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Abstract

Infant-directed speech (IDS) produced in laboratory settings contains acoustic cues, such as
pauses, pitch changes, and vowel-lengthening that could facilitate breaking speech into
smaller units, such as syntactically well-formed utterances, and the noun- and verb-phrases
within them. It is unclear whether these cues are present in speech produced in more
natural contexts outside the lab. We captured LENA recordings of caregiver speech to
12-month-old infants in daylong interactions (N = 49) to address this question. We found
that the final positions of syntactically well-formed utterances contained greater vowel
lengthening and pitch changes, and were followed by longer pauses, relative to non-final
positions. However, we found no evidence that these cues were present at utterance-internal
phrase boundaries. Results suggest that acoustic cues marking the boundaries of well-
formed utterances are salient in everyday speech to infants and highlight the importance of
characterizing IDS in a large sample of naturally-produced speech to infants.
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Acoustic cues to phrase and clause boundaries in infant-directed speech: Evidence
from LENA recordings

Across many cultures, the speech that adults use when talking to infants differs, both
acoustically and structurally, from the speech they use when talking to other adults and
even older children (Fernald & Mazzie, 1991; Hilton et al., 2022; see also Cristia, 2013 fora
review). This infant-directed-speech (IDS) is generally higher in pitch than adult-directed
speech (ADS), contains more variability in its pitch contours (Stern et al., 1983), and
consists of shorter utterances with simpler syntax (Fernald et al., 1989). These features of
IDS are likely to serve several important functions across development. For example, it is
relatively uncontroversial that IDS is potent in capturing infants’ attention: IDS evokes
stronger neural responses than ADS (Pena et al., 2003), and seminal work by Cooper and
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colleagues showed that infants prefer to listen to IDS over ADS within the first months of
life (Cooper & Aslin, 1990; Cooper et al., 1997; Fernald, 1985; Pegg et al., 1992). An
international replication across 67 labs recently confirmed that infants prefer to listen to
IDS over ADS, and suggests that the preference for IDS increases with age and with the
familiarity of the language (Many Babies Consortium, 2020). The attention-getting
features of IDS are likely to promote language development by ensuring that infants
attend to and encode the speech in their environment.

There is evidence that IDS also serves a communicative, regulatory function in
caregiver-infant interactions. IDS conveys affective information in its pitch, and the
positive affect within IDS is an important determinant of infants’ preference for it
(Singh et al., 2002). Across languages, rising contours are consistently used to attract
attention and falling contours used to calm or soothe infants. Infants respond differen-
tially to these contours, whether or not they are produced with words from infants’ native
language, suggesting that IDS may effectively communicate nonsymbolic “meaning” to
infants (Fernald, 1992).

Although there is strong evidence that infants preferentially attend to IDS, and that
aspects of its exaggerated prosody are communicative, it is less clear whether the acoustic
properties of IDS render it a good signal for learning language structure. On the one hand,
there is evidence that infants” exposure to IDS is related to their language development.
For example, Ramirez-Esparza and colleagues (2014) found that infants who hear more
IDS at 11- and 14-months have larger vocabularies, both concurrently and about one year
later at age 2. Lany and Shoaib (2020) found relationships between the amount of IDS
infants hear and infants’ vocabulary size and ability to learn long-distance grammatical
dependencies, especially in females. Infants are better able to segment words in fluent IDS
than ADS (Thiessen et al., 2005) as well as map them to meaning (Graf Estes & Hurley,
2013; Ma et al., 2011). These findings could suggest that IDS is a superior learning signal,
providing clearer input that is more easily encoded and recognized, and which contains
more transparent structure for learning. However, these effects could instead arise if
infants who hear more IDS simply pay more attention to language. Consistent with the
possibility that attention is an important determinant of the connection between IDS and
language learning, Nencheva et al. (2021) found that words with a “hill” contour (inverted
U-shape) seem to attract infant attention more than words with other contours, and that
they tend to learn these words better. Thus, these findings do not rule out the possibility
that infants would learn just as well from ADS if they were to pay attention to it more.

Another line of work has approached the question of whether IDS is a good learning
signal by quantifying the acoustic properties of IDS. These studies have yielded mixed
evidence. For example, one possibility that has received substantial attention is the hyper-
speech hypothesis (Cristia & Seidl, 2014), which suggests that acoustic exaggerations in IDS
lead to more differentiation among similar vowels, relative to ADS, which may support
more accurate speech-sound perception (Cristia, 2008; Liu et al., 2003). This is referred to as
hyperarticulation, or a reduction in the acoustic overlap among similar sounds. Several
studies of infant-directed speech produced in the lab, in which mothers were asked to use a
set of preselected target words, reported that there is less overlap between some vowels in
IDS relative to ADS (Burnham et al., 2002; Kuhl et al., 1997; Liu et al., 2003). However, more
recent studies, especially those using large datasets recorded in more naturalistic contexts
either failed to find evidence that phonemes are hyperarticulated in IDS, or found such
evidence in relatively limited contexts, such as in words that receive prosodic focus
(Adriaans & Swingley, 2012; Cristia & Seidl, 2014; Martin et al., 2015).

The focus of this paper is the extent to which IDS contains cues that might facilitate
learning about simple syntactic structure by facilitating breaking speech into smaller
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units. There is a rough correspondence between prosodic and syntactic structure in
adults’ speech. In particular, there are often acoustic changes at the boundaries of
syntactic units such as clauses and phrases that could lead these units to be perceptually
grouped (Nespor & Vogel, 1986; Selkirk, 1980). For example, across many languages, the
ends of utterances, which often correspond to the end of a clause, are generally charac-
terized by long pauses, lengthening of syllables (particularly vowels), and pronounced
pitch changes. Some of these acoustic characteristics may derive from the biomechanics of
speech production. For example, pitch is affected by changes in the muscles that control
exhaling while speaking (Honda, 2004), and there may also be a motor basis for segment-
final lengthening (Cho, 2016; Paschen et al., 2022). The upper body movements used in
gestures that are temporally coordinated with speech can also impact the acoustic
characteristics of boundary locations (Pouw et al., 2020).

The acoustic cues to the boundaries of syntactic units are not perfectly reliable, as
multiple factors influence the duration and pitch of a given syllable (e.g., its phonetic and
lexical content, as well as discourse structure), and these influences vary across languages.
Likewise, when pauses occur, they often do so at utterance boundaries, which do not
always correspond to phase or clause boundaries (Goldman-Eisler, 1972). And, many
phrases and clauses are not followed by a pause. For example, in English, utterance-initial
noun phrase subjects, like “she” or “they”, are unlikely to be followed by pauses.
Furthermore, the cues marking phrase boundaries are generally weaker than those
marking clause boundaries (Cooper & Paccia-Cooper, 1980). Nonetheless, even imper-
fect cues could potentially help infants to identify linguistically-relevant groupings, a
hypothesis referred to as Prosodic Bootstrapping (Gleitman & Wanner, 1982). Utterances
in IDS often consist of a single, very short clause (e.g., Kaye, 1980). Thus, sensitivity to
utterance-final acoustic features could help infants to break speech down into smaller
chunks that roughly correspond to simple, syntactically-well-formed units.

There is evidence that these acoustic features of boundary locations can lead infants to
perceive distinct units within the speech stream. For example, English-learning
9-month-olds preferred to listen to passages of IDS in which pauses naturally occurred
at clause and phrase boundaries over passages in which pauses were artificially inserted at
non-boundary locations (Hirsh Pasek et al., 1987; Jusczyk et al., 1992). Critically, the
natural phrase and clause boundary locations were characterized by larger pitch changes
and greater syllable lengthening than non-boundary locations. Infants failed to show such
a preference when the same materials were produced in ADS (Kemler Nelson et al., 1989).
These results suggest that infants prefer speech in which pauses coincide with larger pitch
changes and greater lengthening, and that these cues may be especially salient in IDS
(Jusczyk et al., 1992; see also Seidl, 2007). Dutch-learning 6-month-olds and German-
learning 8-month-olds also appear to be sensitive to the presence of these cues in their
native language (Johnson & Seidl, 2008; Wellmann et al., 2012).

Nonetheless, this evidence that there are cues marking syntactic structure in IDS, and
that infants are sensitive to them, comes from studies using carefully designed materials
read aloud that are not representative of the IDS that infants hear in their everyday
experience. Thus, it is important to determine whether these cues are present in the IDS
that caregivers use spontaneously. Fisher and Tokura (1996) made a start at addressing
this by recording 3 mothers who were native speakers of American English, and 3 who
were native speakers of Japanese, speaking to their 13-14-month-old infants. These
recordings primarily took place in a laboratory setting. Fisher and Tokura found that
in both languages, vowel lengthening and pitch changes were more pronounced in
syllables that occurred at syntactically well-formed utterance boundaries, relative to
syllables that occurred within utterances (Fisher & Tokura, 1996). Likewise, pauses at
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well-formed utterance boundaries were significantly longer than those found within
utterances in both English and Japanese. Note that these effects were detected without
considering the identity of vowels, or whether the vowels occurred in stressed
vs. unstressed syllables, suggesting that these cues are likely to be salient even to infants
who are not yet able to accurately identify speech-sounds or to isolate lexical stress.

Fisher and Tokura (1996) also found evidence that there are acoustics cues at
utterance-internal phrase boundaries, but they appeared to be less robust. For example,
in English, only syllable lengthening was more pronounced at boundaries between noun
and verb phrases than at nonboundary locations (Fisher & Tokura, 1996), and only within
sentences that contained more than one word in the noun phrase. In Japanese, such
boundaries were marked by pitch changes, rather than by lengthening. These results
highlight the fact that pauses and pitch and duration changes occur at both utterance and
phrase boundary locations in many languages, but there are cross-linguistic differences in
how pronounced and reliable these individual cues are (see also Johnson & Seidl, 2008).

In a more recent systematic review, Ludusan et al. (2016) found some evidence that
these same acoustic cues marking prosodic boundaries are exaggerated in IDS relative to
ADS, but noted that most of the included studies used a very small sample of speakers
and/or utterances, and focused on American English. Ludusan et al. also tested whether
such differences exist in a larger set of recordings of Japanese IDS in which mothers (N =
22) were recorded in play sessions that took place in a lab setting. They found evidence
that syllable lengthening and pause duration at boundaries were present and potentially
useful to learners, though pitch changes were not.

In sum, evidence from recordings (largely of American English) made in the lab
suggests that utterance, clause, and phrase boundaries are characterized by long pauses,
syllable lengthening, and pronounced pitch changes, to varying degrees (see Ludusan
etal., 2016 for a review). Infants’ sensitivity to these acoustic cues may play a critical role
in language learning by helping them to break speech down into units that correspond to
syntactic units, especially clauses that constitute entire utterances, but potentially also
phrases (Hirsh Pasek et al., 1987; Jusczyk et al., 1992). However, it is less clear whether IDS
produced in interactions outside the lab contains similar cues to language structure.
Recent research with North American samples suggests that several important measures
of speech to infants in lab experiments and play sessions can differ substantially from
measures made from recordings of more naturalistic interactions at home (e.g., Bergelson
etal,,2018; Tamis-LeMonda et al., 2017). For example, mothers talk more and use a richer
vocabulary in structured play sessions than in recordings of typical interactions at home
involving feeding, bathing, and both joint and solitary play (Tamis-LeMonda et al., 2017).
Bergelson et al. (2018) reported a similar difference for speech quantity in daylong,
unstructured audio recordings vs. hour-long video-recorded play sessions. Likewise, there
are potentially important differences between lab-based speech and IDS produced in
more unconstrained settings captured in daylong recordings of typical daily activity. For
example, in lab-based recordings, the adult and infant are typically positioned face-to-
face, with the infant in a seat or carrier. Moreover, steps are often taken to ensure that
background activity is reduced, and thus there is typically very little to distract the infant.
Additionally, the adults generally try to keep their baby engaged in a communicative
interaction, rather than feeding, dressing, changing the infant, etc. All of these charac-
teristics of everyday interactions could lead to differences in the manifestation of the IDS
caregivers use within them, in comparison to lab-based interactions.

A handful of North American studies have characterized IDS produced outside the lab,
and they provide some evidence that the IDS produced in lab contexts bears a general
similarity to more naturalistic IDS. For example, Stern et al. (1983) found that
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fundamental frequency, pause duration, repetitiveness, and MLU were similar in an
analysis of 6 recordings of mothers talking to their 4-month-olds in a lab setting and at
home. Soderstrom et al. (2008) tested whether the acoustic cues typically associated with
syntactic boundaries were present in IDS produced by 2 English-speaking mothers in an
everyday interaction at home captured when their infants were 9 months of age. They
found clear evidence for pronounced pauses and duration and pitch changes at utterance
boundaries, as well as utterance-internal clause boundaries, consistent with results from
the lab-based recordings of Fisher and Tokura (1996). Also similar to Fisher and Tokura,
they did not find evidence of these cues at utterance-internal phrase boundaries when
considering all utterances, but these cues did occur at phrase boundaries in Yes/No
questions, which contain more than one word in the noun phrase.

These results provide preliminary evidence that IDS used in everyday interactions
contains acoustic cues that could facilitate grouping speech into syntactically-relevant
units. However, the evidence comes from recordings of only 2 dyads, using small samples
of speech, and it is important to test whether these cues are also present in a dataset
containing a larger number of adult speakers. Thus, we built on this work by testing
whether acoustic cues that could help infants to identify well-formed syntactic units, such
as clauses or phrases, are present in IDS produced in a more naturalistic recording context
— infants’ homes.

Method
Participants

A total of 57 12-month-old infants (29 females) and their families participated in the
study. All infants were the youngest family member and had an average of one sibling in
the house. Eight participants were later excluded due to 1) a parental report of develop-
mental delay in hearing, vision, or language development (N = 6), 2) being born before
36 gestation weeks or weighing less than 5lbs 50z at birth (N = 1), or 3) being exposed to
languages other than English for more than 15 hours a week (N = 1). Therefore,
recordings from a total of 49 infants were included for analysis.

Participant families were mostly white (96%) and monolingual, and English was the
primary language spoken in the homes of all of the infants. The mother of each infant was
identified as the primary caregiver. On average, the mothers obtained a 4-year college
degree. The household income ranged from $50,000 to $75,000. Recruitment and data
collection were done in a mid-size Midwestern city in the U.S.

Procedure

Following other studies using multi-day recording procedures (e.g., Weisleder &
Fernald, 2013), parents were asked to record eight hours of continuous audio on each
of two consecutive days, for a total of 16 hours. In order to capture spontaneously
produced speech in the home environment, infants wore a special vest with a built-in
Language Environment Analysis (LENA) system (LENA Foundation, 2018). In the
vest, there is a pocket on the chest that fits the digital language processor (DLP). The
DLP records the audio within an infant’s language environment and can hold 16 hours
of recordings.
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Some measures of IDS from these recordings were reported in Lany and Shoaib (2020).
In that work, utterances were sampled and identified as IDS or ADS, and the quantity of
IDS was related to measures of artificial language learning and language development.
Note that in that study, the method of sampling utterances was substantially different, and
specific acoustic characteristics of IDS were not investigated. The utterances included in
the present study were acoustically coded for the analyses reported in this study, and these
measures have not been reported elsewhere.

The audio recordings from each participant were pre-processed using LENA software.
The software automatically excludes crying, whining, laughing, and ambient noise. The
report provided an estimate of the adult word count (AWC) in five-minute intervals
across the 16 hours of recordings. Because the amount of speech an infant hears can vary
substantially from day to day (e.g., from 6,000 to 19,000 words per day, Gilkerson &
Richards, 2009), we chose a total of four 30-minute audio clips, with two clips from each
day for each participant, in order to obtain a more representative sample. The two
30-minute clips with the highest AWC estimates on each day were selected for transcrip-
tion and further analysis. One participant recorded the 16-hours of audio over 3 days. For
this participant, one 30-minute clip was chosen from each day and the fourth 30-minute
clip was the segment with the second highest AWC estimate over the 3 days. One
participant recorded over 4 days, and the clip that contained the highest estimate of
AWC from each of those days was used. The LENA software was designed to identify and
exclude electronic speech (e.g., from television, radio etc.) from word counts during data
preparation, However, it does not always do so successfully (Bergelson et al., 2018), and
thus we manually examined selected clips for the presence of electronic speech. If any
chosen clip consisted of more than 50% electronic speech, it was replaced with one
containing the next-highest AWC for that day. A total of 10 clips were manually identified
and replaced due to high electronic speech content.

Transcription and Utterance Coding

The LENA2CHAT command was used to convert LENA files for further transcription
and coding. Each 30-minute-long clip was then transcribed in CLAN following the
CHAT guidelines (MacWhinney, 2000). Four CLAN files were thus generated for each
participating infant. The LENA software automatically produced lines in the CLAN files
that corresponded to vocalization in the LENA recording. The LENA-generated speaker
codes were also imported into CLAN using LENA2CHAT. When working with the
resulting CLAN files, human coders found many of the LENA codes to be incorrect (e.g.,
background noise was sometimes incorrectly classified as adult speaker, while speech was
sometimes missed and untagged). Human coders therefore manually checked each line in
the CLAN files and transcribed all speech into text. In addition to the utterances identified
by the LENA algorithms, coders used syntax (where the utterance is grammatically
different from its context) to identify utterances. These initial coding steps are detailed
in Thompson (2019). Specifically, the speech from all selected audio clips was transcribed
by trained research assistants. Based on the speaker codes generated by LENA and
imported into CLAN, assistants then identified the speaker of each utterance as a male
adult near the infant, male adult far from the infant, female adult near the infant, female
adult far from the infant, the target infant, another child near the infant, another child far
from the infant, or noise or electronic speech. Note that these codes do not specify who
exactly was speaking (e.g., if it was the primary caregiver or another adult). Thus, the

https://doi.org/10.1017/S030500092300034X Published online by Cambridge University Press


https://doi.org/10.1017/S030500092300034X

Journal of Child Language 7

research assistants used a log provided by parents that detailed what occurred during the
recording period (e.g., went to friend’s house, played with sister), and who was present
during the events, and their experience with that family’s audio files, to replace the LENA-
generated speaker codes with new codes that provided a more detailed identity of the
speaker (e.g., mother, father, brother, sister, grandmother, unknown female adult,
unknown male adult, unknown female child, unknown male child, etc.). Once the
transcription was complete, a second person reviewed it for errors and met with the
original coder to discuss and resolve any disagreements.

Similarly, two research assistants coded each utterance to determine whether it was
directed towards the infant or to someone else using the log as well as the audio content.
The coding utilized the GEM feature in CLAN, which allows specific sections of the
transcript to be tagged. In this case, the audio corresponding to each utterance was tagged
using the GEM feature to show if the speech was overheard by the infant or directed
towards the child. The research assistants independently coded whether the speech was
directed to the infant, and then compared coding results to discuss and resolve any
disagreements. Only speech directed toward the infant is included in the subsequent
acoustic coding and analyses.

We next followed the syntactic coding schemes reported in Fisher and Tokura (1996)
to determine what constitutes an utterance. We first transcribed the speech and identified
segments that should be separated from the next word by a comma or a full stop. This
allowed us to classify utterances into types, such as full clauses versus fragments, and to
identify major syntactic units within them. Following Fisher and Tokura’s (1996)
approach, only full clauses were included for later analyses.

We first coded full clauses as either declaratives, Yes/No questions, or WH-questions.
Two coders identified the utterance-type categories independently at first, and then
discussed and resolved any discrepancies that occurred until 100% agreement was
achieved. We then followed Fisher and Tokura’s coding of the first major phrase and
identified it as the subjects of declarative sentences and Yes/No questions, as in Example
1 below, the fronted WH-phrases in WH-questions, as in Example 2, as well as initial
locative phrases, as shown in Example 3 (italicized words mark first major phrases in all
three examples). The utterances in examples 1-3 come from separate recordings and were
not spoken sequentially. Following their approach, we also excluded imperatives from
phrase boundary coding. As a result, each utterance in the present study had a maximum
of one coded internal phrase boundary. Twenty-five percent of utterances were randomly
selected for reliability coding by two coders. There was a 99.46% agreement rate on the
identification of words preceding the subject-verb boundaries. The subject-verb bound-
aries occur at the end of the italicized speech in each example.

la. Do you see a bridge?

1b. The polar bear wants to slide.

2a. What's in there?

2b. Where’d you get that little ouchie on your head?
2c. Who do you see?

3a. There you go.

3b. There’s plenty of different things.

3c. Here comes the door.

Fisher and Tokura (1996) found evidence of phrase-final prosodic bracketing only in
utterances with more complex first major phrases (i.e., instances in which there was more
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than one syllable before subject-verb boundary), and thus we further coded for the
complexity of internal syntactic structure using the same criterion. In our study, when
there was only one syllable before the subject-verb boundary, these syllables always
corresponded to monosyllabic words. For utterances with more complex first major
phrases (i.e., 2 or more syllables prior to the subject-verb boundary), there were multiple
words before the boundary. Thus, for each utterance we coded whether the first Noun
Phrase (NP) contained one or more words preceding the subject (NP>0). As Fisher and
Tokura pointed out, pronouns (e.g., “She handed you Snoopy”) and pro-locatives (e.g.,
“Here’s your milk”) are unlikely to be stressed and therefore tend not to precede the
boundary of a prosodic unit within an utterance (e.g., Gee & Grosjean, 1983; Gerken et al.,
1994; Read & Schreiber, 1982, as cited in Fisher & Tokura, 1996). Within this subset,
Yes/No questions such as Example 4, declaratives such as Example 5, WH-questions such
as Example 6, and utterances with an initial conjunction such as Example 7, were
included.

4. Do you see a bridge?

5. The polar bear wants to slide.

6. What time did he wake up?

7. Therefore it changes from under me.

Acoustic Coding

In preparation for acoustic coding, we first segmented the audio recordings of all speech
into separate files, with each file containing one utterance. To accurately identify the
utterance-final position and its related acoustic features, including pause length, each file
included a segment starting at the beginning of one utterance and ending at the beginning
of the following utterance. The beginning and end of each utterance, as well as utterance-
final pauses, can therefore be accurately identified.

Next, we used PRAAT software (version 6.1; Boersma, 2001) for acoustic coding.
For each utterance, three positions were first identified and marked in PRAAT. These
positions were utterance-final, phrase-final, and nonfinal. Within an utterance, each
syllable was first identified auditorily (i.e., marked off as a single syllable) and then
categorized as utterance-final (the syllable preceding the end of an utterance),
phrase-final (the syllable at the end of the first major phrase), or nonfinal (all other
syllables). All syllables were then coded for vowel length, pitch range, and pause
duration. Although amplitude was reported in Fisher and Tokura (1996), it did not
differ as a function of utterance or phrase position. In addition, in the naturalistic
settings in which these recordings were made, the presence of ambient background
noise rendered the recordings too noisy to provide a reliable amplitude measurement.
We therefore excluded amplitude from coding or analysis. Note that ambient
background noise did not pose problems for identifying pauses or vowel lengths
based on the spectrograms.

For all acoustic measures, two trained research assistants worked with a lead
researcher, all of whom had a background in linguistics. One research assistant coded
the measures independently first, and a second research assistant checked all coding and
marked out tokens on which a differing opinion occurred. These tokens were then
checked by either the lead researcher or resolved by the two research assistants after a
discussion.
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Following the rationale provided in Fisher and Tokura (1996), vowel duration (rather
than syllable duration) was measured because it is most strongly related to how adult
listeners perceive prosodic boundaries in English (Wightman et al., 1992). For example,
“father” produces two vowel duration entries (/a/ and /a+/). Soderstrom et al. (2008) used
the same approach in their analysis of acoustic cues to syntax in IDS. Measuring vowel
duration in this way has the advantage of not presupposing that infants have access to
other linguistic information that they could use to perceive differences that take vowel
identity and stress into account. Based on the criteria in Mack (1982), and the procedure
used in Geffen et al. (under review), a trained coder marked the vowel portions by hand by
examining the spectrogram and waveform and listening to the corresponding audio.
Once the portion was marked, the duration as well as FO information were automatically
calculated in PRAAT.

Pitch range was calculated by subtracting the lowest fundamental frequency f (FOmin)
from the highest (FOmax) within a syllable. Pause duration was quantified as the duration
of any non-sounding interval between syllables (phrase final or nonfinal) or between
sentences (utterance-final pause) that is longer than 10ms using the To TextGrid
(Silences) function in PRAAT. Silences that occurred within a syllable were not con-
sidered in our analyses. The 10ms window was a first pass that allowed PRAAT to
highlight all potential pauses. Fisher and Tokura (1996) reported that the means of
nonfinal and phrase-final pauses (which are much shorter than utterance final pauses)
were 37ms and 26ms (pp. 3201), for which the 10ms preset of PRAAT offers a low enough
threshold to detect as a first pass. We then manually checked each pause to code the
presence and duration of all pauses of interest. For example, segments of periods of silence
may be marked within a word by PRAAT, but they were not coded as a pause. Only those
appearing at the nonfinal, phrase-final, and utterance-final positions were coded as
pauses of interest and categorized as such.

In total, 1465 well-formed utterances were coded across all participants, with an
average of 29.94 (SD = 10.74) sentences for each participant. In contrast to Fisher and
Tokura (1996), in which only the mother’s language input for each participant was
included (one mother was recorded at home and the other two speakers were recorded
in laboratory settings), our initial sample consisted of speech that was produced by
multiple speakers (n = 127), both male and female, in the infants’ immediate environ-
ment. We included only female speakers (n = 97) in our final dataset to provide a clearer
comparison with Fisher and Tokura’s (1996) analyses and results. There were a total of
1295 well-formed utterances from female speakers.

Results

We first report the descriptive statistics for the acoustic measures observed at different
utterance positions. We then examine the role of acoustics in bracketing using statistical
analysis. For all acoustic measures, raw values of all well-formed utterances by female
speakers were aggregated and reported below.

Descriptive Statistics

Table 1 shows the untransformed value of acoustic measures for all well-formed utter-
ances (AU) and those with NP>0. The overall mean length of utterance (MLU) was 5.79
morphemes. Although the vowel lengths across the three positions were comparable to
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Table 1. Acoustic Measures by Position within Utterances
Nonfinal Phrase final Utterance final Overall
AU NP>0 AU NP>0 AU NP>0 AU NP>0
Pause duration in ms
Mean 90.71 93.32 65.17 53.22 1825.64 1748.56 1022.31 968.77
SD 120.29 118.50 147.99 50.43 1779.49 1707.20 1019.73 953.81
n 680 255 373 142 1233 453 2286 850
Range (13.50-2063.33) (13.50-1385.06) (0.12-2106.15) (1-400) (4.66-6442.51) (11.88-11840) 0.12-16442.51 1-1840
FO range in hertz
Mean 81.57 65.02 49.46 46.60 110.93 113.85 80.71 75.22
SD 336.89 254.19 69.08 72.15 112.36 128.07 172.01 151.57
n 1262 473 1277 471 1285 474 3824 1418
Vowel duration in ms
Mean 101.04 97.22 100.52 96.70 226.99 220.58 143.17 138.16
SD 51.39 51.60 60.90 62.31 151.09 141.54 88.06 85.15
n 1268 474 1291 474 1294 474 3853 1422
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those reported in Fisher and Tokura (1996), the pause durations observed in the present
study were about 2- to 3-times larger than those reported in their study. Pitch changes in
the current dataset were similar to those reported in Fisher and Tokura’s study at the
phrase- and utterance-final positions but were about 2 times larger at the non-final
position compared to the value in their study. For both pause duration and pitch change,
the current dataset also exhibits much larger standard deviations across the three
positions than those reported in Fisher and Tokura (1996).

The distribution of utterance types (shown in Table 2) is very similar to that reported
in previously studies (e.g., see review in Fernald & McRoberts, 1996; also data from
Gleitman et al., 1984), though the current dataset contains a higher percentage of Yes/No
questions relative to WH-questions when compared to the pattern reported in Fisher and
Tokura (1996) (Y/N questions account for 31.66% in current study and 14% in Fisher &
Tokura; WH-questions consist of 13.12% in present study and 36% in Fisher & Tokura,
1996). Overall, the utterance-type distribution of IDS utterances taken from daylong
home recordings is largely similar to the distribution observed in speech produced in a
more artificial and constrained lab setting.

In order to compare the values of acoustic measures across speakers, all values of each
measure were standardized by speaker within each infant based on Fisher and Tokura
(1996).

Figure 1 shows the mean standardized value of each acoustic measure broken down by
utterance position. The patterning of values is similar to that in Fisher and Tokura (1996,
see Figure 1, p. 3201). Utterances with NP>0 also exhibit a similar pattern (Fig. 2).

Acoustic Cues at Utterance Boundaries

One of our main questions was whether IDS within these naturalistic recordings contains
utterance-final lengthening of pauses and vowels, as well as exaggerated pitch changes, as
reported in Fisher and Tokura (1996). To test this question, for each infant, all acoustic
measures were aggregated across the speakers to reflect the range of IDS heard by that
infant. For some infants, multiple speakers contributed utterances, and the final aggre-
gation was done across all utterances. In doing so, a speaker whose utterances accounted
for a greater percentage of the total input is proportionally weighted. We also conducted
the analyses with measures aggregated at the speaker level. Results based on values at the
participant level or the speaker level yielded identical patterns of significance for all
subsequent analyses reported.

To determine whether similar patterns held in our LENA recording as did in Fisher
and Tokura (1996), we first ran ANOVAs using RStudio statistical software (version
1.2.5019; RStudio Team, 2019) with the Stats package (version 4.1.2). Results showed that

Table 2. Frequency of Utterance Types in Female Utterances

Full sentence utterance type Frequency (%)
Declarative 715 (55.21%)
WH-question 170 (13.12%)
Yes-No question 410 (31.66%)
Total 1295 (100%)
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All utterances
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Figure 1. Mean Standardized Acoustic Measures by Position in All Utterances (Female Speakers Only).

Utterances with NP modifier >0
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Figure 2. Mean Standardized Acoustic Measures by Position in Utterance with 1 or More NP Modifiers.

there were significant differences in all three measures as a function of position; FO
change, F(2, 144) = 147.70, p <.001, 5i° = .67; vowel length, F(2, 144) = 1409.81, p <.001,
n° =.95; and pause duration, F(2, 136) = 895.8, p <.001, ° =.929.

Follow-up multiple pairwise comparisons with Bonferroni adjustments showed iden-
tical patterns across all three measures to those reported in Fisher and Tokura (1996).
Table 3 summarizes the results of pairwise comparisons with Bonferroni adjustments,
and Figure 3 contains a visualization of the results. As shown in Table 1, utterance-final
syllables contained vowels that were more than twice as long as non-final syllables, and
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Table 3. Pairwise Comparisons with Bonferroni Adjustment
Acoustic p.adj.
Measures Groupl  Group2 nl n2 Statistic df p p.adj signif
FO Change nonF PF 49 49 —0.17762 48 0.86 1.00 ns
nonF UF 49 49 185619 48 <.001 <.001 e
PF UF 49 49  —17.2107 48 <.001 <.001 e
Pause Duration nonF PF 49 49 2487351 42 0.02 0.05 ns
nonF UF 49 49  —43.0801 46 <.001 <.001 e
PF UF 49 49  —42.7182 42 <.001 <.001 e
Vowel Length nonF PF 49 49 —0.59071 48  0.56 1.00 ns
nonF UF 49 49  —39.1313 48 <001 <001 e
PF UF 49 49  —35.4404 48 <001 <001 i
Note. PF = phrasal final, nonF = non-final, UF = utterance final.
***p < 001.
E3 nonF PF EJ UF
Ak
Je e ek
*kkk P
2 ’L| —
° dedde ke
ns ns

=

Z-score Value
—

o

FO R'ange

1
—_
1

o

Pause Duration Vowel Duration

Acoustic Measure

Figure 3. Pairwise Comparisons of Final and Nonfinal Values for FO Range, Pause Duration, and Vowel Duration
across All Utterances.

Note. PF = phrase-final, nonF = non-final, UF = utterance final.

**** <0001,

contained about 1.5 times more pitch change (226.99 ms vs. 101.04 ms, and 110.93 Hz
vs. 81.57 Hz, respectively). Pauses at the utterance-final position were on average about
20 times longer than those at the phrase-final and non-final positions (1825.64 ms
vs. 65.17 ms and 90.71 ms).

Acoustic Cues to Phrase Boundaries

Fisher and Tokura (1996) reported that for utterances with more than one syllable
preceding the boundary between the subject and the verb of the sentence, phrase-final
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vowels were longer than their preceding non-final vowel within the same phrase, and that
this vowel lengthening was more pronounced compared to the differences between two
consecutive non-final vowels. To determine whether the same was true in our data, we ran
a repeated measures ANOVA with vowel duration as the repeated measure, the position
of the second syllable (phrase-final vs. non-final) as a between-items variable, and vowel
length as the dependent variable. Across all participants in our sample, 522 phrase-final
syllables were preceded by at least one non-final syllable (36% of all utterances). Since only
adjacent syllables were analyzed, raw values were used, following Fisher and Tokura’s
approach. An interaction between position and the repeated measures of vowel duration
would indicate that the amount of acoustic difference between a syllable and the one
preceding it differed depending on position.

Results showed that there was no significant main effect of position, F(1, 136) = 1.087,
p =299, n° = .002, no main effect of the repeated measures of vowel length, F(1, 886) =
245, p = 621, i° = .000, nor was there a significant interaction of the repeated measures
with position, F(1, 886) = .483, p = .487, 1i° = .000.

Although Fisher and Tokura (1996) found a significant main effect of the repeated
duration measures, with 76% of their phrase-final syllables being longer than the
preceding non-final syllable, the rate was 57% in our sample. Phrase-final syllables were
not reliably longer than their preceding syllable. In addition, they reported a significant
interaction showing that the difference in the duration of phrase-final vowels and their
preceding non-final vowels (59ms) was larger than that between non-final vowels and
their preceding non-final vowels (3ms). However, there were no such differences in our
sample: vowels in phrase-final syllables were of similar length (M = 97.34 ms, SD = 66.31)
to those in the adjacent preceding non-final syllables (M = 98.84 ms, SD = 97.01).
Nonfinal syllables (M = 108.47 ms, SD = 70.38) were on average 5 ms longer than their
adjacent preceding non-final syllables (M = 103.66 ms, SD = 65.81). Thus, the phrase-
final position in multisyllabic subject phrases was not marked by longer vowels compared
to the non-final position.

Taken together, these patterns are partially consistent with the results of Fisher and
Tokura (1996). When considering all well-formed utterances, vowels at the utterance-
final position consistently showed larger pitch changes and longer lengths than those in
non-final position or phrase-final positions. Results from utterances with multisyllabic
subject phrases did not match those reported in Fisher and Tokura. They reported vowel
lengthening at the phrase-final position compared to the non-final position — however we
did not find that vowels were longer at the phrase-final boundary in infant-directed
speech that was produced in naturalistic environments.

Discussion

Several studies suggest that IDS contains acoustic cues that could facilitate perceptually
grouping speech into units that roughly correspond to syntactic units such as clauses or
phrases. For example, syllables in well-formed utterance and phrase-final position
contain exaggerated vowel lengthening and pitch changes, and are followed by longer
pauses, relative to syllables in non-final positions (Fisher & Tokura, 1996; Ludusan et al.,
2016; Soderstrom et al., 2008). However, this evidence largely comes from analyses of IDS
produced in relatively constrained laboratory settings, or from a small number of
speakers, and thus it is unclear whether these cues are present in IDS that is more
representative of the speech infants hear in their everyday lives. Thus, we investigated
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whether these acoustic cues to syntactic structure in English are also present in IDS
produced in more naturalistic settings. Specifically, we used LENA recordings to capture
at-home language input to 49 infants. Like Fisher and Tokura, we found that syllables in
the final positions of well-formed utterances were characterized by greater vowel length-
ening and pitch changes, and were followed by longer pauses, in comparison to syllables
that did not occur in utterance final position. Although Fisher and Tokura (1996) found
that utterances with multisyllabic subjects had longer vowels at the phrase-final position
compared to the non-final position, we found that vowel length at these two positions did
not differ significantly.

Our results suggest that the ends of syntactically well-formed utterances are acous-
tically distinctive in speech that caregivers use in everyday interactions with their infants,
exhibiting more pitch change and vowel lengthening, as well as long pauses, in compari-
son to other parts of the utterance. These acoustic characteristics may function as
important cues for language learning. Most obviously, these features could facilitate
segmenting speech into discrete utterances, which tend to contain short, simple,
syntactically-well-formed units (e.g., Kaye, 1980). Indeed, several studies suggest that
these acoustic cues contribute to perceiving units within ongoing speech, or to segment-
ing the speech stream into prosodically, and often syntactically, well-formed units. Infants
under a year of age often prefer to listen to prosodic units in which edges are marked by
pauses, pitch changes, and vowel lengthening (Hirsh-Pasek et al., 1987; Jusczyk et al.,
1992; but see Seidl & Cristia, 2008, for evidence for a novelty preference at 4 months of
age).

Not only do infants detect these acoustic features that occur ata boundary or edge, and
prefer listening to speech sequences bracketed by such cues, but infants also appear to
have better memory for specific sequences of words within vs. across these boundaries
(e.g., Nazzi et al,, 2000; Seidl, 2007; Soderstrom et al., 2003). For example, infants are
better able to recognize a sequence of words they were just familiarized with (i.e., rabbits
eat leafy vegetables) when it is a well-formed clause “...rabbits eat leafy vegetables.” than
when the sequence spans a clause boundary “...rabbits eat. Leafy vegetables...” (Seidl,
2007). Thus, bracketing cues potentially facilitate encoding and remembering well-
formed speech sequences, including their phonetic, phonotactic, prosodic, and lexical
content. By enhancing memory for the contents of speech, bracketing could also facilitate
distributional analysis, or tracking co-occurrence relationships among words within these
sequences (e.g., Gerken, 1996).

The presence of all three cues at utterance boundaries — syllables with more exagger-
ated vowel-lengthening and pitch changes, and which are followed by a pause — could also
facilitate learning language-specific cue weightings. For example, 4-month-old English-
learning infants appear to require all 3 cues to bracket speech (Seidl & Cristia, 2008).
However, by 6 months English-learning infants appear to rely most strongly on pitch
changes, which tend to be especially strong in English, as long as they are accompanied by
either a pause or a duration change (Seidl, 2007). By 6-8 months, German-learning infants
can use a combination of pitch change and lengthening, even in the absence of pauses,
which tend to be unreliable in German (Wellmann et al., 2012). In contrast, Dutch-
learning infants rely more heavily on pauses than pitch or duration, also likely reflecting
the extent to which the cues are present and reliable in infants’ native language (Johnson
& Seidl, 2008).

In addition, experience with strong cues at utterance boundaries corresponding to
clauses could help infants detect these cues at phrase boundaries, which tend to be weaker
(Cooper & Paccia-Cooper, 1980). Indeed, we failed to find evidence of these cues at phrase
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boundaries in IDS to 12-month-olds. In lab studies, infants tend to show evidence of using
these prosodic cues to group and recognize clauses by 6 months but use them to group
sequences into phrases only by 9 months (e.g., Jusczyk et al., 1992). However, Soderstrom
et al. (2003) found that when phrases are marked by strong prosodic cues, even
6-month-olds appear to use them to segment and remember the speech stream. We
suggest that the very strong cues at the end of well-formed utterances (i.e., clause
boundaries) could be used to bootstrap sensitivity to smaller and more subtly marked
units, when these cues do occur.

The acoustic exaggerations we observed in everyday IDS could also impact word
segmentation, recognition, and learning. Vowel space expansion (including vowel length-
ening) and pitch changes characteristic of IDS can facilitate developments in infants’
speech perception, and specifically perceptual narrowing that leads to more accurate
phoneme perception (Liu et al., 2003). Thus, the presence of longer vowels with larger
pitch changes at utterance boundaries may facilitate infants’ encoding and discrimination
of speech at the end of an utterance. Because the end of an utterance is also nearly always
the end of a word, these acoustic features could facilitate processing speech that occurs at
the end of an utterance. Indeed, infants tend to segment (Seidl & Johnson, 2006) and
recognize words better when they occur in utterance-final position (Fernald et al., 2001).

As mentioned, one point of departure from the results in Fisher and Tokura (1996)
concerns the presence of acoustic cues to phrase boundaries. In their study, vowel
lengthening regularly occurred at the phrase boundaries in utterances that contained
multisyllabic noun-phrase subjects. The authors concluded that this phrase-final length-
ening, though less robust than the effects at the utterance-final position, allowed infants to
detect the general prosodic shape of English utterances. In the current study, however, we
did not find differences in vowel length between the phrase-final position and non-final
position when considering utterances with multisyllabic subject phrases. These results are
consistent with evidence that the prosodic correlates of phrase boundaries are strongest at
higher-order syntactic nodes, and may be weak or absent altogether in the short simple
constructions characteristic of IDS (Cooper & Paccia-Cooper, 1980). Nonetheless, these
cues may be present in more complex speech, such as in speech to older children and
adults, which contains longer, more syntactically complex utterances. As discussed above,
becoming attuned to the robust cues present at utterance boundaries could help infants
and children to detect them at phrase boundaries when they do occur.

It is also possible that the lack of phrase-level bracketing in IDS sampled from daylong
recordings in the home is driven by being used in different types of interactions than those
within which lab-based IDS is typically produced. Previous studies have shown that
caregivers’ sensitivity to environment or context can be reflected in their speech, and that
they alter their intonation, word use, and sentence structure to reflect the various goals of
speech (Rondal, 1980). In a lab-based session, caregivers are primarily motivated to
engage their infants, and the predominant acoustic function of their IDS may therefore be
attracting and maintaining the infant’s attention and engagement. In contrast, input
captured from real-world interactions may consist more of urging children to do
something or preventing them from engaging in certain behavior, and therefore differ
from speech used in lab sessions at a functional level. It is plausible that speech at home
and speech in the lab have different acoustic properties as a result of different commu-
nicative functions. Relatedly, even though the distribution of utterance types in the
current study is similar to that reported in Fisher and Tokura (1996), the specific
utterances produced in the two contexts may have served different functional goals
and therefore yielded different acoustic patterns.
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In sum, this study provides an initial step towards characterizing the IDS that infants
hear in their everyday lives, and the extent to which it may contain cues relevant for
learning syntactic structure. In future studies it will be important to extend this investi-
gation to languages other than American English. Nonetheless, our initial results suggest
that the IDS that infants hear in everyday interactions contains cues relevant to brack-
eting, and that these cues are not identical to those captured in lab recordings, thus
underlining the importance of collecting naturalistic data. Our results indicate that there
are exaggerations in vowel pitch and duration, and in pause length at the utterance-final
position. Naturalistically produced IDS did not contain similar cues at utterance-internal
syntactic boundaries, perhaps due to different pragmatic and functional use. Importantly,
our replication demonstrates that well-formed utterance boundaries are not only marked
by prosodic cues in short interactions in a lab setting, in which caregivers are primarily
motivated to engage their infants. The present study provides a foundation for future
studies aimed at obtaining a better understanding of speech to infants, and contributes to
our knowledge about IDS captured in an unobtrusive long-form recording method (e.g.,
Bergelson et al., 2018; Ramirez-Esparza et al., 2014, 2017; Weisleder & Fernald, 2013).
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