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ARTICLE INFO ABSTRACT

Keywords: Discriminating temporal relationships in speech is crucial for speech and language development.
Infant However, temporal variation of vowels is difficult to perceive for young infants when it is de-
Speech perception termined by surrounding speech sounds. Using a familiarisation-discrimination paradigm, we

Phonetic discrimination
Temporal relations
Rhythmic regularity

show that English-learning 6- to 9-month-olds are capable of discriminating non-native acoustic
vowel duration differences that systematically vary with subsequent consonantal durations.
Furthermore, temporal regularity of stimulus presentation potentially makes the task easier for
infants. These findings show that young infants can process fine-grained temporal aspects of
speech sounds, a capacity that lays the foundation for building a phonological system of their
ambient language(s).

1. Introduction

Learning about temporal aspects of sounds is crucial for developing speech and communication skills in infants. However, infants
face a complex task, as the temporal structure of speech sounds heavily varies within different speech contexts. For example, vowel
sounds are longer in phrase-final than in phrase-medial positions to mark the end of sentences or to indicate the moment of com-
municative turns (e.g., Klatt, 1976; Levinson & Torreira, 2015). Longer vowel durations can also indicate that the speaker provides
important or emphatic information (De Jong, 2004). In some languages such as Finnish, Japanese, Hindi or Urdu, long and short
durations of vowels mark different entries in the lexicon (i.e., “phonemic length”, as in Japanese /kado/ “corner” vs. /ka:do/ “card”,
Ladefoged, 1996; Mugitani et al., 2009).

It takes time for infants to acquire an understanding of these complex temporal relations and their functions in speech. In non-
verbal sounds, infants show discrimination of temporal relations from as early as 4 months of age. Four-month-olds can discriminate
small temporal changes, and by 6 months show discrimination for event durations in non-verbal audio-visual sequences (e.g.,
Brannon, Suanda, & Libertus, 2007; Lewkowicz & Marcovitch, 2006). In audio-only tone sequence, 5-month-olds perceive temporal
variations leading to different auditory groupings (e.g., Chang & Trehub, 1977).

Speech-related temporal discrimination starts later. English-learning infants discriminate vowel length differences in one-, two- or
three-syllable nonsense words between 5 and 11 months (Eilers, Bull, Oller, & Lewis, 1984). Between 7.5 and 9.5 months, infants
learning Japanese start to discriminate vowel length differences which mark lexical entries in their native language, while they can
discriminate spectral vowel differences such as /i/ vs. /a/ from 4 months on (Mugitani et al., 2009; Sato, Sogabe, & Mazuka, 2010;
Sato, Kato, & Mazuka, 2012). Discrimination of temporal contrasts as a function of language experience and linguistic functions
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appears to start even later during the second year of life, around 18 months of age (e.g., Mugitani et al., 2009).

It is a possibility that infants, independent of the language they are learning, start with an acoustically driven approach to
temporal discrimination of sounds in speech. This idea comes, for example, with the model of infant sound discrimination (Galle &
McMurray, 2014; based on Pisoni & Tash, 1974). Their model allows for parallel discrimination modes: continuous perception at the
level of acoustical auditory cues and categorical perception at the level of memory-based functional processing. Infants’ speech
perception would be continually improving during development while the two channels (acoustic and categorical) co-develop to
constantly refine infants’ discrimination abilities. Younger infants would first discriminate sounds on a predominantly acoustic basis,
and older infants increasingly rely on both channels, using both acoustic and categorical discrimination. As a crucial step along this
developmental path, infants need to refine their abilities to parse the appropriate (acoustic versus functional) context in which a
temporal relation occurs. How infants achieve this during language acquisition is still not fully understood.

Indeed, previous findings suggest that infants in their first year of life are not able to acoustically capture temporal vowel
variations conditioned by other surrounding sounds. One example is the English “vowel length effect” (Ko, Soderstrom, & Morgan,
2009). Here, vowel duration depends on whether a following consonant is voiced (like in /g/, “pig” /plg/) or voiceless (as in /k/,
“pick” /plk/). The /i/-vowel followed by a voiced /g/ is consistently longer than the /i/ followed by the voiceless /k/ (e.g.,
Hillenbrand, Ingrisano, Smith, & Fledge, 1984). The effect is explained by coarticulation (i.e., the transfer of articulatory properties to
surrounding speech sounds), as the vowel and consonant durations work together to keep the overall duration of the vowel-consonant
pattern constant (note that English voiced plosives are naturally shorter than voiceless ones; Whalen, 1990). By 8 months of age,
infants growing up in English-speaking environments are not sensitive to the vowel length effect and show only partial sensitivity to
this cue at 14 month (Eilers et al., 1984; Ko et al., 2009). If different combinations of vowels and consonants (e.g., nasals) are used,
English-learning infants fail to discriminate temporal differences acoustically in a word-learning task, even at the age of 18 months
(Dietrich, Swingley, & Werker, 2007). Only infants (e.g., dutch-learning) whose ambient language features categorical vowel length
variation in these contexts are able to discriminate the words as a function of the temporal differences (Dietrich et al., 2007). This
indicates that during the second year of life, categorical, language-specific perception may be more important than acoustic per-
ception.

Temporal vowel variations conditioned by a subtle co-articulatory voice contrast may be particularly difficult to perceive
acoustically for young infants who themselves have little articulatory practice. Therefore, the present study aims at determining
whether infants, in the second half of the first year, are able to acoustically discriminate temporal aspects of vowels that do not
depend on subtle co-articulation or consonant quality. We therefore chose a situation in which the temporal structure of vowels
systematically varies with other temporal properties of the surrounding speech sounds. In order to find evidence for an acoustic
account of infants’ temporal perception, we chose a temporal context which was unfamiliar to them in their maternal language. The
context is best described as a relation of “complementary durations” between vowels and consonants which is a (sub)part of the
phonological system of some languages, such as Swedish or German (Elert, 1964; Falk, 2011). In the German word for ‘rats’, /rat@n/
(“Ratten”), the short vowel /a/ is followed by an acoustically longer /t/ consonant than in the word for ‘guess’ /ra:t@n/ (“raten”) in
which /a:/ is long and /t/ is acoustically shorter.

Based on the previous literature and age reports therein (Eilers et al., 1984), we hypothesize that infants between 6 and 9 months
of age will be acoustically sensitive to these vowel length differences even when the unfamiliar temporal context varies. Alternatively,
it is possible that infants of this age are increasingly tuned into what is relevant to the ambient language and may not show dis-
crimination for temporal properties of vowels in contexts that typically do not occur in their ambient language (similar to spectral
properties, see Tsuji & Cristia, 2014).

Using a familiarization — discrimination paradigm (see Trainor, Wu, & Tsang, 2004), infants were familiarized with repeated
pseudo-words featuring different complementary temporal relations between vowels and consonants. They were then tested on a new
series of pseudo-words with either the same or a different temporal relation. As stimuli repetition was an integral part of the test
paradigm, we controlled effects of overall temporal regularity of word presentation. Note that higher-order temporal regularity in
repeated stimulus presentation (i.e., such as a perceived regular “beat” in the word sequence, similar to a musical rhythm) could act
as a means to facilitate auditory discrimination tasks to infants (Otte et al., 2013). In particular, infants at the age of our test group,
between 5 and 8 months of age, attend longer to regular structured tone sequences than to irregular ones (Nakata & Mitani, 2005),
which in turn, may lead to better processing of sound durations in regular sequences compared to irregular ones, similar to adults
(Quené & Port, 2005; Zheng & Pierrehumbert, 2010). In sum, we hypothesize that infants between 6 and 9 months are able to
discriminate a new contextual temporal relation between vowels and consonants, independently of higher-order temporal regularity
in stimulus presentation.

2. Method
2.1. Participants

Fifty-nine 6- to 9-month-old infants (27 males and 32 females, mean age = 7.16 months, SD = 0.76; range = 6.0-9.1 months)
participated in this study. An additional 6 infants were tested in the study and completed all trials but were not included in the final
sample for analysis due to: infant fussiness during test (n = 3); infant reported with cold (n = 1); incomplete parental questionnaire
(n = 2). Participants were recruited via telephone from the developmental research participant database maintained by the
BLINDED. Infants were recruited from monolingual English-speaking households in BLINDED. BLINDED is a mid-sized BLINDED city
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Table 1
Acoustic characteristics of the stimuli.
Duration ratio between vowels : consonants Long-short condition: ~2.5:1
Short-long condition: ~1: 2
Duration difference between long and short sounds Vowels: 203 ms (SD =42ms)
Consonants: 277 ms (SD =47 ms)
Articulation rate 2 syllables / s
Mean pitch range 220—-236Hz

in BLINDED, in which more than 50 % of the adult population has some post-secondary certificate, diploma, or degree, more than 80
% of households indicate English as their native language and more than 90 % of families indicate that English is the predominant
language spoken in the home (see BLINDED). Only full-term, normal birthweight infants with no reported issues during the birth
process as reported in records from the hospital at the time of birth were eligible to participate. Parents completed a brief infant
health questionnaire at the time of testing, and only infants who were healthy with no reported history of ear infections or history of
familial hearing loss were included in the study results.

2.2. Stimuli

The stimuli in this study were 4 trisyllabic pseudo-words composed of the syllables “mi” and “la” which were 1.5s long on
average (SD = 54 ms). The first syllable was accented and displayed a notable higher pitch than the other two syllables. Vowel-
consonant durations in the pseudo-words varied as a function of two conditions. In the long-short condition (/mi:la:mi/ and /la:-
mi:la/), the vowels in the first and second syllables were long (mean = 384 ms, SD = 18 ms) followed by a short consonant
(mean = 152 ms, SD = 17 ms). In the short-long condition (/mil:am:i/ and /lam:il:a/), the vowels of the first and second syllables
were short (mean = 181 ms, SD = 33 ms) and consonants were long (mean = 349 ms, SD =44 ms). A native German-speaking fe-
male speaker recorded the stimuli so that the voice was consistent across the presented pseudo-words. Three instances of each
pseudo-word were chosen that were most similar in terms of duration ratio, rate, pitch and vowel quality in order to avoid ma-
nipulations of the sound (Table 1).

The three versions of each word were concatenated in a quasi-random order that never repeated sequentially. To control for
effects of temporal regularity, we introduced a gradual temporal jitter between repetitions. Two conditions were created, a tem-
porally more Regular and a temporally more Irregular condition (see Fig. 1B). We added the latter condition to serve as a control to
ensure that infants’ discrimination was not the result of higher-order temporal structure (such as the presence of a perceived beat)
during repeated presentation. The temporally more Regular condition was created by setting the inter-word-intervals (IWI) to 2.3 s on
average, varying with a slight jitter (SD = 180 ms). In the temporally more Irregular condition, we modified the regular stimuli such
that the word onset between non-words was much more unpredictable. Therefore, we added +/—0ms, +/—300ms, +/—420ms,
+/—310ms, +/—150ms, +/—600 ms to the pause between words in the Regular condition (see Fig. 1B). Overall IWIs were of the
same duration on average (2.3 ms), but jitter was doubled by the aforementioned procedure (SD = 360 ms). There were 32 infants
tested in the Regular condition. The Irregular condition was considered a control condition and we tested an additional 27 infants in
this condition.

2.3. Procedure

Infants were tested individually. There were two phases in the Experiment: an Exposure (familiarization) Phase and a Test Phase
(see Fig. 1A). During the Exposure Phase, the caregiver and infant were brought into the test room. The caregiver was instructed to sit
on a chair between two sound speaker cabinets and facing the desk of the experimenter. The caregiver held the infant on the lap and
was fitted with headphones that played music to mask the sound of the stimuli directed to the infant. The experimenter then left the
room and started the familiarization stimulus for the infant.

The familiarization stimulus was presented in stereo, emanating from both speakers (the right and the left side) and was played
using the iTunes application on the Mac Mini computer in the adjoining test room. The infant listened to the stimulus, which
consisted of one set of 4 pseudo-words with a specific duration pattern (e.g., /mi:la:mi/ : long-short) for approximately 2 min. Infants
were randomly assigned to one of the four familiarization conditions (/la:mi:la/, /lam:il:a/, /mi:la:mi/, /mil:am:i/). During the Test
Phase, the infant was presented with the other pseudo-word of the same condition (i.e., long-short, /la:mi:la/) or the alternate
condition (i.e., short-long, /lam:il:a/, see Fig. 1A as an example). After the presentation of the familiarization clip, the experimenter
re-entered the test room, sat behind the desk directly across from the infant and began the Test Phase when the infant was facing
forward and appeared to be attentive.

During the Test Phase, a standard head-turn preference procedure was used (see Kemler Nelson et al., 1995; Tsang, Falk., &
Hessel, 2017). The Test Phase began with the image of Mickey Mouse flashing on a computer screen to one side (right or left side) of
the infant. When the infant turned his/her head to look at the screen, the target image stopped flashing and remained on the screen as
the experimenter pressed a key from behind the desk that prompted one of the sound stimuli to begin playing from the sound speaker
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A) Familiarization (e.g., long V- short C)

a:

Test

o | a a
B) Word presentation
Regular: [tamita| [tamita| [tamita] [tamila] [Lamila
12.35 A 2.2s ) 2.25s A 2.3s "
IrregUIar: La:mi:la || La:mi:la La:mi:la La:mi:la La:mi:la
1.88s 2.8s 2.1s 2.45s

Fig. 1. Structure of an example trial. Panel A) Infants were familiarized with one of the pseudo-word sequences (either short-long or long-short) and
tested on the other pseudo-word sequence (short-long AND long-short). Light grey boxes mark vowels while dark grey boxes mark consonants in the
critical short-long, and long-short conditions. B) Infants were either assigned to the regular word presentation condition (i.e., inter-word-intervals
with slight temporal jitter) or irregular condition (i.e., inter-word-intervals with high temporal jitter) that was applied in both familiarization and
test phase.

located directly above that computer monitor. The key press, made by the experimenter, also initiated a timer for the looking-time
behaviour of the infant for this particular trial. The stimulus continued playing until the infant looked away (45 degree head turn for
2s) at which time the experimenter released the key press, terminating the timer for this trial as well as extinguishing the auditory
and visual stimulus. The next trial began with Mickey Mouse flashing on the computer monitor on the opposite side (i.e., if the start
side was right, the opposite side would be left) of the infant. When the infant focused on the other computer monitor the trial
proceeded in an identical manner but presented a stimulus with the opposite durational pattern. This alternation of familiar and
novel stimuli continued for 20 trials, such that each stimulus type was presented 10 times in total. The side of first presentation (left
or right) and the first stimulus (varying in durational cues) was counterbalanced across participants. The duration of testing was
approximately 15— 20 min.

3. Results

An initial analysis of variance (ANOVA) was conducted to establish that infants had no a priori preference for one of the stimulus
words (e.g., milami versus lamila), side of presentation (left versus right), first stimulus presented (short-long versus long-short first),
with looking time (in seconds) to familiar stimuli versus novel stimuli as the dependent variable. As infants often habituate to stimuli
over the course of several trial presentations, we also controlled for test-session Half (first 10 trials vs. last 10 trials). A significant
main effect of familiarity/novelty was found such that infants looked longer to the novel stimulus compared to the familiar stimulus,
F(1,57) = 4.12,p = 0.047, ES = 0.515, which was also found in the main analysis reported below. No other significant main effects
or interactions were found (all ps > 0.05). The other variables were collapsed for the subsequent analysis.
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Fig. 2. Mean looking time per trial to novel versus familiar stimuli during the Test Phase. The top panel A) shows looking times in the first 10 trials
and the bottom panel B) shows looking times in the last 10 trials. Error bars represent the standard error of the mean.

A 2 X 2 x 2 mixed ANOVA was conducted with Familiarity (familiar versus novel) and test-session Half (trials 1-10 versus trials
11-20) as within-subjects variables, and Temporal regularity (regular versus irregular) as the between-subjects variable. Before
running the analysis, we conducted Levene’s Test for equality of variances across groups. No significant differences between groups
were found,’ indicating that the assumption of homogeneity was not violated (i.e., the two different groups in the temporal condition
(regular/irregular) did not have unequal variances). The results are displayed in Fig. 2 (split by first and second test-session Half,
panel A & B, respectively). First, we found a significant main effect of Familiarity, F (1, 57) = 4.12, p = 0.047, ES = 0.52. Overall,
infants looked longer towards the stimulus comprising the novel temporal pattern (M = 37.91, SD = 2.08) than the familiar temporal
pattern (M = 34.51, SD = 2.80), indicating that they were able to discriminate the contrast. Second, there was also a significant test-
session Half x Temporal regularity interaction (F (1, 57) = 5.025, p = 0.029, ES = 0.60). The interaction indicates that infants
listened longer to stimuli in the second than in the first half of the Experiment, and that this was particularly the case for the irregular
condition. A trend towards significance was found for a main effect of test-session Half (F(1,57) = 3.21, p = 0.079, ES=0.42), such
that infants tended to look longer during the second half of the experiment. No other significant main effects or interactions were
found (all ps > 0.05).

As there was a relatively large age range tested in this study (i.e., 6.0-9.1 months), we also included age (in months) as a covariate
to account for differences in abilities across the age range of the sample. The covariate analysis showed no main effect of age (F (1,
56) = 1.68, p = 0.20, ES = .25) or any interactions with any other variable with age, (all other ps > 0.05).

4. Discussion

The results provide evidence that English-learning infants between 6-9 months are able to discriminate temporal variations of
speech sounds depending on the immediate temporal speech context (i.e., long vowels preceding short consonants, short vowels
preceding long consonants at the junction of disyllabic words). Hence, infants are able to discriminate contextual temporal vowel
length variations at the same age as they distinguish non-contextual acoustic vowel length variations (Eilers et al., 1984).

Moreover, we show that infants were able to remember, and to a certain extent, abstract these contextual temporal relations and
apply them to new instances. Infants can generalize contextual speech information, such as specific co-occurrences of sounds (i.e.,
phonotactic patterns) from 4 months on, although they start showing biases deriving from ambient language experience in the second
half of the first year of life (e.g., Seidl, Cristia, Bernard, & Onishi, 2009). In the present experiment, infants were familiarized with one

! Levene’s statistic based on the median with adjusted degrees of freedom for each group comparison ranged from 0.004 to .345, with p-values
ranging from 0.56 to 0.95
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set of words (e.g., /mi:la:mi/), but tested with another set (e.g., /la:mi:la/ /lam:il:a/). Even though the critical vowel-consonant
durations (e.g., /i:/-/1/, /a:/-/m/) did not occur in the same syllable positions and varied in stress and intonation between the
familiarization and test phases of the experiment, infants discriminated the familiar from the novel pattern.

Unexpectedly, infants’ discrimination performance tended to be better in the second half of the Experiment. Typically, many
perception studies using the head-turn procedure with this age-group report better discrimination scores during the first half of the
experiment and habituation during the second part of the experiment (for a review see Hunter & Ames, 1988). However, when infants
are still developing a specific ability, they tend to take time to show an attentional preference, leading to better performance in the
second half compared to the first. Likewise, if the task demands are high, infants tend to be slow to perform on a given task (see
Gogate & Maganti, 2016, for a general review). For these possible reasons, the infant listeners in the present study may have taken
longer (i.e., they needed more trials) to learn the differences between the familiar temporal pattern and the novel stimulus.

We did not find that infants’ had greater ease of perceiving the contrast when words were presented at more regular temporal
intervals compared to when they were presented at highly irregular intervals. This finding allows us to exclude the hypothesis that it
was solely the extraction of a regular “beat” that lead infants to discriminate the contrast. Nevertheless, infants showed longer
looking times in the second half of the test when listening to the irregular compared to the regular stimulus. In combination with the
near-significant result that discrimination tended to be better in the second than the first half of the experiment, this finding suggests
that more irregular word presentation (which may be occurring in more naturalistic speech contexts) is more difficult for infants’ to
process, thereby delaying their discrimination performance.

Naturalistic speech contexts may have other facilitating characteristics to foster infants’ temporal discrimination capacities. For
example, adults use an infant-directed speaking style that can foster infants’ language development (e.g., Ramirez-Esparza, Garcia-
Sierra, & Kuhl, 2014), and potentially impacts vowel discrimination (e.g., Trainor & Desjardins, 2002; Tsao, Liu, & Kuhl, 2004, note
that these studies examine spectral characteristics). The amount of exposure to this infant-directed speech style varies widely in the
infant and toddler (3-20 months) population of North American households (Bergelson et al., 2019). It is possible that infants more
exposed to infant-directed speech could have better or earlier temporal vowel discrimination skills than infants with low exposure.
Moreover, as part of infant-directed communication, parents frequently sing infant-directed songs and rhymes to which infants like to
listen and attend (Falk, 2011; Trehub & Trainor, 1998; Tsang & Conrad, 2010). These songs display a more regular rhythm than
speech (Bergeson & Trehub, 2002), and the rhythm and note-to-syllable mapping in live performances of infant-directed singing
render temporal contrasts between long and short vowels and long and short consonants particularly salient (Falk, 2011). Hence, it is
an interesting avenue for future research to investigate whether increased exposure to infant-directed speech and singing may foster
infants’ perception of temporal speech sound patterns.

Finally, by testing a non-native contrast, we conclude that infants’ discrimination was based on acoustic auditory cues and not on
infants’ linguistic experiences. However, we cannot entirely exclude that some infants in our sample may have had incidental ex-
posure to the non-native contrast used in the study in other non-household languages from people outside the home, a factor that was
not controlled for. Although highly unlikely (only 1.8 % of the population in BLINDED report a Germanic language as their native
language, BLINDED), an incidental exposure may have influenced infant perception of the speech contrasts presented in this study. In
a future study, the influence of infants’ linguistic environment on temporal discrimination of vowel durations in syllables could be
systematically investigated in infants in their second year of life. For example, we would expect that infants learning languages
without similar phonological temporal variations should lose the ability to discriminate the unfamiliar contrast compared to infants
whose language environment contains temporally conditioned vowel variation (similar to the results of Dietrich et al., 2007). To
conclude, the present study shows that infants can discriminate and generalize temporal regularities in speech sound combinations in
their first year of life, an early capacity that may help to acquire the complex communicative functions of temporal variation in
speech.
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