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a b s t r a c t

Although infants learn an impressive amount about their native-
language phonological system by the end of the first year of life,
after the first year children still have much to learn about how
acoustic dimensions cue linguistic categories in fluent speech.
The current study investigated what children have learned about
how the acoustic dimension of pitch indicates the location of the
stressed syllable in familiar words. Preschoolers (2.5- to 5-year-
olds) and adults were tested on their ability to use lexical-stress
cues to identify familiar words. Both age groups saw pictures of a
bunny and a banana and heard versions of ‘‘bunny’’ and ‘‘banana’’
in which stress either was indicated normally with convergent
cues (pitch, duration, amplitude, and vowel quality) or was manip-
ulated such that only pitch differentiated the words’ initial sylla-
bles. Adults (n = 48) used both the convergent cues and the
isolated pitch cue to identify the target words as they unfolded.
Children (n = 206) used the convergent stress cues but not pitch
alone in identifying words. We discuss potential reasons for chil-
dren’s difficulty in exploiting isolated pitch cues to stress despite
children’s early sensitivity to pitch in language. These findings con-
tribute to a view in which phonological development progresses
toward the adult state well past infancy.

! 2014 Elsevier Inc. All rights reserved.

Introduction

Infants begin learning their native language during the first year, passing a series of milestones on
their path toward mastery in interpreting the speech signal. They lose discrimination of some non-na-
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tive consonant and vowel contrasts (Bosch & Sebastián-Gallés, 2003; Polka & Werker, 1994; Werker &
Tees, 1984) and improve discrimination of subtle native contrasts (Kuhl et al., 2006; Narayan, Werker,
& Beddor, 2010), which enables them to focus on the sound contrasts that their native language uses
to differentiate words. They begin to use their language’s prosodic properties to guide word finding
(e.g., Friederici, Friedrich, & Christophe, 2007; Nazzi, Jusczyk, & Johnson, 2000; see also Curtin, Mintz,
& Christiansen, 2005; Höhle, Bijeljac-Babic, Herold, Weissenborn, & Nazzi, 2009; Jusczyk, Cutler, & Re-
danz, 1993). In addition, they derive increasingly detailed knowledge of which sounds or syllables
tend to go together (Jusczyk, Friederici, Wessels, Svenkerud, & Jusczyk, 1993; Jusczyk, Luce, &
Charles-Luce, 1994).

Yet toddlers are still immature in their interpretation of the speech signal. For example, 1-year-olds
do not consistently interpret phonological distinctions as indicating lexical distinctions even for con-
trasts they readily discriminate (Apfelbaum & McMurray, 2011; Fennell & Werker, 2004; Rost &
McMurray, 2009; Stager & Werker, 1997; Swingley & Aslin, 2007; Werker & Curtin, 2005). They are
also more open-minded than older children about what can constitute a word, apparently accepting
gestures and mechanical sounds (Namy, 2001; Namy & Waxman, 1998; Woodward & Hoyne,
1999). Even older children’s perception of speech sounds does not align fully with adult models in
some phonetic details (e.g., Mayo & Turk, 2005). Thus, although children’s (implicit) knowledge of
their language’s speech sounds implies significant capacities for analysis of regularities in the speech
signal, the accomplishments of the first year are just the first steps in learning to interpret spoken
language.

To fluently learn and recognize native-language words, children not only must apply their native
sound contrasts but also must disregard, at least at the word level, acoustic variation that their lan-
guage does not use contrastively. But in doing so learners cannot simply discard this sort of variation
because it is often relevant at other levels of linguistic structure. For example, vowel duration in Eng-
lish is not a primary cue to vowel identity, but it partially cues speech rate and the voicing of the fol-
lowing consonant (Dietrich, Swingley, & Werker, 2007; van der Feest & Swingley, 2011) and, therefore,
should not be ignored. The need to attend to non-segmental information also implies that sensitivity
to statistical modes in phonetic distributions is unlikely to be sufficient alone as a learning mechanism
that can lead to proper interpretation of duration or pitch movement. Children need not only segmen-
tal categories but also interpretive models that assign appropriate communicative roles to phonetic
variations.

A number of studies have shown children’s ability to insulate lexical interpretations from phonetic
variations irrelevant to lexical identity. For example, within the first year, infants improve at recogniz-
ing words despite non-phonemic changes in the talker’s voice (Houston & Jusczyk, 2000), affect (Singh,
Morgan, & White, 2004), and fundamental frequency, perceived as pitch (Singh, White, & Morgan,
2008). English-learning 18-month-olds do not treat large differences in vowel duration as contrastive
even when given distributional evidence to the contrary (Dietrich et al., 2007). In the case of pitch,
Quam and Swingley (2010) demonstrated that by 2.5 years of age, when English-learning children
were taught a new word that was consistently uttered with one pitch contour, they recognized the
word just as well when it was given a very different contour, suggesting that the children did not
spontaneously treat pitch contour as a crucial component of a new word. Children appear to rule
out pitch contour as lexically relevant in English sometime between 18 and 24 months of age (Singh,
Hui, Chan, & Golinkoff, 2014).

Note that in all of these cases, word recognition is tested and the ‘‘right’’ answer (at least for English
learners) requires indifference to the tested nonlexical variable, be it pitch contour, talker’s voice, or
talker’s emotional state. There are relatively few tests of very young children’s appreciation of the sig-
nificance of these phonetic variables in English (but see Creel, 2012). So, taking the case of pitch,
although even toddlers have some correct intuitions about what pitch is not used for in English, it
is less clear what young children think pitch is used for in English.

For example, it seems that it is not until roughly 4 years of age that children begin to exploit pitch
cues to a talker’s emotions as adults do (Quam & Swingley, 2012) even when pitch indicates emotions
such as ‘‘happy’’ and ‘‘sad’’—emotions that children talk about before 2.5 years of age (Fenson et al.,
1994). This delay in pitch interpretation is surprising given infants’ early attention to the pitch char-
acteristics of infant-directed speech (IDS; e.g., Fernald, 1985, 1992; Katz, Cohn, & Moore, 1996). One
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possible explanation for the delay could be variability in how underlying representations (happy/sad
emotions) manifest in surface forms (realizations of pitch cues). The consistency of the relationship
between underlying representations and surface forms appears to affect the acquisition trajectory
of phonetic features, including pitch contours. For example, the tone patterns of words appear to be
learned more quickly in lexical-tone languages such as Mandarin than in grammatical-tone languages
such as Sesotho, where contextual ‘‘tone sandhi’’ effects are pervasive and children appear to learn
tone patterns item by item (Demuth, 1995). Within Japanese, a pitch-accent language, the variable
realization of the phrase-initial rising contour in adult speech appears to account for children’s de-
layed acquisition of this pattern relative to the more consistently realized falling contour (Ota,
2003). Similarly, inconsistency in how pitch indicates the talker’s emotions could slow children’s
learning of these cues (Quam & Swingley, 2012).

The current study investigated a case in which pitch serves a different linguistic function in Eng-
lish—to indicate the stressed syllable in a word. In English, polysyllabic words each contain one sylla-
ble with primary lexical stress. Which syllable this is varies from word to word; for example, table is
trochaic with stress in the first syllable, whereas persist is iambic with stress in the second syllable.
Lexical stress in English is indicated by four acoustic cues. One is the pitch pattern; when a word
has discourse focus or occurs in a prosodically prominent position (e.g., at the end of the utterance),
its stressed syllable attracts a pitch accent, typically a pitch peak (Beckman & Edwards, 1994; Hayes,
1995). Stressed syllables in English also tend to be longer in duration and louder than unstressed syl-
lables. Finally, in English, vowel quality is an additional cue to stress; unstressed syllables tend to con-
tain the vowel schwa, whereas stressed syllables vary more in their vowel quality, generally being less
centralized in the vowel space (Fry, 1958; Lieberman, 1960). Because the precise use and weighting of
these cues differ across languages (Berinstein, 1979; Bertinetto, 1980), children must learn the cue
weightings and realizations for their language.

Here, we asked whether children and adults can exploit stress patterns to efficiently recognize
words that differ in first-syllable stress (BUnny vs. baNAna) and whether the pitch component of lex-
ical stress is important in their determination of whether a syllable is stressed. Participants were
tested in a restricted (but common) linguistic context in which the stressed syllable reliably contains
a pitch peak (i.e., in sentences such as ‘‘Look at the BUnny/baNAna’’). Because the context demands
realization of the pitch cue to lexical stress as a pitch peak, pitch here is relevant to lexical
differentiation.

Both age groups were tested in two conditions. In the convergent-cues condition, participants heard
words in which pitch, amplitude, duration, and vowel quality all converged to indicate the location of
the stressed syllable, just as they ordinarily do in English in this intonational/pragmatic context. Chil-
dren might be expected to exploit these convergent cues to stress in word recognition given infants’
early attentiveness to the stress properties of their language (Friederici et al., 2007) and evidence that
early word learners encode stress in their word representations (Curtin, 2010) and can learn minimal
stress pairs (Curtin, 2009). On the other hand, children might not use stress effectively given its rela-
tively low functional load compared with, for example, lexical tone in Mandarin Chinese (Cooper, Cut-
ler, & Wales, 2002; Cutler, Dahan, & van Donselaar, 1997), pitch accent in Japanese (Shibata & Shibata,
1990, cited in Sekiguchi & Nakajima, 1999), or even lexical stress in Spanish and Dutch (Hochberg,
1988; Cooper et al., 2002). Even so, we expected that children would indeed exploit the words’ stress
patterns in differentiating the test words.

In the pitch-only condition, participants heard words in which only isolated pitch cues indicated the
location of stress. This condition speaks to the question of whether preschool children can flexibly
adapt their cue weights to capitalize on the locally informative cue. Given infants’ early sensitivity
to pitch patterns in language (Fernald, 1985, 1992; Katz et al., 1996), we might predict that children
would exploit isolated pitch cues. However, even if children make use of convergent stress cues, there
are two reasons to think they might not use pitch alone.

First, children’s cue weights may differ from those of adults. Children sometimes over-rely on the
most reliable or accessible cue to the exclusion of others. In one example from word segmentation,
7.5-month-olds over-relied on the tendency for words to begin with a stressed syllable, missegment-
ing guitar is as the strong–weak nonword taris (Jusczyk, Houston, & Newsome, 1999; see also Houston,
Santelmann, & Jusczyk, 2004). At 15 months of age, children also appear to over-rely on the most
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salient or reliable acoustic cue to vowel contrasts (the first formant, F1), causing them to fail to dis-
criminate vowel pairs that do not differ primarily in F1 (Curtin, Fennell, & Escudero, 2009). Children
may overweight a particular cue because they find it easier to attend to due to either non-adult-like
general auditory processing (Mayo & Turk, 2005) or a non-adult-like phonetic system (Nittrouer,
1996; Nittrouer & Lowenstein, 2007). Among the cues to stress, pitch may be less reliable than the oth-
ers because of its use in signaling other linguistic features such as intonational phrasing and sentential
focus. Children might also need multiple cues to a category. Seidl (2007; see also Seidl & Cristià, 2008)
found that even though pitch is a necessary cue for infants’ clause boundary segmentation, infants are
not able to exploit pitch alone to segment clauses but instead need two convergent cues.

Second, children might fail to use pitch as a cue in isolation because of difficulty in flexibly adjust-
ing perceptual weights to capitalize on the locally informative cue. Children exhibit more difficulty
than adults in adjusting their phonetic cue weights to compensate for effects of contextual variation
such as noise and talker variability (e.g., Hazan & Barrett, 2000; Nittrouer, Miller, Crowther, & Man-
hart, 2000). Although naturalistic lexical stress is indicated with four convergent cues, in the pitch-
only condition listeners could best succeed by adjusting their cue weights to down-weight amplitude,
duration, and vowel quality cues relative to pitch. Thus, difficulty in flexibly adjusting cue weights
could prevent children from capitalizing on isolated pitch cues in our task.

Given that we might predict late development of the ability to exploit either convergent or isolated
pitch cues to lexical stress, we tested children at a broad range of ages: 2.5 through 5 years. This en-
abled us to investigate whether developmental change occurs across the preschool years in children’s
ability to exploit stress cues during word recognition. Before testing children, in Experiment 1 we
tested a group of adults in both conditions to confirm the manipulation and provide a quantitative
assessment of the mature state, particularly with respect to interpretation of the isolated pitch cue.

Experiment 1

We tested 48 adults’ recognition of familiar words under two between-participants conditions. In
the convergent-cues condition, all cues jointly indicated stress. In the pitch-only condition, an isolated
pitch cue indicated the stressed syllable and all other stress cues were neutralized.

Method

Participants
We included 48 adults (20 women and 28 men) in the analysis, all native speakers of English. All

but 2 participants were undergraduates or very recent university graduates, assumed to be between
18 and 23 years of age, recruited primarily through a pool of students in introductory psychology
courses. An additional 8 adults participated but were excluded for not being native English speakers
(n = 6), for equipment failure (n = 1), or because the adult’s glasses interfered with the eye-tracking
(n = 1). Because it was likely that adults’ responses to isolated pitch cues to stress would be less
marked than their responses to convergent stress cues, we tested twice as many participants in the
pitch-only condition (32) as in the convergent-cues condition (16).

Apparatus and procedure
We used a language-guided looking procedure to investigate whether adults could exploit conver-

gent versus isolated pitch cues to lexical stress during recognition of familiar words. Because adults
participated in essentially the same experiment as children in Experiment 2, experimental trials in-
cluded only the words/objects bunny and banana and the auditory stimuli were presented in a
child-directed voice. To make this experience seem less odd, adult participants were told before the
study that they would be helping to calibrate an experiment designed for young children.

Experimental (bunny/banana) and filler (other familiar word) trials alternated. There were 16 trials
of each of these types, making 32 trials in total. In each trial, two pictures appeared on the computer
screen. After 2 s, recorded sentences, referring to one of the two pictures, played from speakers on
both sides of the screen. Of the 16 experimental trials, there were 4 each of correctly stressed ‘‘BUnny’’
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trials (e.g., ‘‘Look at the BUnny’’), misstressed ‘‘buNNY’’ trials, correctly stressed ‘‘baNAna’’ trials, and
misstressed ‘‘BAnana’’ trials; these four target words were intermixed throughout the experiment.
Eight attention-getting videos (e.g., an expanding and contracting star; brightly colored shapes mov-
ing around) were evenly spaced throughout, a manipulation used for both age groups but intended for
maintaining children’s attention in Experiment 2. For adults, there were also 4 filler trials (not eye-
tracked) presented between each of the coded trials, so that adults saw 5 trials for every 1 trial chil-
dren saw. These extra filler trials were intended to render the purpose of the experiment less obvious
to adults. Because of these extra trials, the adult experiment was approximately 25 min long.

We used the EyeLink eye-tracking system to automatically code participants’ eye movements. The
eye-tracker was an EyeLink CL (SR Research), with an average accuracy of 0.5" and a sampling rate
(from one eye) of 500 Hz. The EyeLink eye-event detection system is based on an internal heuristic
saccade detector. A blink is defined as a period of saccade-detector activity with the pupil data missing
for three or more samples in a sequence. A fixation event is defined as any period that is not a blink or
saccade.

The eye-tracking camera was mounted to the bottom of a 34.7 ! 26.0-cm LCD computer screen.
Before the experiment, we calibrated the eye-tracker to the participant. First, a round sticker with a
black-and-white target symbol on it was placed on the participant’s forehead just above one of the
eyebrows. Then, the experimenter, viewing a live video of the participant’s face on the computer mon-
itor, checked whether the eye-tracker had located the target symbol and the participant’s pupil and
corneal reflection (CR). The eye-tracker used the locations of the target symbol, the pupil, and the cor-
neal reflection to compute the location of the participant’s fixations to the screen. Once the target and
pupil/CR were identified, the experimenter began the automated 5-point calibration procedure, which
involved drawing the participant’s gaze to the four corners of the screen and the center in turn using a
bulls-eye pattern. Once the calibration and validation were completed satisfactorily, the experiment
began. During the experiment, if the eye-tracker lost the location of the pupil/CR, the participant
was recalibrated between trials.

Auditory stimuli
Experimental trials used the word pair ‘‘bunny’’ and ‘‘banana’’ for four reasons. First, the words dif-

fer in their stress patterns; ‘‘bunny’’ has a stressed first syllable, whereas ‘‘banana’’ has an unstressed
first syllable (and a stressed second syllable). Second, the vowel in the first syllable of ‘‘bunny’’ (IPA: /
V/) is acoustically similar to schwa (IPA: /E/), making it easier for us to neutralize the vowel-quality
contrast between stressed and unstressed first syllables so as to isolate the pitch cue in the pitch-only
condition. Third, both bunnies and bananas are readily picturable. Finally, ‘‘bunny’’ and ‘‘banana’’ con-
stitute the only word pair in most 2-year-olds’ vocabularies that fit all three of these criteria.1 We re-
stricted ourselves to a word pair of this sort rather than simply misstressing words with unmatched
partners because previous eye-tracking work with 3-year-olds (de Bree, van Alphen, Fikkert, & Wijnen,
2008) did not show sensitivity to misstressings of iambic words in an unmatched-pair design. In princi-
ple, a paired design would be expected to be particularly sensitive because, for example, ‘‘buNNY’’ with
an unstressed first syllable not only fails to match bunny but also initially provides a good match to
banana.

Convergent-cues condition. For the convergent-cues condition, the first author produced stimuli in
which she allowed all four cues to stress to covary between the two versions of each word. This meant
that the first syllable of ‘‘BAnana’’ and ‘‘BUnny,’’ in addition to containing a pitch peak, differed in three
other ways from the first syllables of ‘‘baNAna’’ and ‘‘buNNY.’’ It was longer in duration, higher in
amplitude (the mean amplitude of the whole word was normalized to 70 dB, but relative differences
between the syllables were maintained), and contained a /V/ vowel rather than schwa (see Fig. 1, top;
only one of the two tokens is depicted for each stimulus). We used two tokens of each word (e.g., two
‘‘BUnny’’ tokens); this was partly to reduce boredom in the child version (Experiment 2) and also to

1 Pilot testing also included the pair ‘‘button’’/‘‘balloon’’, but the L-coloring of the first vowel in ‘‘balloon’’ eliminated any
ambiguity between the first syllables of the words.
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reduce the likelihood that participants could memorize the acoustic values of particular stimuli (e.g.,
the precise pitch values of ‘‘BAnana’’ vs. ‘‘BUnny’’) to anticipate which word they were hearing.

Pitch-only condition. To test English-speaking adults’ and children’s ability to exploit the pitch cue to
stress, for the pitch-only condition we used Praat pitch resynthesis (Boersma & Weenink, 2008) to iso-
late the pitch cue to the stress contrast between ‘‘bunny’’ and ‘‘banana,’’ holding the other three cues—
amplitude, duration, and vowel quality—constant (see Fig. 1, bottom). In simple declarative or ‘‘wh-’’
question contexts such as the sentences we used (‘‘Look at the bunny/banana.’’ and ‘‘Where’s the bun-
ny/banana?’’), the stressed syllable of a word with utterance focus is indicated with a pitch peak dur-
ing the stressed syllable (Hayes, 1995). In these simple sentence contexts, therefore, a word with a
stressed first syllable will have an earlier pitch peak than a word with a stressed second syllable.

To isolate the pitch cue, the first author first recorded tokens of each word with stress on the first or
second syllable (e.g., BUnny and buNNY) and also a ‘‘neutrally stressed’’ version of each word, in which
she attempted to produce comparable values for amplitude, duration, and vowel quality in the first
and second syllables, so that stress was not clearly on either syllable (but note that it is not possible

Fig. 1. Waveforms and pitch tracks for one of the two tokens of each of the auditory stimuli used in the convergent-cues
condition (top) and for the stimuli used in the pitch-only condition (bottom).
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to produce fully ‘‘neutral’’ stress, so the long first-syllable duration may have suggested first-syllable
stress when listening incrementally). Mean amplitude between syllables of the ‘‘neutrally stressed’’
tokens was equalized using the ‘‘shape volume’’ function in the acoustic editing software Goldwave.

Next, we superimposed the pitch contour from each of the stressed versions onto the neutrally
stressed tokens, using Praat pitch resynthesis (Boersma & Weenink, 2008; see Streeter, 1978, for a
similar procedure). Thus, the stimuli presented to listeners were two versions of the same recorded
tokens, with superimposed pitch patterns taken from either trochaic or iambic recordings. This meth-
od enabled us to ensure that the two versions of bunny and of banana differed, to the extent possible,
in only their pitch contours. Acoustic measurements for stimuli in both conditions are summarized in
Table 1. (Note that the pitch-resynthesis process isolates pitch as much as possible, but some small
differences in amplitude and spectral content, which can be seen in Table 1, are unavoidable if stimuli
are to sound like speech). Because of the complexity of creating these resynthesized stimuli (e.g., to
maximize the naturalness of the resynthesis process, syllable durations needed to be similar among
the trochaic, iambic, and ‘‘neutrally’’ stressed original recordings), only one token of each experimen-
tal stimulus (e.g., ‘‘BUnny’’) was used and was spliced into the two carrier phrases ‘‘Look at the
[BUnny].’’ and ‘‘Where is the [BUnny]?’’ Waveforms and pitch tracks for the resulting stimuli are
shown in Fig. 1 (bottom).

Visual stimuli
Visual stimuli were color photographs on gray backgrounds. There were two different banana pho-

tos and two different bunny photos (see examples in Fig. 2) as well as two versions of each of the filler
pictures. In pilot testing, participants (especially children) had a strong bias to fixate the bunny in bun-
ny/banana trials, so for the experiments reported here we reduced the size and contrast of the bunny
photos and increased the size and brightness of the banana photos. This reduced (but did not elimi-
nate) children’s baseline (before target word) preference for the bunny object.

Data reduction
The 500-Hz output files of the EyeLink system were converted to ASCII format and condensed into

target- and competitor-fixation proportions in 50-ms time bins using custom Python scripts created

Table 1
Acoustic measurements for the first and second syllables of each target word used in the convergent-cues condition (averaged over
the two tokens of each word) and the pitch-only condition.

Pitch mean (SD) (Hz) Pitch max (Hz) Intensity (dB) Duration (s) F1/F2 (Hz)

Convergent cues–first syllable
baNAna 201.5 (10.1) 235.8 68.1 0.26 626.4/1751.5
BAnana 371.6 (49.9) 424.3 75.5 0.40 975.9/1420.5
BUnny 374.4 (52.6) 431.6 74.5 0.40 920.5/1610.5
buNNY 195.4 (4.9) 204.6 69.3 0.17 601.4/1748.6

Convergent cues–second syllable
baNAna 303.3 (80.8) 404.6 73.0 0.49 726.7/1749.0
BAnana 257.2 (65.5) 409.2 65.6 0.46 751.2/2111.6
BUnny 250.3 (69.1) 414.0 62.1 0.69 435.5/2597.8
buNNY 260.2 (66.2) 358.8 70.1 0.89 412.9/2241.8

Pitch only–first syllable
baNAna 200.8 (2.9) 209.4 70.6 0.49 891.9/1606.2
BAnana 387.4 (29.4) 420.5 72.1 0.49 862.8/1668.4
BUnny 368.4 (20.7) 394.2 69.8 0.42 987.4/1749.2
buNNY 200.4 (4.9) 215.2 70.0 0.43 798.0/1741.3

Pitch only–second syllable
baNAna 332.6 (71.2) 395.3 69.9 0.52 850.6/1779.4
BAnana 222.1 (30.9) 317.3 69.8 0.52 818.2/2008.2
BUnny 233.1 (58.9) 394.1 68.4 0.75 511.2/2658.7
buNNY 292.7 (72.2) 387.3 67.6 0.74 464.2/2738.6
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by Sarah Creel. The result of this processing was information, for each trial, about the proportion of
time each participant was fixating each location (target, distracter, other, offscreen, or lost data) dur-
ing each 50-ms time bin.

Results and discussion

Fig. 3 plots adults’ fixations of the target picture over time in both the convergent-cues and pitch-
only conditions. Time on the x axis is displayed relative to target word onset. Gaze proportions in Fig. 3
are averaged within each 50-ms time bin, and numbers on the x axis represent the end of each time
bin. Zero (0) on the x axis, thus, represents the time bin from 50 to 0 ms before the onset of the target
word. The ambiguous region, ‘‘bun,’’ ended at 610 ms for all stimuli (the first syllable, ‘‘bu. . .’’, ended at
roughly 450 ms; see Table 1 for details). By considering the time course of participants’ responses, we
can get a sense of how they integrated the information about first-syllable stress—which in ‘‘mis-
stressed’’ trials should mislead them to fixate the distracter object—with the later-arriving segmental
information starting in the second syllable (the ‘‘nny’’ in bunny vs. the ‘‘nana’’ in banana).

Convergent-cues condition
Gaze responses indicated that adults were very sensitive to convergent misstressings of the words,

as expected. For both words, adults identified the target picture straightforwardly when stress cues
were consistent with the word (‘‘BUnny’’ or ‘‘baNAna’’), but their target fixation dipped substantially

“Where is the BUnny? That’s pretty.” 

Fig. 2. Example photographs used in both experiments along with example sentences.

Fig. 3. Adults’ target fixation over time in response to convergent stress cues (left) and isolated pitch cues (right).
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when stress was inconsistent (‘‘buNNY’’ or ‘‘BAnana’’) before increasing to asymptote at 100% once
segmental information was unambiguous (i.e., once adults had heard either the ‘‘nny’’ in bunny or
the ‘‘nana’’ in banana). The effect of misstressing occurred faster for bunny than for banana (the ‘‘BUn-
ny’’ and ‘‘buNNY’’ lines diverge sooner than the two banana lines).

Pitch-only condition
Looking-time measures revealed less sensitivity to misstressings of the pitch cue alone than of all

four convergent cues. Nevertheless, for both words, target fixation was higher in correctly stressed tri-
als than in misstressed trials. When adults heard ‘‘BAnana’’ with a pitch pattern appropriate for bunny,
their target fixation dipped as they looked over at the bunny picture, just as we found for convergent
stress cues. When adults heard ‘‘buNNY’’ with a pitch pattern appropriate for banana, their response
was uncertain (target fixation revealed a middling response, lower than when pitch signaled bunny
but still not so much as to favor banana). This could be because for adults pitch is asymmetric; high
pitch definitely indicates a stressed syllable, whereas the absence of high pitch does not clearly indi-
cate an unstressed syllable. A plausible additional explanation is that the pitch cue was competing
with a long syllable duration, so adults were responding to cue conflict with uncertainty (whereas
for BUnny the pitch and syllable duration were convergent cues indicating a stressed syllable). Either
way, the pitch manipulation affected listeners’ interpretation of both words by drawing fixations in
the predicted direction, although not always to the degree one might expect if pitch were the only
cue to stress that listeners were accustomed to exploiting.

To compute inferential statistics on the looking-time data, we first averaged target-fixation propor-
tions across the time window of 200 to 2000 ms post-noun onset. The start of this window is the earliest
adults can initiate an eye-movement response (Hallett, 1986). In Experiment 2, the time window began
slightly later, at 350 ms, based on prior findings that before 367 ms children are unlikely to be respond-
ing to the target word (Fernald, Pinto, Swingley, Weinberg, & McRoberts, 1998; Swingley & Aslin, 2000;
we used 350 ms here because data were binned in 50-ms chunks). The end of the window was chosen
because after 2000 ms both adults and children have usually finished identifying and fixating the target
picture. Table 2 summarizes mean target fixations for this time window. We also calculated participants’
asymptotic performance (the window of 2000–3000 ms) to estimate their ultimate choice of target pic-
ture. Among adults, performance in this window was uniformly high—more than 97% even on the mis-
stressed naturalistic-stress trials. Children in Experiment 2 varied more than adults on this measure.

We next conducted a by-participants analysis of variance (ANOVA) in which the dependent vari-
able was target-fixation proportion and the predictors were the word (‘‘bunny’’ or ‘‘banana’’), the
cue type (convergent cues or pitch only), the pronunciation (correct or misstressed), and their inter-
actions. Pronunciation exerted a significant effect on target fixation, F(1,46) = 41.6, p < .001, which
was higher in response to correctly stressed words (M = 80.0%, SD = 8.6) than in response to mis-
stressed words (M = 69.8%, SD = 9.1) with a large effect size (paired Cohen’s d = 0.84). There was also
a significant interaction between pronunciation and cue type, F(1,46) = 12.6, p < .001. In follow-up t
tests, convergent-cues and pitch-only participants did not differ significantly in target fixation on

Table 2
Mean target fixation (and standard deviations) in the two conditions—convergent (all) cues and pitch cue only—for adults
(Experiment 1) and children (Experiment 2).

Word Correctly stressed Misstressed

BUnny baNAna All buNNY BAnana All

Adults (Experiment 1)
All cues 85.4 (12.0) 86.1 (9.1) 85.8 (6.6) 65.7 (9.9) 69.8 (13.3) 67.8 (8.0)
Pitch 78.9 (11.0) 75.3 (13.3) 77.1 (8.1) 72.3 (12.8) 69.5 (12.9) 70.8 (9.6)

Children (Experiment 2)
All cues 74.5 (18.8) 64.4 (17.4) 69.5 (13.0) 54.0 (19.8) 53.4 (17.7) 53.6 (13.5)
Pitch 64.3 (22.4) 50.1 (19.7) 57.1 (13.5) 59.6 (26.5) 50.7 (21.2) 55.2 (14.2)

Note: Values in the table are percentages.
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misstressed trials (convergent cues: 67.7%; pitch only: 70.9%), but convergent-cues participants
showed significantly higher target fixation in correctly stressed trials (convergent cues: 85.8%; pitch
only: 77.1%), unpaired t(36.3) = 4.0, p < .001, with a large effect size (pooled Cohen’s d = 1.14). Thus,
when all cues indicated that the correct syllable was stressed (i.e., on correctly stressed trials in the
convergent-cues condition), participants responded quickly and accurately. However, when cues were
more mixed in pitch-only ‘‘baNAna’’ and ‘‘BUnny’’ trials—where amplitude, duration, and vowel qual-
ity cues had been neutralized—participants were relatively slow in identifying the target words.

In sum, adults were sensitive to mispronunciations of the pitch cue to stress for both ‘‘bunny’’ and
‘‘banana,’’ although they responded more strongly to convergent stress cues. In Experiment 2, we
tested preschool-age children’s ability to exploit convergent versus pitch-only cues to the location
of stress.

Experiment 2

Method

Participants
Children between 2.5 and 5 years of age were tested. A total of 206 children were included in the anal-

yses: 100 in the convergent-cues condition and 106 in the pitch-only condition (102 girls and 104 boys,
mean age = 4 years 7 days, SD = 1 year 27 days); the sample included 50 2-year-olds, 52 3-year-olds,
52 4-year-olds, and 52 5-year-olds, roughly equally distributed across the two conditions). Children
were recruited via letters sent to parent addresses from a commercial database and by word of mouth.
An additional 38 children were excluded from the analysis for inattentiveness (n = 19), because they
were hearing a language other than English at home more than 30% of the time or were exposed to a tone
language (which could increase sensitivity to the pitch cue to stress; n = 10), for reported language or
cognitive delays (n = 4), for talking/screaming over the auditory stimuli (n = 2), because of distracting
noise in the room (from a younger sibling; n = 1), and because parents reported that their children did
not understand either the word ‘‘bunny’’ or ‘‘banana’’ (n = 2). Children were deemed to be inattentive
if, in more than half (2) of the trials in each trial type (e.g., ‘‘BUnny’’ or ‘‘buNNY’’), they failed to fixate
the pictures for at least 300 ms during the analyzed time window (350–2000 ms after noun onset).

Apparatus and procedure
The procedure was very similar to that used with adults. The differences were that some children

sat on a parent’s lap and the experiment was only approximately 5 min long, containing 32 trials and
the attention-getting videos.

Results and discussion

We tested children across a wide age range (2.5–5 years) so as to track the developmental timing of
any relevant changes in phonetic interpretation over this period. In fact, in an analysis of covariance
(ANCOVA) described below, children’s performance within the analyzed time window (350–2000 ms
after noun onset) did not show important developmental change with regard to the variables of inter-
est (number of cues to stress and whether the word was correctly stressed vs. misstressed), although
children as a group did respond differently from adults. Still, some age differences were noticeable in
our measure of asymptotic performance (the analysis window 2000–3000 ms after the target word’s
onset). In experimental trials overall, 4- and 5-year-olds reached an asymptote of 76.5% target fixation
(SD = 15.6), whereas 2.5- and 3-year-olds reached 70.1% (SD = 14.7). Thus, to further investigate effects
of age on performance, we included ANCOVAs investigating children’s responses both in the primary
analysis window (350–2000 ms) and in this asymptotic window (2000–3000 ms).

Convergent stress condition
We predicted that children, like adults, would be sensitive to misstressings of ‘‘bunny’’ and

‘‘banana’’ when all four cues were allowed to covary in the typical English fashion, although this ability

82 C. Quam, D. Swingley / Journal of Experimental Child Psychology 123 (2014) 73–89



might vary across age (see ANCOVAs below). Plots of children’s target fixation over time (Fig. 4, left)
indicate that, indeed, children fixated the target picture more when the word was correctly stressed
than when it was misstressed. This was true for both words in spite of an overall preference, beginning
before target word onset, to fixate the bunny picture. Children responded slightly earlier to misstress-
ing of bunny than misstressing of banana, as adults had done in Experiment 1.

Pitch-only condition
Two aspects of the pitch-only responses (Fig. 4, right) are most salient. First, children again showed

a bias, which preceded target word onset, to fixate the bunny picture. Second, children showed little
sensitivity to the pitch cues. They appeared to detect the anomalous pitch in ‘‘bunny’’ late in the time
window; target fixation in response to the correctly stressed version of ‘‘bunny’’ began to exceed that
in response to the misstressed version around 1000 ms post–target onset. However, this effect was
numerically small and did not increase with age, and there was no such effect for ‘‘banana.’’

To evaluate whether children’s age affected their sensitivity to mispronunciations of convergent
versus pitch cues, we conducted a by-participants ANCOVA in which the dependent variable was tar-
get fixation proportion, the continuous predictor was age, and the categorical predictors were the
word (‘‘bunny’’ or ‘‘banana’’), the cue type (convergent cues or pitch only), and the pronunciation (cor-
rect or misstressed). Interactions of all predictors were also included.

There was a significant main effect of cue type, F(1, 202) = 15.7, p < .001, reflecting higher overall
target fixation in response to convergent cues (M = 61.5%, SD = 9.5) than in response to the isolated
pitch cues (M = 56.1%, SD = 10.1) with a medium effect size (pooled Cohen’s d = 0.54). Pronunciation
also exerted a significant effect on target fixation, F(1,202) = 46.2, p < .001, which was higher in re-
sponse to correctly stressed words (M = 63.1%, SD = 14.6) than in response to misstressed words
(M = 54.4%, SD = 13.9) with a small to medium effect size (paired d = 0.43). Cue type interacted signif-
icantly with pronunciation, F(1,202) = 28.7, p < .001. Follow-up t tests revealed that mispronuncia-
tions decreased children’s fixation of the target picture in the convergent-cues condition, paired
t(99) = 8.6, p < .001, with a large effect size (paired d = 0.86), but not in the pitch-only condition
(see Table 2 for means). As with adults, the effect of cue type appeared only in correctly stressed trials,
unpaired t(204.0) = 6.7, p < .001, with a large effect size (pooled d = 0.94); the two participant groups
did not differ in misstressed trials. There was also a significant effect of target word, F(1, 202) = 20.2,
p < 001, with a small effect size (paired d = 0.31), reflecting children’s overall preference for bunny
(M = 63.0%, SD = 18.1) over banana (M = 54.5%, SD = 16.1). Pronunciation also interacted with target
word, F(1, 202) = 11.3, p < .001, reflecting a larger mispronunciation effect for ‘‘bunny’’ than for ‘‘bana-
na’’ (see Table 2 for means), but the mispronunciation effect was significant for both words. For bunny:

Fig. 4. Children’s fixation of the target picture over time in response to convergent stress cues (left) and isolated pitch cues
(right).
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paired t(205) = 6.6, p < .001, with a medium effect size (paired d = 0.55). For banana: paired
t(205) = 3.1, p < .005, with a small effect size (paired d = 0.25).

Children’s age was not correlated with their target-fixation proportions during the primary time
window. This is somewhat surprising because children generally improve with age in picture-fixation
assessments of word recognition (Fernald, Perfors, & Marchman, 2006; Fernald et al., 1998), and speed
increases between kindergarten and adulthood (Sekerina & Brooks, 2007). This prompted our analysis
of asymptotic performance in a later time window, where we evaluated whether children would show
some developmental improvement in performance independent of their attempts to interpret the first
syllable in our word pair. To this end, we conducted a second ANCOVA in which asymptotic perfor-
mance was the dependent variable (defined as target-fixation proportions averaged over 2000–
3000 ms after noun onset). As before, the predictors were the word (‘‘bunny’’ or ‘‘banana’’), the cue
type (convergent cues or pitch only), and the pronunciation (correct or misstressed). In this ANCOVA,
we did find a main effect of the continuous variable age, F(1,202) = 8.4, p < .005, although it did not
interact with our other factors of interest (all ps > .29). A Pearson’s correlation test indicated that
age was positively correlated with overall asymptotic performance (r = .21, p < .005).2

In sum, both children and adults exploited convergent stress cues to identify familiar words. Both
age groups responded more strongly to convergent misstressings than to pitch-only mispronuncia-
tions, and in both cases this difference appeared in correctly stressed trials. However, whereas adults
as a group used pitch to guide their identification of which word they were hearing, children did not.
There was no difference across age in children’s responses to misstressings of either convergent cues
or pitch alone, although age was correlated with overall asymptotic performance in the task.

One possible reason why children might have been unable to exploit the pitch cues could be that in
fact, contrary to our assumptions, pitch is an unreliable cue to stress in child-directed speech. To con-
firm the utility of pitch in contexts like those we tested here, we examined pitch patterns in bunny and
banana in the Providence corpus of parental speech (Demuth, Culbertson, & Alter, 2006) available in
the CHILDES database (MacWhinney, 2000). Because of strong influences of context on pitch realiza-
tions, we restricted the analysis to words in utterance-final position and to words not in yes/no ques-
tions (for words in isolation, yes/no questions were inferred using utterance prosody).

2 The asymptotic ANCOVA also revealed a main effect of pronunciation, F(1,202) = 14.2, p < .001, with a small effect size (paired
d = 0.21), indicating higher asymptotic target fixation in normal-stress trials (M = 75.5%, SD = 18.5) than in misstressed trials
(M = 71.2%, SD = 19.0). Pronunciation also interacted with cue type, F(1,202) = 6.2, p < .05. As before, mispronunciations decreased
children’s fixation of the target picture in the convergent-cues condition, paired t(99) = 3.19, p < .005, with a small effect size
(d = 0.32; correctly stressed: M = 77.4%, SD = 18.7; misstressed: M = 70.6%, SD = 18.8), but not in the pitch-only condition (correctly
stressed: M = 73.8%, SD = 18.2; misstressed: M = 71.7%, SD = 19.4). Finally, there was a three-way interaction among word,
condition, and pronunciation, F(1, 202) = 7.4, p < .01, indicating that the effect of mispronunciations in the convergent-cues
condition was significant only for bunny trials, t(99) = 4.85, p < .001, with a medium effect size (paired d = 0.61).

Fig. 5. Change in pitch (Hz) from the first syllable to the second syllable for tokens of bunny and banana in the corpus analysis.
Means and standard errors are indicated with filled circles and vertical lines.
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In total, 21 tokens of banana/bananas and 49 tokens of bunny/bunnies were included in the corpus
analysis. Each token was hand-segmented into syllables using Praat (Boersma & Weenink, 2008), and a
Praat script calculated pitch means, amplitude means, and durations for the first and second syllables.
For each of these acoustic dimensions, a difference score was calculated to reflect the first-syllable va-
lue minus the second-syllable value. Analyses showed that pitch tended to fall from the first syllable of
bunny to the second and to rise from the first syllable of banana to the second (Fig. 5).

Linear mixed-effects logistic regression models were used to assess the power of pitch, amplitude,
and duration to predict whether the word was bunny or banana. Because there were five mother–child
pairs in the corpus, mother–child pair was included as a random effect and the full model included
pitch difference, duration difference, and amplitude difference as fixed effects. In the full model, only
pitch difference significantly predicted the word (z = 2.72, p < .01). The full model’s performance was
only marginally better than a model that included only pitch difference as a fixed effect, v2(2) = 4.83,
p = .089 (full model comparison details are available from the authors). Thus, in this sample of child-
directed speech from five American mothers, pitch appeared to be a better predictor of word stress
than either amplitude or duration, at least for bunny and banana realized in salient prosodic contexts
similar to those of our test sentences. This does not imply that pitch as a cue should be easy to learn,
but it suggests that pitch could be a useful cue for differentiating iambic and trochaic words.

General discussion

The two experiments described here showed differences between preschoolers and adults in their
ability to exploit an isolated cue to lexical stress. Across the two experiments, we found that both
adults and children (2.5- to 5-year-olds) exploited convergent cues to lexical stress in recognizing bun-
ny and banana. Participants took longer to identify the target picture when the stress of the first syl-
lable violated their expectations (as in ‘‘buNNY’’ and ‘‘BAnana’’) than when stress matched their
expectations (as in ‘‘BUnny’’ and ‘‘baNAna’’). The fact that even 2.5-year-old children exploited lexical
stress when it was indicated by all four convergent cues is noteworthy and convergent with other re-
cent findings by Curtin (2009, 2010) and with the predictions of Peperkamp (2004). We might have
predicted a more protracted acquisition pattern for lexical stress in English given its low functional
load relative to lexical stress in other languages. Whereas a Spanish-learning preschooler might know
‘‘PApa’’ (potato) and ‘‘paPÁ’’ (dad), an English-learning preschooler is less likely to know minimal pairs
such as ‘‘REcord’’ (the noun) versus ‘‘reCORD’’ (the verb). Lexical stress in English is also limited in its
scope in that it cannot minimally contrast monosyllabic words as lexical tone does (Beckman & Ed-
wards, 1994). Thus, it is perhaps surprising that by 2.5 years of age, English learners can use lexical
stress as efficiently as 5-year-olds to predict the word they are hearing, differentiating between pseu-
do-minimal pairs such as ‘‘bunny’’ and ‘‘banana.’’

Adults were able to exploit pitch cues presented in the presence of neutralized (or at least ambig-
uous) duration, amplitude, and vowel quality cues to recognize ‘‘bunny’’ and ‘‘banana,’’ but children
were not. Although age was positively correlated with asymptotic performance in the task, it did
not predict responsiveness to mispronunciations of stress.

There are three plausible—and not mutually exclusive—explanations for children’s insensitivity to
isolated pitch cues in this task. The first possibility is that children’s cue weighting or cue integration is
different from that of adults. It could be that children weight other cues (duration, intensity, or vowel
quality) more strongly than pitch. Reliance on other cues could come about because the pitch cue to
lexical stress interacts with sentence intonation, leading to variability in its realization (it has a high
pitch target in ‘‘neutral’’ contexts such as statements but has a low target in yes/no questions). The
multiple functions of pitch in English (e.g., marking focus, conveying the speaker’s emotions) also lead
to ambiguity in how a pitch peak should be attributed. Both of these factors likely reduce the reliabil-
ity of the pitch cue.

A second possible reason why children did not exploit pitch cues to stress is that the manipulation
of the pitch cue in the presence of static amplitude, duration, and vowel-quality cues introduced
unavoidable cue conflict that might have posed particular difficulty for children. We attempted to re-
move the information value of the other three stress cues by recording ‘‘neutrally’’ stressed versions of
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‘‘bunny’’ and ‘‘banana’’ and then superimposing the pitch contour from first- and second-syllable-
stressed versions of each word onto the neutral token. However, there is no such thing as neutral
stress in English, meaning that some amount of bias toward trochaic or iambic stress could not be
avoided. In our stimuli, words were produced with a slow, exaggerated speech style, making it likely
that the first syllable of the word (putatively the most important for recognition because listeners pro-
cess the words incrementally; Creel, Aslin, & Tanenhaus, 2006; Swingley, 2009) had duration and vo-
wel quality cues more consistent with its being stressed than with its being unstressed (amplitude
was controlled). Thus, when the pitch cue indicated second-syllable stress (in ‘‘baNAna’’ and ‘‘buN-
NY’’), children might have struggled to resolve the conflict between the pitch cue and duration and
vowel quality. By contrast, adults overcame this cue conflict more easily to successfully exploit the lo-
cally informative pitch cues.

Our results suggest that both explanations might be relevant in describing children’s behavior.
Children’s pitch-mispronunciation effects for both words were weak to nonexistent, and target fixa-
tion was low overall relative to the convergent-cues condition (see Fig. 4 and Table 2), suggesting that
children struggled to access the pitch cue in general even when it converged with the other cues—
when it indicated first-syllable stress. In other words, they did not reliably fixate the bunny more in
response to the initial portions of ‘‘BUnny’’ and ‘‘BAnana’’ (the latter would have shown up as reduced
target fixation relative to ‘‘baNAna’’) than in response to ‘‘buNNY’’ and ‘‘baNAna.’’ However, target fix-
ation did tend to be higher for ‘‘BUnny’’ than for ‘‘buNNY’’; this might reflect the fact that ‘‘BUnny’’ was
the most highly convergent of all words, with all four cues to stress and the segmental content of the
entire word pointing to bunny, whereas ‘‘BAnana,’’ although it had convergent stress cues in the first
syllable (pointing to bunny), had divergent segments in the second and third syllables (‘‘nana’’). Chil-
dren’s modest success in ‘‘BUnny’’ trials relative to the other three target words suggests that the task
might have been difficult because of additive effects of (a) the subtlety of the pitch cue and (b) the
conflict between it and the other cues to stress (which again was unavoidable given that ‘‘neutral’’
stress does not exist, so that information from the other cues could be weakened and made invariant
but not entirely extinguished).

A third and final difference between adults and children might be adults’ greater ability to flexibly
shift their weights of different cues to adapt to the particular context. In the pitch-only condition,
pitch was the most reliable cue in the local context in the sense that it was varying in the presence
of static amplitude, duration, and vowel-quality cues. Of course, it was unreliable in the sense that half
of the time it indicated the wrong word (in ‘‘buNNY’’ and ‘‘BAnana’’), but adults may have shifted their
cue weightings to attend primarily to pitch, the cue that was varying across sentences. Flexibly shift-
ing cue weights is crucial for identifying linguistic categories in noise and across different contexts and
has been demonstrated to develop over a protracted time course (Cohn, 2011; Hazan & Barrett, 2000;
Nittrouer et al., 2000), which could explain why even 5-year-olds did not exploit the isolated pitch cue
in our task. Of course, even adults performed best when all stress cues converged as in natural speech,
but, crucially, in the pitch-only condition they were able to capitalize on the locally informative cue.

Despite evidence that young infants are highly sensitive to pitch, and despite the early acquisition
of consonant and vowel categories, we found that correct interpretation of discriminable pitch exhibits
a protracted learning course. Children learn to rule out pitch as lexically contrastive in English by
24 months of age (Singh et al., 2014; Quam & Swingley, 2010), but they seem to take longer to learn
to exploit pitch when it is relevant in English as a component of ensembles of phonetic cues to mean-
ing. Children do not exploit pitch cues to emotions until around 4 years of age (Quam & Swingley,
2012), and the current study indicates that they struggle to exploit pitch cues to lexical stress even
at 5 years of age.

Based on these data alone, we cannot conclusively identify the cause of children’s failure to exploit
isolated pitch cues to stress. We have identified three possible—not mutually exclusive—explanations:
differences in baseline cue-weighting strategies, inability to resolve conflict between the pitch cue and
the other three cues in the stimuli, and inability to flexibly shift cue weights to capitalize on the locally
informative cue.

The late developmental time course found here for exploiting pitch cues to stress stands in contrast
to the evidence that young infants are highly sensitive to pitch, that infants learn consonant and vowel
categories by 12 months of age, and that children of the same age do exploit convergent stress cues. It
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emphasizes, however, that detecting patterns of sounds in language (consonants, vowels, and prosodic
structure) is just a first step in phonological development. Children also must learn how their language
weaves together these patterns of sound to convey meaning across several levels of linguistic analysis.
In learning to properly attribute acoustic variation, children must cope with ambiguity in the assign-
ment of acoustic cues to categories (e.g., whether a pitch peak indicates a stressed syllable, a focused
word, or the speaker’s excitement (cf. Dietrich et al., 2007) and variability in the realization of cues
introduced by linguistic context, environmental noise, and other factors. Evidence from these exper-
iments and others (e.g., Hazan & Barrett, 2000; Nittrouer et al., 2000; Quam & Swingley, 2012) sug-
gests that this learning process continues well into childhood.
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