REF][START_REF] Kale | Envelope coding in auditory nerve fibers following noiseinduced hearing loss[END_REF]. Moreover, several additional peripheral auditory mechanisms such as synaptic adaptation at the inner hair-cell level appear to limit AM coding beyond those that limit instantaneous-frequency coding [START_REF] Joris | Responses to amplitude-modulated tones in the auditory nerve of the cat[END_REF]. These physiological data suggest some form of dissociation in the representation of AM and FM features in the early stages of the auditory system. However, it has been proposed that only the slowest FM (<5-10 Hz) cues are encoded in a purely temporal manner (that is, independently of AM) via phase locking in auditory-nerve fibers whereas faster FM cues (>10 Hz) are encoded via a place (i.e., tonotopic) mechanism (e.g., [START_REF] Moore | Detection of frequency modulation at low modulation rates: Evidence for a mechanism based on phase locking[END_REF][START_REF] Saberi | A common neural code for frequency-and amplitudemodulated sounds[END_REF] 1 .

Phonetic features such as voicing, nasality, place and manner of articulation are signaled by various AM cues (e.g., the existence and duration of silent intervals are important in distinguishing voiced from voiceless plosives in intervocalic position; [START_REF] Rosen | Temporal information in speech: acoustic, auditory and linguistic aspects[END_REF], which are relatively widespread or located in the high audio-frequency range [START_REF] Rosen | Temporal information in speech: acoustic, auditory and linguistic aspects[END_REF].

Segmental cues to voicing and nasality are restricted to the low-mid audio frequency range (e.g., voiced sounds have a power spectrum heavily weighted to audio frequencies below 1 kHz; [START_REF] Rosen | Temporal information in speech: acoustic, auditory and linguistic aspects[END_REF] and are well represented in the pattern of phase locking in auditory-nerve fibers (e.g., [START_REF] Deng | Responses of auditory-nerve fibers to nasal consonantvowel syllables[END_REF][START_REF] Sinex | Responses of auditory-nerve fibers to consonant-vowel syllables[END_REF], suggesting that voicing and nasality may also be signaled by FM cues encoded in a purely temporal manner. A number of speech perception studies have attempted to assess the relative importance of AM and FM cues in speech identification and phonetic-feature perception for normalhearing adults. These studies have used nonsense syllables, words or sentences processed by vocoders, that is signal-processing algorithms which extract and alter selectively AM and FM cues within specific analysis frequency bands [START_REF] Dudley | Remaking speech[END_REF]. After filtering out or scrambling the original AM or FM speech cues within each analysis frequency band, the resulting signal is assumed to retain mainly the AM or the FM speech cues (e.g., Gilbert & Lorenzi, 2006;[START_REF] Shannon | Speech recognition with primarily temporal cues[END_REF][START_REF] Sheft | Speech identification based on temporal fine structure cues[END_REF][START_REF] Smith | Chimaeric sounds reveal dichotomies in auditory perception[END_REF][START_REF] Zeng | Speech recognition with amplitude and frequency modulations[END_REF]).

These studies indicated that normal-hearing adults can achieve high levels of speech intelligibility and phonetic-feature perception with speech stimuli vocoded to retain mainly the AM speech cues (stimuli referred to as "AM speech" thereafter). This was initially demonstrated by [START_REF] Shannon | Speech recognition with primarily temporal cues[END_REF] who evaluated English-speaking adults' abilities to identify nonsense syllables in different speech-processing conditions. The AM-speech stimuli contained only AM cues extracted within a limited number of broad analysis frequency bands (1, 2, 3 or 4 bands) using a lowpass filter with a cutoff frequency varying from 16 to 500 Hz.

Syllable identification and phonetic-feature perception (i.e., voicing, manner and place of articulation) were poor for 1, 2, or 3 analysis frequency bands, but sharply increased with 4 bands, irrespective of the cutoff frequency of the lowpass filter used to extract AM. However, in order to reach such high levels of accuracy, participants required a relatively long training period (8 to 10 hours).

Other studies with vocoded signals revealed that adult listeners could also achieve high levels of speech perception with nonsense syllables or sentences while the physical signal retains mainly the FM cues (e.g., Gilbert & Lorenzi, 2006;[START_REF] Hopkins | The effects of the addition of low-level, low-noise noise on the intelligibility of sentences processed to remove temporal envelope information[END_REF][START_REF] Lorenzi | Speech perception problems of the hearing impaired reflect inability to use temporal fine structure[END_REF][START_REF] Sheft | Speech identification based on temporal fine structure cues[END_REF]. However, participants F o r P e e r R e v i e w 6 required a much longer training period to identify accurately these "FM-speech" stimuli than their "AM-speech" counterparts. These data suggested that AM cues play a more important role than FM cues in accurate speech recognition. However, a number of studies conducted with adults tested with vocoded speech demonstrated that the relative importance of FM cues may increase when AM cues are degraded by various acoustic distortions (e.g., [START_REF] Ardoint | Effects of lowpass and highpass filtering on the intelligibility of speech based on temporal fine structure or envelope cues[END_REF][START_REF] Gilbert | Effects of periodic interruption on the intelligibility of speech based on temporal fine-structure or envelope cues[END_REF];Gilbert & Lorenzi, 2006;[START_REF] Hopkins | Effects of moderate cochlear hearing loss on the ability to benefit from temporal fine structure information in speech[END_REF][START_REF] Nelson | Understanding speech in modulated interference: cochlear implant users and normal-hearing listeners[END_REF][START_REF] Qin | Effects of simulated cochlear-implant processing on speech reception in fluctuating maskers[END_REF][START_REF] Zeng | Speech recognition with amplitude and frequency modulations[END_REF]. Indeed, speech perception was found to be poorer for "AM speech" than for "intact speech" (that is, for speech combining AM and FM cues within each frequency band) when stimuli were spectrally reduced or filtered, periodically interrupted or masked by interfering talkers or background noise [START_REF] Eaves | Benefit of temporal fine structure to speech perception in noise measured with controlled temporal envelopes[END_REF][START_REF] Gnansia | Effects of spectral smearing and temporal fine structure degradation on speech masking release[END_REF].

These data demonstrate that for adults, both AM and FM cues convey phonetic information whose relative weight may vary according to the listening conditions, and in a more general sense, as a function of speech redundancy. Thus, for adults, the loss of AM cues may be compensated for by relying more on FM cues. While numerous studies have investigated speech perception in adults, information is still lacking regarding the ability of neonates, infants and older children to use AM and FM cues in speech. Do infants use AM and FM cues in the same way as adults when listening to speech sounds? Do the acoustic degradations of AM and FM cues impair the performance of developing auditory mechanisms as much as that of mature (coupled) auditory and speech mechanisms? To our knowledge, only a few studies have directly addressed the developmental course of modulation perception using vocoded speech stimuli. In a pioneering study, Eisenberg, Shannon, Shaefer Martinez, Wygonski and Boothroyd (2000) assessed the ability of normal-hearing 7-and 10-year-old children and adults to identify nonsense syllables, words and sentences vocoded to retain only AM cues below 160 Hz within 4 to 8 analysis frequency bands (the FM carriers were replaced by noise in each band).

The results showed that children less than 7 years required a higher frequency resolution (i.e., a greater number of analysis frequency bands) than 10 year-olds and adults to reach similar identification performance with the AM-speech stimuli. Interestingly, voicing perception (and especially, perception of the /sa/ versus /za/ contrast) was the poorest across all subjects groups.

This initial investigation was extended by [START_REF] Bertoncini | Discrimination of speech sounds based upon temporal envelope versus fine structure cues in 5-to-7 year-old children[END_REF] to younger children aged between 5 and 7 years. A discrimination task was used with nonsense syllables vocoded to retain only AM cues below 64 Hz within 16 frequency bands (here, the FM carriers were replaced by pure tones with fixed frequencies). [START_REF] Bertoncini | Discrimination of speech sounds based upon temporal envelope versus fine structure cues in 5-to-7 year-old children[END_REF] found that normal-hearing 5-, 6-, and 7-year-old children were able to discriminate speech contrasts on the basis of AM cues at an adult level. This study also showed no significant difference in performance across age groups for voicing, place, manner, and nasality. Thus, the perception of AM cues below 64 Hz in speech appeared as robust for 5-year-old children as for adults when a discrimination task was used. However, consistent with the results of [START_REF] Eisenberg | Speech recognition with reduced spectral cues as a function of age[END_REF], children's discrimination scores were lowest for the voicing contrast. This finding was attributed to the attenuation of fundamental-frequency (F0) energy at the onset of voicing caused by the removal of FM cues. [START_REF] Bertoncini | Six-month-old infants discriminate voicing on the basis of temporal envelope cues[END_REF] further explored the perception of voicing based on AM cues by testing six-month-old infants. A behavioral task (based on the head-turn preference procedure) was used to assess the ability of infants to discriminate pairs of AM-vocoded 8 syllables such as /aba/ and /apa/. As in [START_REF] Bertoncini | Discrimination of speech sounds based upon temporal envelope versus fine structure cues in 5-to-7 year-old children[END_REF], the AM cues were extracted within 16 analysis frequency bands and lowpass filtered at 64 Hz. Again, the original FM carriers were replaced by pure tones. The results showed that infants attended significantly longer to alternating sequences of /aba/ and /apa/ than to repeated sequences of either /aba/ or /apa/. This suggested that infants detected the alternation on the basis of the AM cues differentiating voicing information.

These studies revealed that infants and older children are able to discriminate phonetic features on the sole basis of AM cues. However, [START_REF] Eisenberg | Speech recognition with reduced spectral cues as a function of age[END_REF]'s study suggested that the capacity to resist degradations of AM and/or FM cues in speech sounds in a more demanding identification task may not be entirely mature before at least the age of 7 years. This is compatible with the outcome of several psychophysical studies conducted with nonlinguistic stimuli, showing that auditory sensitivity to AM and FM cues is not adult-like until around 10-11 years of age (e.g., [START_REF] Aslin | Discrimination of frequency transitions by human infants[END_REF][START_REF] Colombo | Infants attentional responses to frequency modulated sweeps[END_REF][START_REF] Hall | Development of temporal resolution in children as measured by the temporal modulation transfer function[END_REF][START_REF] Moore | Development of Auditory Processing in 6-to 11-Yr-Old Children[END_REF]; for a review, see also [START_REF] Saffran | The infant's auditory world: Hearing, speech and the beginnings of language[END_REF][START_REF] Saffran | The infant's auditory world: Hearing, speech and the beginnings of language[END_REF]Werner &[START_REF] Werner | Behavioral studies of hearing development[END_REF]. Nonetheless, other studies conducted both in infants (e.g., [START_REF] Abdala | The development of frequency resolution in humans as revealed by the auditory brain-stem response recorded with notched-noise masking[END_REF][START_REF] Levi | Coherence analysis of envelope-following responses (EFRs) and frequency-following responses (FFRs) in infants and adults[END_REF][START_REF] Olsho | Infant auditory perception: Tonal masking[END_REF][START_REF] Spetner | Auditory Frequency Resolution in Human Infancy[END_REF] and in cats [START_REF] Brugge | Signs of functional maturation of peripheral auditory system in discharge patterns of neurons in anteroventral cochlear nucleus of kitten[END_REF][START_REF] Kettner | Postnatal development of the phase-locked response to low frequency tones of the auditory nerve fibers in the cat[END_REF] suggest that some aspects of frequency selectivity and neural phase locking in auditory-nerve fibers and brain-stem neurons should be mature from early in infancy. Regarding temporal resolution (that is the ability to follow changes in AM fluctuations as a function of time), the results vary according to the nature of the stimuli and according to the methods. In some studies, temporal resolution approaches an adult-like profile at about 6 months of age (e.g., [START_REF] Levi | Amplitude modulation detection in infancy: Update on 3-month-olds[END_REF][START_REF] Trainor | Measuring temporal resolution in infants using mismatch negativity[END_REF][START_REF] Trehub | Gap detection in infants, children, and adults[END_REF]. At the same time, other studies show differences across age groups, indicating that temporal sensitivity is generally poorer in infants and more dependent on the task or on sound complexity than in adults [START_REF] Buss | Development of adult-like performance in backward, simultaneous, and forward masking[END_REF][START_REF] Diedler | Auditory temporal resolution in children assessed by magnetoencephalography[END_REF][START_REF] Smith | The development of temporal resolution: between-channel gap detection in infant and adult[END_REF][START_REF] Wightman | Temporal resolution in children[END_REF]. Nevertheless, it is generally admitted that, under some circumstances, the mechanisms governing auditory temporal resolution in infants operate qualitatively like those in adults [START_REF] Werner | Infant auditory temporal acuity: gap detection[END_REF].

The above review of infants' abilities to process spectral and temporal auditory cues reveals important disparities between psychophysical studies using non-linguistic stimuli (e.g., pure tones, complex tones, noise bursts) and speech-acquisition studies using linguistic stimuli (e.g., syllables, words). The present study attempted to address these disparities by combining psychophysical and psycholinguistic methods to explore 6-month-old infants' abilities to process phonetic information on the basis of AM and FM speech cues. More precisely, the present study investigated whether or not 6-month-old infants discriminate a French voicing contrast (/aba/ versus /apa/) in spite of degradations of the AM and/or FM cues in speech sounds.

An impressive number of studies on the development of speech perception have shown that, during the first months of life, infants can discriminate many different phonetic contrasts, including non-native ones (e.g., [START_REF] Mattock | The developmental course of lexical tone perception in the first year of life[END_REF]; for a review see [START_REF] Kuhl | Early language acquisition: cracking the speech code[END_REF]Werker &[START_REF] Werker | Influences on infant speech processing: toward a new synthesis[END_REF]. Voicing discrimination, and more precisely discrimination of the /b/ versus /p/ contrast, was demonstrated in infants as young as one month of age by [START_REF] Eimas | Speech perception in infant[END_REF] using the high-amplitude sucking method. However, at the end of the first year, speech perception is marked not only by a decline in non-native contrast discrimination (e.g., [START_REF] Werker | Developmental changes across childhood in the perception of non-native speech sounds[END_REF]) but also by [START_REF] Kuhl | Infants show a facilitation effect for native language phonetic perception between 6 and 12 months[END_REF]. Moreover, a recent study indicated that between 4-and 8-months of age, French-learning infants become more sensitive to the French value (0 ms) of the voice-onset-time (VOT) boundary between voiced and voiceless plosive consonants [START_REF] Hoonhorst | French native speakers in the making: from language-general to language-specific voicing boundaries[END_REF]. Therefore, the speech-processing mechanisms responsible for the perception of phonetic features such as voicing are developed at 6 months of age, but far from being entirely tuned to the typical contrastive patterns of the native language (e.g., [START_REF] Mattock | The developmental course of lexical tone perception in the first year of life[END_REF][START_REF] Werker | Developmental changes across childhood in the perception of non-native speech sounds[END_REF], but see [START_REF] Kuhl | Linguistic experience alters phonetic perception in infant by 6 months of age[END_REF].

The present study explored the early capacity of 6-month-old French-learning infants to use AM and FM cues in discriminating a voicing contrast. Two sets of syllables (/aba/ and /apa/ stimuli) were either left intact or processed by a multi-channel, noise-excited vocoder in order to: (i) degrade FM cues by replacing the FM carriers by bands of noise in each analysis frequency band, (ii) degrade AM cues -and especially F0-related periodic AM cues -by filtering out the AM components above 16 Hz in each frequency band, and (iii) degrade AM cues by reducing the frequency resolution of the vocoder (i.e., the number of analysis frequency bands) from 32, 1-ERB N wide to 4, 8-ERB N wide frequency bands. These three vocoded conditions were designed to assess whether normal-hearing 6-month-olds are able to discriminate a voicing contrast (/aba/ versus /apa/) on the sole basis of: (i) AM speech cues, (ii) the slowest (< 16 Hz) AM speech cues, and (iii) the AM cues extracted from a limited number of broad frequency bands.

The intact and processed speech stimuli were presented to 6-month-old infants and an adaptation of the head turn preference procedure (HPP) was used to assess their discrimination ability. The procedure used in this experiment was adapted from the one introduced by Hirsh-Pasek et al. (1987). Our modified version of the HPP included a stimulus. This version of HPP has been used recently in a study on melody discrimination in 2-month-old infants [START_REF] Plantinga | Melody recognition by two-month-old infants[END_REF] and in several psycholinguistic studies assessing speech discrimination for 5-to-9-month-olds (e.g. Bosch & Sebastian-Gallés, 2001;[START_REF] Höhle | The development of language specific prosodic preferences during the first half year of life: evidence from German and French[END_REF][START_REF] Nazzi | Language discrimination by Englishlearning 5-month-olds: Effects of rhythm and familiarity[END_REF][START_REF] Skoruppa | Language specific stress perception by nine-month-old French and Spanish infants[END_REF]. These studies showed that the familiarization period could induce in infants a preference for the familiar or novel sequences if and only if infants are able to discriminate these sequences2 . In most studies, the duration of familiarization was set to 1 min but in some cases this duration was extended to 2 min (e.g. Bijeljac-Babic, Serres, Höhle, & Nazzi, 2012). In the present experiment, the duration of the familiarization phase was first set to 1 min. For each experimental condition, we expected that the novel sequences would yield longer (correctly oriented) looking times than the familiar sequences. were not included for the following reasons: fussing and crying (n=22), looking time shorter than 1500 ms for one trial (n=6), outlier number of familiarization trials (n=6) and extreme mean looking times leading to outlier differences (more than, or less than the mean difference plus or minus 2 SD, respectively) between novel and familiar series (n=3).

Stimuli

Speech signals were recorded in a soundproof room and digitized (16-bit resolution) at a 44.1-kHz sampling rate. A female French native speaker who was instructed to "speak clearly" produced sequences of /aba/ and /apa/. Sixteen tokens were selected from a large sample (around 150) in each phonetic category to be comparable in duration, intensity and pitch (in order to reduce variability across categories). Mean duration was 651.5 ms for /aba/ (range: 592-692 ms; SD = 36 ms), and 630 ms for /apa/ (range: 570-702 ms; SD = 47 ms). All stimuli were equated in global root-mean-square (RMS) level. The F0 was estimated at 242 Hz using the YIN algorithm [START_REF] De Cheveigné | YIN, a fundamental frequency estimator for speech and music[END_REF].

Four speech-processing conditions were used (the spectrograms of processed stimuli are shown in figure 1)3 . In the first condition (called "32-band AM+FM speech"), the original speech signal was decomposed into 32, 1-ERB N -wide frequency bands using zero-phase, 6 thorder Butterworth bandpass filters (36 dB/octave rolloff) with central frequency (CF) ranging In the second condition (called "32-band AM speech"), the same signal processing scheme was used as in the "32-band AM+FM speech" condition, except that the FM carrier was replaced by a band of pink noise in each analysis frequency band. Thus, the resulting vocoded speech signal retained AM speech cues within 32 bands, but discarded the original (within-channel) FM speech cues.

In the third condition (called "32-band AM<16Hz speech"), the same signal processing scheme was used as in the "32-band AM speech" condition, except that the AM component was low-pass filtered with a cutoff frequency of 16 Hz for each of the 32 bands in order to remove fast, F0-related AM cues. Thus, the resulting vocoded speech signal retained mainly the slowest (<16 Hz) AM speech cues within 32 bands, and discarded the original FM speech cues.

In the last condition (called "4-band AM speech"), the same signal processing scheme was used as in the "32-band AM speech" condition, except that AM cues were extracted from only 4, broad (8-ERB N wide) frequency bands. Thus, the original FM speech cues were discarded, and AM cues were distorted substantially compared to the original AM speech In each condition, 4 different sequences were created. Each sequence was composed of 4 tokens of the same phonetic category, repeated 4 times in a different random order. Thus, all sequences have the same number of stimuli. Two sequences were used for the familiarization phase. Two sequences were used for the test phase. The tokens used in the test phase for each phonetic category were different from the ones used in the familiarization phase. The interstimulus interval was varied randomly between 390 and 600 ms all along the 16-item sequences. This random variation was introduced to prevent infants from using small variations in duration between items within and between categories. Finally, all the sound sequences were equated in duration (18 s).

Procedure

The experiment was conducted inside a sound-attenuated room where three lamps were fixed: a green one on the center wall, and a red one on each side wall. Below the green lamp was a hole for the lens of a video-camera. Out of the infant view, two loudspeakers were placed behind the red lamps and delivered the speech stimuli at 70 dB SPL (RMS) at the level of the infants' head. The infant was seated on the caregiver's lap in the center of booth. The caregiver was instructed not to speak or interfere in any way with the infant's behavior and wore ear plugs plus headphones delivering masking music.

The entire experimental session was controlled by a computer outside the booth, and a TV screen was connected to the camera. The experimenter sat outside the booth, looked at the video of the infant on the TV screen to monitor infant's looking behavior. The experimenter used a response box composed of three buttons corresponding to the three lights inside the During the familiarization and the test phase, each experimental trial started by the blinking of the green center lamp. When the infant oriented to the green lamp, the experimenter pressed the "center" button, switching the green lamp off, and simultaneously one of the red lamps on. When the infant turned his/her head towards the red blinking lamp, the experimenter pressed the "right" or "left" button, triggering the presentation of the auditory stimulus from the corresponding loudspeaker. The trial was stopped when the infant turned his/her head away for more than 2 s, corresponding to the button released by the experimenter, or when the end of the stimulus sequence was reached. Information about the duration of the head-turn was automatically stored on the computer.

During the familiarization phase, infants heard two sequences of the same phonetic category (half of the infants heard /aba/ and the other half /apa/). The familiarization trials continued (as described above) until infants listened to each sequence for a cumulative duration of 30 s. This was achieved to complete 60 s of familiarization time. The number of trials necessary to reach this criterion differed across participants; those who reached the criterion with a number of trials significantly larger than the group mean were not included in the analyses.

In the test phase, two different sequences of the familiarized item, and two sequences of the novel item were displayed twice in random order and counterbalanced between the left and right side of presentation. Thus, the test phase was composed of 8 trials for each subject. The order of test sequences was counterbalanced between subjects (half of the subjects received a familiar stimulus sequence as first test trial while, the other half received a novel sequence as first test trial).

Results

Mean looking times were calculated for each participant across the 8 test trials (4 novel and 4 familiar sequences).

An analysis of variance (ANOVA) for repeated measures was run with 4 Conditions as the between-subject factor and 2 Types of sequences (Familiar versus Novel) as the withinsubject factor. This analysis did not indicate any main effect of Condition (F(3,84) = 0.78; p = .51) or Type of sequence (F(1,84) = 0.26; p = .61), but a significant interaction between Condition and Type of Sequence (F(3,84) = 3.06; p = .033). This interaction is mainly due to the fact that in the "32-band AM+FM" condition, infants listened longer to the novel sequences than to the familiar sequences (9.3 s; SD = 2.7 s versus 8.2 s; SD = 3.2 s, respectively) compared to the "4-band AM" condition in which infants listened less to the novel sequences than to the familiar (7.1 s; SD = 2.6 s versus 8.1 s; SD = 2.1 s, respectively).

In the other two conditions ("32-band AM" and "32-band AM<16 Hz"), the mean looking times were similar for the novel and the familiar sequences (see figure 2).

Planned comparisons confirmed that the significant interaction mentioned above is mainly due to the interaction between the "32-band AM+FM" and "4-band AM" conditions and Type of sequences (F(1,84) = 8.59; p = .004). Additionally, paired t-tests were carried out for each condition separately. A significant preference for the novel sequences was observed in the "32-band AM+FM" condition (t(21) = 2.33, p = .03), and a significant preference for the familiar sequences was observed in the "4-band AM" condition (t(21) = 2.43, p = .02). No 

Discussion

As expected, infants exhibited significantly longer looking times for the novel stimuli in the "32-band AM+FM" speech condition, indicating that they discriminated /aba/ from /apa/ when provided with intact AM and FM speech cues. This novelty preference is a classical demonstration of infants' discrimination capacities. However, the familiarity preference can also be taken as an indication of discrimination (e.g., [START_REF] Hunter | A multifactor model of infant preferences for novel and familiar stimuli[END_REF]. In behavioral procedures including a familiarization phase, familiarization is supposed to bias stimulus preference in such a way that all significant differences (whatever the direction, since familiarized stimuli were counterbalanced across subjects) would indicate that infants have processed novel and familiar stimuli differently. Here, an unexpected preference for familiar stimuli was observed for 6-month-old infants in the "4-band AM" speech condition, where the frequency resolution of the vocoder was reduced to 4 broad (i.e., 8-ERB N -wide) frequency bands. Although there are a number of hypotheses as to which factors affect the direction of preferences, no consensus has emerged (e.g., [START_REF] Hunter | A multifactor model of infant preferences for novel and familiar stimuli[END_REF][START_REF] Rose | Familiarity and novelty preferences in infant recognition memory: Implications for information processing[END_REF][START_REF] Thiessen | When cues collide: use of stress and statistical cues to word boundaries by 7-to 9-month-old infants[END_REF][START_REF] Wagner | A process analyses of infant visual and cross-modal recognition memory: Implications for an amodal code[END_REF]. [START_REF] Hunter | A multifactor model of infant preferences for novel and familiar stimuli[END_REF] proposed a model of infant preferences for novel and familiar stimuli based on the interaction among three factors, namely age, familiarization time and task difficulty.

According to this model, the present results in the "4-band AM" speech condition may be explained by the difficulty to process this relatively impoverished signal. In this speech condition, the original FM speech cues were discarded, and AM cues were distorted substantially compared to the "32-band AM+FM" condition and to the AM speech cues that [START_REF] Kates | Spectro-temporal envelope changes changes caused by temporal finestructure modification[END_REF].

The results obtained in the "32-band AM" condition were even more unexpected given that the stimuli used here were supposed to convey more accurate modulation information than the "16-band AM" speech stimuli previously used by [START_REF] Bertoncini | Six-month-old infants discriminate voicing on the basis of temporal envelope cues[END_REF]. Indeed, in the present study, a higher frequency resolution was used and higher AM rates (e.g., periodic AM fluctuations at F0) were transmitted in high-CF analysis bands. Here, the AM component was lowpass filtered at ERB N /2 within each band, versus 64 Hz in [START_REF] Bertoncini | Six-month-old infants discriminate voicing on the basis of temporal envelope cues[END_REF]. It is thus possible that the inherent random amplitude fluctuations of the noise carriers masked to some extent the original AM speech cues (e.g., Dau, Kollmeier, & Kohlrausch, 1997a,b;[START_REF] Dau | Intrinsic envelope fluctuations and modulationdetection thresholds for narrow-band carriers[END_REF][START_REF] Lorenzi | Second-order modulation detection thresholds for pure-tone and narrow-band noise carriers[END_REF]; see also [START_REF] Kates | Spectro-temporal envelope changes changes caused by temporal finestructure modification[END_REF]. Such a "modulation masking" effect did not occur in [START_REF] Bertoncini | Six-month-old infants discriminate voicing on the basis of temporal envelope cues[END_REF]' study because puretone carriers were used instead of band of noise. Alternatively, another factor could have accounted for this difference. As mentioned above, the preset duration of the familiarization period could have been inappropriate (i.e., too short) when artificially degraded stimuli such as noise-vocoded speech sounds were used. In Bertoncini et al.'s (2011), 6-month-old infants received no familiarization, and were found to prefer spontaneously alternating series of tonevocoded speech sounds to repeating ones. In the present version of the procedure, discrimination could require further perceptual processing than in the previous study, where the repetitive juxtaposition of /aba/ and /apa/ could have prompted immediate comparison. It may be the case that the information needed to represent a given stimulus category has to be gathered and correctly formatted before being compared to the (correctly formatted) other category. This is consistent with the studies conducted by [START_REF] Holt | Enhancing speech discrimination through stimulus repetition[END_REF]Carney (2005, 2007) on children and adults. These authors proposed that "robustness" of the internal representation of produced by noise carriers. [START_REF] Hunter | A multifactor model of infant preferences for novel and familiar stimuli[END_REF] indicated that the absence of any preference following a familiarization phase can be explained by a too short familiarization time. The duration necessary to be properly familiarized with a given stimulus may depend on the vocoded condition. The high variability in infants'responses observed in the "32-band AM" and "32-band AM<16Hz" speech conditions may also question the effectiveness of the familiarization period, suggesting a transitional phase in preference in these 2 conditions (see also [START_REF] Hunter | A multifactor model of infant preferences for novel and familiar stimuli[END_REF][START_REF] Rose | Familiarity and novelty preferences in infant recognition memory: Implications for information processing[END_REF].

The absence of a significant difference between the "32-band AM+FM", "32-band AM" and "32-band AM<16Hz" speech conditions precluded any conclusion about the effects of degrading AM and/or FM information. Thus, when the AM and FM speech cues are severely degraded, infants may need an extended exposure with the contrasted stimuli. In our view, this could also result in a more consistent effect of preference for one type of sequence.

A second experiment in which the familiarization time was extended to a minimum of 2 min was conducted to test this hypothesis.

Experiment 2:

Four groups of twenty 6-month-old French-learning infants were tested with a minimum familiarization duration extended to 2 min. months 3 days; mean = 6 months and 13 days; SD = 8 days). The data from 18 additional infants were not included for the following reasons: fussing and crying (n = 14), looking time lower than 1500 ms for one trial (n = 1), outlier number of familiarization trials (n = 2) and outlier looking time differences between novel and familiar conditions (n = 1).

Participants

Stimuli

Infants were presented with the same stimuli and sequences of stimuli as those used in Experiment 1.

Procedure

The same procedure (HPP) was used, except that the familiarization time criterion was changed. In the familiarization phase, infants heard two sequences of the same phonetic category, and they had to listen to each sequence for at least 60 s; therefore, the familiarization phase had a minimum cumulative duration of 120 s. The test phase was left unchanged: each subject received 8 trials containing two different sequences of new tokens of the familiarized item, and two sequences of the novel item, that were played twice in a random order.

Results

As for Experiment 1, the mean looking times for novel and familiar stimuli were calculated for each participant on the 8 trials of the test phase. An ANOVA for repeated measures was run with 4 Conditions as the between-subject factor and 2 Types of sequences (Familiar versus Novel) as the within-subject factor. The main effect of Condition was not significant (F(3,76) = 1.29; p = .28). However, the analysis showed a significant effect of Type of sequence (F(1,76) = 8.88; p = .004) and a significant interaction between Condition Once again, separate analyses revealed some differences between conditions. A significant preference for the novel sequences compared to the familiar ones was observed in three conditions: in the "32-band AM+FM" condition (7.29 s; SD = 1.7 s versus 6.08 s; SD = 2.07 s, respectively; t(19) = 2.22, p = .039), in the "32-band AM" condition (6.2 s, SD = 2.6 s versus 4.8 s, SD = 2.1 s, respectively, (t(19) = 2.99, p = .014), and in the "4-band AM" condition (7.34 s; SD = 3.2 s versus 5.9 s; SD = 2.5 s, respectively; t(19) = 2.50, p = .022). In the "32-band AM<16 Hz" condition, the mean looking time for novel sequences was shorter than for familiar sequences (6.3 s, SD = 3.1 s versus 7.3 s, SD = 3.1 s). This difference was significant (t(19) = -2.55; p = .028), indicating that infants listened to familiar stimuli for a longer time in this condition (see figure 3).

/Insert Figure 3 about here/

Discussion

In this second experiment, each condition was re-tested with a preset familiarization time of 2 min instead of 1 min (as used in Experiment 1). With a longer familiarization time, the 6-month-old infants showed the classical pattern of preference for novelty in three conditions out of four. However, infants showed a preference for familiar stimuli in the "32band AM<16 Hz" condition, that is when the fastest (> 16 Hz) AM fluctuations related to F0 variations were reduced.

The results of this second experiment revealed that discrimination of /aba/ and /apa/ was possible, and indicated by a classical novelty preference in both "32-band AM" and "4band AM" conditions. The preference pattern in the "32-band AM<16 Hz" condition turns out 

General discussion

The present study was designed to explore how 6-month-old infants process a French voicing contrast on the basis of AM and FM cues, at an age when their perceptual mechanisms are not completely tuned to their native language. The disyllables (/aba/ versus /apa/) were used and several speech-processing conditions were designed to investigate whether infants discriminate this contrast when the modulation properties of speech sounds are severely degraded.

Discrimination of speech modulation cues. Six-month-old infants were found to discriminate the voicing contrast with the vocoded speech stimuli.

In the second experiment, results demonstrated that within-channel FM cues are not necessary to discriminate voicing at 6 months of age (cf. "32-band AM" condition). They also demonstrated that infants could discriminate voicing in the absence of periodic AM fluctuations related to F0 (cf. "32-band AM<16 Hz" condition). However, even with an extended familiarization time, infants showed an opposite pattern of discrimination compared to the "32-band AM" condition where fast AM variations related to F0 were preserved. This suggests that infants are sensitive to a degradation of fast F0 cues in the AM domain, an indication that, as for adults (e.g., [START_REF] Rosen | Temporal information in speech: acoustic, auditory and linguistic aspects[END_REF], the presence of fast, F0-related periodic information constitutes reliable cues to voicing cues for infants. This is also consistent with the outcome of previous psychophysical studies showing that the ability to detect changes in AM cues as a function of time -i.e., auditory temporal resolution -is efficient by 6 months of age [START_REF] Levi | Amplitude modulation detection in infancy: Update on 3-month-olds[END_REF]; for a review, see [START_REF] Saffran | The infant's auditory world: Hearing, speech and the beginnings of language[END_REF]Werner &[START_REF] Werner | Behavioral studies of hearing development[END_REF]. In Experiments 1 and 2, the results showed that infants are able to discriminate speech signals containing only AM cues extracted within a small number of frequency bands ("4band AM" condition). Moreover, in Experiment 1, the preference pattern for familiar stimuli observed in this condition compared to the "32-band AM+FM" and "32-band AM" conditions suggests that infants are sensitive to a reduction in frequency resolution. This is consistent with the demonstration of adult-like frequency selectivity in infants by the age of 6 months (e.g., [START_REF] Abdala | The development of frequency resolution in humans as revealed by the auditory brain-stem response recorded with notched-noise masking[END_REF][START_REF] Spetner | Auditory Frequency Resolution in Human Infancy[END_REF].

The importance of auditory exposure to the stimuli. These findings suggest that at this early age, auditory processes are capable of making subtle speech distinctions despite severe distortions of speech modulation cues. Nevertheless, it is important to keep in mind that the demonstration of discrimination in infants was not straightforward in all conditions of degradation. In the "32-band AM+FM" condition, increasing the familiarization time did not affect the infants' pattern of responses. However, in the "4-band AM" condition, the increase in familiarization time by 1 min affected the infants' response pattern, which changed from a preference to familiar stimuli to a preference to novel stimuli. In the "32-band AM" condition, the extended auditory exposure led to a preference for the novel stimuli. In the "32-band AM< 16Hz" condition, infants showed a significant preference for familiar sequences. Thus, a preset and relatively short time of exposure may not have allowed the 6-month-old infants to fully process speech cues in each vocoder condition, and build up the detailed representations of the vocoded signals required for robust discrimination (cf. [START_REF] Holt | Enhancing speech discrimination through stimulus repetition[END_REF].

This suggests that the present version of HPP based on a fixed familiarization time period might not have optimally assessed discrimination capacities of degraded stimuli (and quite unfamiliar speech sounds) in infants. The familiarization phase was aimed to provide an equivalent amount of auditory experience with a particular sound to a group of infants. Different response patterns of infants. A non-classical preference pattern was observed for infants when AM and FM cues were simultaneously degraded as in the "32-band<16 Hz" and "4-band AM" conditions (Experiment 2 and Experiment 1, respectively). In these two conditions, infants showed a preference for the familiar stimuli instead of the more typical preference for novel stimuli observed in the "32-band AM+FM" and "32-band AM" conditions. Altogether, these results are congruent with the assumption that a familiarity preference could be related to some difficulties in processing stimuli [START_REF] Hunter | A multifactor model of infant preferences for novel and familiar stimuli[END_REF]. This difference in response patterns suggests that the mechanisms involved in voicing perception may differ according to the severity of modulation distortions, and the subsequent "difficulty" in processing these highly distorted -and thus, unfamiliar -signals [START_REF] Hunter | A multifactor model of infant preferences for novel and familiar stimuli[END_REF][START_REF] Rose | Familiarity and novelty preferences in infant recognition memory: Implications for information processing[END_REF]. This suggestion is consistent with the fact that adult participants tested in a pilot study (see footnote 2) could not readily recognize the linguistic nature of the vocoded stimuli in the "4-band AM" condition, and required extensive training to identify consonants, vowels or sentences in the same speech-processing condition as previously shown by [START_REF] Shannon | Speech recognition with primarily temporal cues[END_REF]. This suggestion is also consistent with the notion that part of the processing mechanisms recruited for a given task may change whether adults are informed (or not) about In Experiment 2, the particular pattern of results observed in the "32-band AM< 16Hz" condition may reveal the importance of the fast AM cues related to F0 fluctuations for voicing discrimination at 6 months.

Clinical implications. In the "4-band AM" condition, six-month-old infants (with normal hearing) were tested with speech stimuli processed by a vocoder simulating the sound processing typically achieved by current cochlear implant sound processors (e.g., [START_REF] Friesen | Speech recognition in noise as a function of the number of spectral channels: Comparison of acoustic hearing and cochlear implants[END_REF][START_REF] Shannon | Speech recognition with primarily temporal cues[END_REF]. The results showed that infants could still discriminate voicing despite important degradations in both AM and FM cues.

However, a classical "novelty" discrimination response seems to require an extended exposure with the contrasted stimuli when the speech modulation cues were severely degraded by filtering or spectral reduction.

The implications of the present results for the understanding of speech perception capacities for infants wearing a cochlear implant should however be treated with caution. Indeed, the present results were obtained using degraded speech with normal-hearing infants, as well as a single speech contrast in a single context. Still, these results are very encouraging for understanding speech development in deaf infants wearing cochlear implants, and point to the necessity to investigate the basic auditory abilities needed to benefit from very early cochlear implantation (e.g., [START_REF] Holt | An exploratory look at paediatric cochlear implantation: Is earliest always best?[END_REF][START_REF] Miyamoto | Language Development in Deaf Infants Following Cochlear Implantation[END_REF][START_REF] Nikolopoulos | The development of auditory perception in children following cochlear implantation[END_REF][START_REF] Svirsky | Language development in profoundly deaf children with cochlear implant[END_REF]. Further data will be needed to understand how the degraded signals delivered by cochlear implant processors are processed throughout the development of speech perception. In addition to their clinical relevance, these results might draw attention to [START_REF] Kuhl | Phonetic learning as a pathway to language: new data and native language magnet theory expanded (NLM-e)[END_REF].

Conclusion

The present study explored how infants process the acoustic information related to phonetic differences using a novel approach stressing the importance of modulation speech cues. The results indicate that the relatively fast AM and FM cues in speech are not necessary for French-learning 6-month-old infants to discriminate a voicing contrast in silence. These results demonstrate that the perception of voicing is robust as early as 6 months of age.

However, the duration of initial auditory exposure (i.e., familiarization time) to the vocoded stimuli had to be increased to evidence discrimination abilities in all speech-processing conditions. Finally, the results show that normal-hearing infants can use the impoverished speech modulation cues delivered by prosthetic devices such as cochlear implants to discriminate voicing, provided they are sufficiently exposed and familiarized to these degraded speech stimuli. 

  contrast discrimination (e.g.,

  which a stimulus is presented, followed by a test phase in which sequences of the (same) familiar stimulus alternated with sequences of a (different) novel

  -old infants were recruited from a database of birth announcements. All families were informed about the goals of the current study and provided a written consent before their participation, in accordance with current French ethical requirements.Data from 88 infants from French-speaking families (22 infants per condition) were analysed in this experiment (40 boys and 48 girls; age range: 5 months 26 days; 7 months 10 = 6 months 16 days; SD = 9 days). All infants are normal-hearing (based on parental report of newborn hearing screening results). The data from 37 additional infants

  8,020 Hz. The Hilbert transform was then applied to each bandpass filtered speech signal to extract the AM component and FM carrier. The AM component was low-pass filtered using a zero-phase Butterworth filter (36 dB/octave rolloff) with a cutoff frequency set to ERB N /2. The final narrow-band speech signal was obtained by multiplying each sample of the FM carrier by the filtered AM function. The narrow-band speech signals were finally added up and the level of the wideband speech signal was adjusted to have the same RMS value as the input signal. Thus, the vocoded speech signals retained the original AM and FM speech cues within each of the 32 analysis frequency bands.

  vocoder also reproduces the sound processing typically achieved by current cochlear implant' sound processors (cf.[START_REF] Shannon | Speech recognition with primarily temporal cues[END_REF]. /Insert Figure1about here/

  response box was connected to the computer controlling the experiments. The experimenter pressed the buttons of the response box according to the direction of the infant's head (center, right or left). During the entire session, the experimenter wore headphones delivering masking music and was unaware of the nature of the displayed sequences (familiar or novel) during the test.

  observed in the other two "32-band AM" and "32-band AM<16 Hz" conditions (p > .05 in both conditions). /Insert Figure2about here/

  from the relatively narrow (1-ERB N -wide) frequency bands corresponding to the outputs of their cochlear filters

  correct discrimination of a given speech contrast increase with increasing repetition/presentation of the stimuli. Again, the duration of the familiarization phase used in Experiment 1 might have been too short for infants to complete such a perceptual comparison, and to retrieve the original AM speech cues from the statistical amplitude fluctuations

  infants were analyzed (45 boys and 35 girls range: 5 months 23 days; 7

  sequence (F(3,76) = 5.67; p = .0015). Planned comparisons indicated that only the condition "32-band AM< 16Hz" differed significantly from the three others (α = .05).

  , and confirm the hypothesis that extended familiarization is necessary to evidence discrimination responses in some vocoder conditions.

  is important to keep in mind that vocoded stimuli strongly differed in terms of amount of spectro-temporal degradation. A procedure using an infant controlled habituation time would be more efficient to assess the discrimination capacity with such degraded speech stimuli. Future studies are warranted to assess whether or not familiarization time should be adapted to each infant in order to reduce inter-individual variability across the different conditions of degradation.

  the nature of what they are supposed to listen to (seeLiebenthal, Binder, Piorkowski, & ). When the nature of the stimuli is unknown and unfamiliar, perceptual mechanisms may differ from those activated by an intact speech signal.

  basic auditory processes upon early speech perception before or during the development of language-specific tuning

  Figures

  Figure 3Mean looking times in Experiment 2 for familiar and novel stimuli during the

  

In this case, the differential attenuation of cochlear filtering converts the frequency excursions of FM into AM fluctuations at the output of auditory filters in the cochlea, a process sometimes referred to as "temporal envelope reconstruction" (seeGilbert & Lorenzi, 

2006;[START_REF] Zeng | On the dichotomy in auditory perception between temporal envelope and fine structure cues[END_REF], for applications to speech perception).

Journal of Speech, Language, and Hearing Research

The procedure differs from a "spontaneous preference" paradigm in that the familiarization was achieved with sound A for half of the participants and with sound B for the other half, in such a way that preference for novel or for familiar stimuli cannot be confused with preference for one particular category (A or B). Second, it should be noted that while discrimination responses do not imply preference, displaying a preference necessitates discrimination between the two types of sequences.

A pilot experiment using an ABX, forced-choice discrimination task was initially conducted on

normalhearing adults using the intact and vocoded stimuli, in order to verify that the processed sounds can be discriminated. This pilot experiment showed that, after a very short practice, normal-hearing adults discriminated almost perfectly voiced and unvoiced consonants in each speech-processing condition (>90% correct discrimination). This finding is consistent with the outcome of the original speech-identification experiment conducted by[START_REF] Shannon | Speech recognition with primarily temporal cues[END_REF], showing that voicing perception is nearly perfect in adults as long as AM cues below 16 Hz are presented in at least four broad spectral regions. Interestingly, all listeners reported having recognized the disyllables /aba/ and /apa/ except those presented with "4-band AM speech". In this speechprocessing condition, stimuli were not recognized as speech sounds.

Time (ms)Frequency(kHz) 
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