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To understand speech, listeners need to be able to decode the
speech stream into meaningful units. However, coarticulation
causes phonemes to differ based on their context. Because
coarticulation is an ever-present component of the speech stream,
it follows that listeners may exploit this source of information for
cues to the identity of the words being spoken. This research inves-
tigates the development of listeners’ sensitivity to coarticulation
cues below the level of the phoneme in spoken word recognition.
Using a looking-while-listening paradigm, adults and 2- and
3-year-old children were tested on coarticulation cues that either
matched or mismatched the target. Both adults and children pre-
dicted upcoming phonemes based on anticipatory coarticulation
to make decisions about word identity. The overall results demon-
strate that coarticulation cues are a fundamental component of
children’s spoken word recognition system. However, children
did not show the same resolution as adults of the mismatching
coarticulation cues and competitor inhibition, indicating that chil-
dren’s processing systems are still developing.
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Introduction

To understand speech, listeners need to be able to decode the speech stream. As native speakers of
a language, this process happens so naturally and easily that in normal contexts it feels as though
words are being provided to us in perfect condition. This sensation is a testament to the power of
human speech perception because the phonetic input a listener receives is extremely variable, yet lis-
teners are able to cope with this variability. Each individual sound in an utterance is affected by
speaker characteristics such as speech rate, pitch, and environment (Lindblom, 1990). In addition,
phonemes, when produced in speech, are affected by their surrounding sounds. Each phoneme’s artic-
ulatory gesture temporally overlaps with the gestures of adjacent phonemes (Browman & Goldstein,
1989). Coarticulation causes phonemes to differ based on their context, but in most cases it does not
cause a difference in phonemic category (Gow &McMurray, 2007). For example, the /k/ in took is artic-
ulated further back in the mouth than the /k/ in teak. Coarticulation can be progressive (i.e., carryover
coarticulation), meaning that one segment influences a following sound, as well as regressive (i.e.,
anticipatory coarticulation), which is when a following segment influences a preceding sound
(Flege, 1988). Vowel nasalization in English is a case of regressive coarticulation as a following nasal
consonant influences a preceding vowel. Because coarticulation is an ever-present component of the
speech stream, it seems plausible that listeners would exploit these cues to identify words. This
research examines listeners’ sensitivity to these cues and the development of the speech recognition
system. In an eye-tracking study using a looking-while-listening paradigm, adults and children were
tested on coarticulatory cues that either matched or mismatched the target. The goal was to observe
participants’ attempts at resolving these miscues and to observe the time course of word recognition
as the system potentially predicts upcoming phonemes based on anticipatory coarticulation to make
decisions about word identity.

Coarticulation is a by-product of the speech mechanism. Because the speech stream is continuous,
coarticulation occurs between words as well as within them. The vocal tract positions itself for the
next phoneme before the preceding one is completed. Although coarticulation can be attributed to
physical constraints of the vocal tract in production, some models of spoken word recognition recog-
nize that the variability it introduces into the speech stream is not noise to be filtered out. It can rather
provide a source of information about the upcoming segments, exploitable by the listener, although
how useful these cues may be or the relative importance of a given cue with regard to other phonetic
cues (Miller & Dexter, 1988) remains an open question. Numerous studies with adults have found that
listeners use subphonemic coarticulation cues to quickly make predictions about upcoming phonemes
before they have been completely articulated, despite the fact that these coarticulation cues do not
create changes that cross category boundaries in the phonemic system. Listeners exploit these cues
both across word boundaries (Gow & McMurray, 2007; Salverda, Kleinschmidt, & Tanenhaus, 2014)
and within words (Beddor, McGowan, Boland, Coetzee, & Brasher, 2013; Dahan, Magnuson,
Tanenhaus, & Hogan, 2001; McQueen, Norris, & Cutler, 1999; Whalen, 1991). For example, Dahan
et al. (2001) cross-spliced minimal pair CVC (consonant–vowel–consonant) words to create matching
or mismatching coarticulatory cues. As one example, the word batwas in one of three forms: batt, bagt,
or bapt. The subscript letter indicates the coarticulated consonant, that is, the consonant that was orig-
inally pronounced in the word before cross-splicing and for which the characteristics can be found on
the vowel (e.g., formant transitions). In a visual world paradigm with eye-tracking, participants
reacted to tokens like bagt as if the subphonemically cued word (bag) had been presented instead of
the target (bat), at least at the beginning of the word recognition process. This slowed down response
times due to lexical competition between the subphonemically cued word (bag) and the phonemically
cued word (bat). Similarly, Beddor et al. (2013) found that English-speaking adults treated the pres-
ence of vowel nasalization as an indication that an upcoming segment would be nasal. An event-
related potential (ERP) study with adults by Archibald and Joanisse (2011) showed that both phone-
mic and non-contrastive mismatches created the same neurological pattern characteristic of unex-
pected phonemic information (see also Van Berkum, Brown, Zwitserlood, Kooijman, & Hagoort,
2005). These studies provide support for the view that coarticulation cues are parts of the words’
phonological representations and that these cues are used during on-line spoken word recognition.



138 T.S. Zamuner et al. / Journal of Experimental Child Psychology 152 (2016) 136–148
Anticipatory coarticulation appears to be an important feature that adults use to make lexical deci-
sions on the identity of words.

The picture is murkier when it comes to the developing speech recognition system. Researchers
have shown that infants are able to perceive and discriminate subphonemic or subcategorical alterna-
tions. McMurray and Aslin (2005) demonstrated that 8-month-old infants could differentiate among
prototypical tokens of /b/, prototypical tokens of /p/, and within-category variations closer to the cat-
egory boundary. There is also evidence that infants make use of coarticulatory information from sur-
rounding syllables when perceiving an ambiguous token. Fowler, Best, and McRoberts (1990) showed
that, similar to adults, 4-month-old infants discriminated an ambiguous token midway between /da/
and /ɡa/ differently based on whether that token was preceded by /ar/, which causes a more back ton-
gue position, or /al/, which results in a more fronted position. Research has also found that 7- and 8-
month-old infants are able to use coarticulatory cues in word segmentation (Curtin, Mintz, & Byrd,
2001; Johnson & Jusczyk, 2001) and that at 12 months infants are able to use subphonemic acoustic
cues associated with syllable stress in word segmentation (Johnson, 2008). This literature supports
the claim that both prelinguistic infants and adults are able to detect subphonemic variation.

Although infants are able to perceive non-contrastive differences (McMurray & Aslin, 2005), there
has been little research on whether young children can make use of coarticulation cues during spoken
word recognition. While it is important to know how and when coarticulation cues are perceived dur-
ing development, it is also important to know how and when these cues activate targets and inhibit
competitors during lexical access, as in spreading activation type models of spoken word recognition
such as TRACE (Mayor & Plunkett, 2014; McClelland & Elman, 1986). When adults are presented with
misleading coarticulation cues, they are able to resolve the ambiguity based on the identity of the final
consonant because the activation of the target is greater than that of the competitor (e.g., Dahan et al.,
2001). Previous work has indicated that 5-year-old children have difficulty in resolving competitor
activation (Huang & Snedeker, 2011). Swingley, Pinto, and Fernald (1999) found that 2-year-old
children showed slower response latencies in fixations to a target image (e.g., dog) when it was paired
with a phonologically similar competitor (dog–doll) than when the same target was paired with a
distracter that did not phonologically overlap (dog–tree). No studies, however, have examined the time
course of target and competitor activation and inhibition in toddlers. Young children have not fully
developed their phonological and lexical systems, nor have they had the extensive experience with
their native languages as adult speakers (Curtin, Byers-Heinlein, & Werker, 2011; Curtin &
Zamuner, 2014). By studying how children differ from adults, researchers can examine the mecha-
nisms of speech recognition as children develop more adult-like systems. The questions of interest
with children are as follows: Do children perceive the subcategorical differences in the articulation
of sounds within word boundaries? Do children make use of these cues for word recognition in a
way similar to adults? To what extent are children able to resolve lexical competition?

A handful of studies have looked at how young children use coarticulatory information as they pro-
cess speech across word boundaries, with conflicting results. Minaudo and Johnson (2013) examined
whether 2-year-olds use coarticulatory information during the processing of sentences where a med-
ial word either matched the coarticulation cues with a following word (‘‘Look at the prettys straw-
berry”) or were mismatched (‘‘Look at the prettys ladder”). Looking times did not differ between
the matching and mismatching conditions, suggesting that children do not yet possess the ability to
use or integrate subphonemic cues across word boundaries during on-line processing at 24 months
of age. However, Minaudo and Johnson argued that children are likely sensitive to coarticulatory cues,
which could be studied in the future by choosing stimuli with phonemes that have ‘‘low resistance” to
coarticulation, that is, that are more likely to be realized with coarticulation. In contrast, Mahr,
McMillan, Saffran, Weismer, and Edwards (2015) found that 18- to 24-month-olds could use coartic-
ulation on the preceding article the to facilitate looking to the correct target. In their study, toddlers
were presented with trials asking them to, for example, ‘‘Find the duck,” where the varied between
conditions. In neutral trials, the contained no coarticulation with the first sound in the target word
and was taken from the phrase ‘‘the hut,” where the oral cavity remains in the same configuration
throughout [ə] and [h]. In facilitating trials, the was taken from a context that provided the same cues
as would be present in unspliced speech, meaning that if the trial were ‘‘find the ball,” coarticulation
on the would cue an upcoming bilabial. Toddlers looked to the correct target approximately 100 ms
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faster when facilitating coarticulation cues were present on the article compared with trials where no
coarticulation cues were available before the word onset. This indicates that toddlers do in fact make
use of coarticulation cues on a preceding definite article in a facilitative way.

Thus, gaps remain in our understanding of how children perceive and make use of coarticulation
cues. Although it is becoming clear that infants and young children can, at least task dependently, per-
ceive coarticulation cues, the current study examined whether children are able to perceive and use
subcategorical cues within words during spoken word recognition. Determining how within-word
coarticulation is processed will enable researchers to better understand how both the phonological
and lexical systems develop to an end state of adult-like recognition. To explore the effects of
within-word coarticulation, we focused on the coarticulation of nasality on a preceding vowel. Nasal-
ity is a strongly coarticulated cue in English, making it a reliable anticipatory cue of upcoming nasal
consonants (Beddor, 2009; Cohn, 1993). Vowel nasalization in English can be extensive throughout the
whole vowel duration, and the amount varies depending on syllable structure and context, as well as
between individual speakers and dialects. Adults have been shown to use coarticulatory vowel nasal-
ization to anticipate upcoming nasal consonants (Beddor et al., 2013). Vowel nasalization is salient in
English as compared with other shorter subphonemic cues such as voice onset time and formant tran-
sitions. Consequently, it constitutes a good phonetic phenomenon to examine whether children use
coarticulation at all during spoken word recognition; null results would suggest that young children
do not yet use coarticulation in a ‘‘meaningful” manner, whereas conclusive results would show that
children possess the abilities to use coarticulation for word recognition (and potentially word learn-
ing), at least for salient cues. To date, there has been little developmental work on learners’ perception
of nasal consonants and nasalized vowels, although the work that has been done found early sensitiv-
ity to these segments in studies of speech perception with infants (Hillenbrand, 1984; Narayan,
Werker, & Beddor, 2010; Seidl, Cristià, Bernard, & Onishi, 2009). Thus, 2- and 3-year-old English-
learning children are expected to be able to perceive nasalization cues; however, we further examined
whether these cues activate word candidates. Testing adults and children with the same stimuli would
allow us to examine the development of the spoken word recognition system.

To look at the correct image when hearing a phonetic form, a listener must activate the concept
that matches the auditory label. In this research, CVC and CVN (consonant–vowel–nasal) minimal
pairs (e.g., boat ½bof

^
t�–bone ½bof

^
n�) were spliced to create new tokens where vowel coarticulation cued

either an oral consonant (same-splice; ½bof
^

t�) or a nasal consonant (cross-splice; ½b~o~f
^

t�) in order to
examine the time course of word recognition rather than pure auditory processing. Experiment 1 first
tested adult participants. We predicted that in same-spliced trials, adults would look faster to the tar-
get image, as found in Beddor et al. (2013) and Dahan et al. (2001). We also predicted that in the cross-
spliced trials, adult listeners would be cued by the misleading vowel nasality. Thus, it was predicted
that adults would first fixate on the competitor image due to the lexical activation created by coartic-
ulation (mis)cues before moving their gaze to the target image.
Experiment 1

Method

Participants
Participants were 26 university students (14 men and 12 women, Mage = 22 years) who received

partial course credit for participating. All adult participants were native speakers of English who com-
pleted a language background questionnaire. Of the 26 participants, 12 self-reported some basic
knowledge of French but reported using it 10% or less of the time in their daily lives. All adult partic-
ipants reported having normal or corrected-to-normal vision, normal hearing, and no history of lan-
guage impairment. An additional 2 participants were tested but excluded due to a ruptured ear
drum (n = 1) or for being a balanced French–English bilingual (n = 1). This posed a potential problem
because French has phonemic nasal vowels, and research has shown that there are differences in how
vowel nasalization is realized in English and French (Cohn, 1993; Desmeules-Trudel, 2015; Versteegh,
Seidl, & Cristià, 2014).
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Stimuli
Stimuli were composed of 6 pairs (boat–bone, castle–candy, cloud–clown, kick–king, hat–hand, and

bug–bunkbed) and 9 filler pairs (boots–carrot, star–keys, monkey–camel, frog–fish, dog–elephant, tur-
tle–sandwich, chicken–kangaroo, doll–clock, and flower–sun). An additional 3 experimental pairs were
originally included (duck–dumptruck, leg–lemon, and egg–M); however, it was later noticed that these
pairs have multiple coarticulation cues of nasalization and place of articulation. The purpose of the
study was not to compare the number of coarticulation cues, and there was not enough data to ana-
lyze the subset of nasal and place cued pairs in a meaningful way. Therefore, the pairs with two
sources of coarticulation cues were removed from the analyses. The results across the experiments
were the same with or without these items included in the analyses (most relevant was the significant
effect of splicing on the quadratic term when all items are included; estimate = �5.46, SE = 0.56,
p < .001). Each word was depicted with a color image of similar size and visual interest. Animacy
was held constant as much as possible across pairs. For example, an image of a cloud with a face
was selected to be closer to its minimal pair clown.

Auditory filler and experimental stimuli were recorded on a SHURE Microflex MX392/0 omnidirec-
tionalmicrophone and a BlueMicrophone Icicle XLR-to-USB adapter by a female native English speaker
trained in phonetics. Stimuli were spliced to create the two experimental conditions. In the same-splice
condition (W1W1, W = word), a token of the non-nasal carrier word was spliced with another token of
the same word. The result was a new token with the initial consonant and syllable coda of the first
token (C_C), with the vowel of the second token (_V_). As an example, for the boat–bone pair, one token
of theword boat that we can refer to as boat1 had its vowel removed and replacedwith the vowel from a
different token of boat, boat2, to make the experimental stimulus for the same-splice condition
(W1W1). The final product had the form b1oa2t1, with each subscript number labeling the token from
which the audio originated. For the W2W1 condition, to create a coarticulation mismatch, the same
original token of boat was used, but the vowel from a token of bone replaced the original vowel. The
final product here was b1oNt1, where the vowel followed by a subscript ‘‘N” represents a nasalized
vowel. Crucially, the target for both conditions was always boat, but the difference was whether the
vowel was oral (same-splice, W1W1) or nasalized (cross-splice, W2W1). Fillers were not cross-spliced.

A trained phonetician did the splicing with Praat software (Boersma & Weenink, 2010). All seg-
ments were deleted or inserted at zero crossings to avoid unnatural clicks or pops in the final product.
The resulting words in both conditions sounded like natural speech with no obvious splice points. In
the cross-splice (W2W1) condition for the pair kick–king, the initial consonant and vowel from king
was used rather than just the nasalized vowel. All auditory materials were set to 70 dB amplitude.
Acoustic measurements for the stimuli are provided in Table 1. Vowel nasalization was identified
Table 1
Acoustic measurements of timing information (in ms) for same-splice (W1W1) and cross-spliced (W2W1) stimuli.

Condition Word IPA V onset Nasalization
onset

% V nasalized Final C
onset

Total word
duration

W1W1 boat ½bof
^

t� 23 348 670

bug [bʌɡ] 18 323 597
castle [kæsəl] 198 401 937
cloud ½klaf

^
d� 238 649 857

hat [hæt] 175 462 885
kick [kɪk] 185 350 779

Average (W1W1) 140 422 788

W2W1 boaNt ½b~o~f
^

t� 23 89 88 555 848

buNg [b~ʌɡ] 15 58 76 192 452
caNstle [k~æsəl] 148 189 81 370 906
clouNd ½kl~a~f

^
d� 250 373 73 704 914

haNt [h~æt] 275 275 100 666 1032
kiNck [k~ɪk] 206 240 87 463 873

Average (W2W1) 153 204 84 492 838

Total averages 146 457 813
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by examining the general loss in spectral energy (formant flattening), loss of spectral energy in the
high frequencies, changes in the waveform during the vowel (reduced amplitude), and auditory con-
firmation (see intervals between vertical lines in Fig. 1). Vowels in the cross-splice condition were
nasalized an average of 84% of the vowel duration. The spectrogram for the target cloud from the
W2W1 stimulus can be seen in Fig. 1, which indicates the timing of the beginning of the vowel, vowel
nasalization, and the beginning of the final consonant. In some pairs, as a result of preserving natural
sounding speech, vowel onsets within a pair differed by up to 100 ms. We return to the timing of
nasalization and final consonant in the discussion of looking to the target relative to the acoustic sig-
nal. The splicing methodology of using just the vowel isolates the coarticulation cues to just vowel
nasalization. This differs from Dahan et al. (2001), where splicing was done by taking both the onset
and nucleus of the vowel pair.

Design
The experiment was composed of a familiarization phase and a test phase. In familiarization, all of

the images were shown one at a time and received a prerecorded auditory label. This was to ensure
that participants knew the label for each image. At test, using a looking-while-listening paradigm
(Fernald, Perfors, & Marchman, 2006; Johnson & Zamuner, 2010), participants saw two images on
the screen side by side in silence for 1500 ms, and the position of the images on the screen (left or
right) was counterbalanced. Each image corresponded to one of the words in the pairs (e.g., boat
and bone). Then, the phrase ‘‘Look at the ________” played, followed by the target word. The images
remained on the screen for 4 s. Participants were tested on 6 test trials (plus the additional 3 items
that were removed from the analysis) and heard a mix of same-splice W1W1 and cross-splice
W2W1 trials. Items were presented only one time and not repeated. For any one pair, participants
heard either the W1W1 condition or the W2W1 condition. In other words, participants did not hear
the same target word in both the W1W1 and W2W1 conditions. Trials were presented in a semi-
random order, with approximately one filler trial between each test trial. There were four different
lists for counterbalancing. Each trial lasted approximately 6 s.

Procedure
Participants were tested in a sound-attenuated booth and were seated 500 to 600 mm from a mon-

itor. Eye movements to the target and the distracter were recorded using an EyeLink 1000 Remote eye-
tracker (SR Research, Ottawa, Ontario, Canada), tracking participants’ dominant eye, with a sampling
Fig. 1. Waveform and spectrogram for target word ‘‘cloud” from cross-splice (W2W1) condition.
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rate of 500 Hz. Calibration was based on a three-point calibration grid. The experiment took approx-
imately 5 minutes to complete.
Results

Data were extracted using DataViewer software in 100-ms time bins (SR Research). Analyses began
200 ms after the onset of the target because this is the time it typically takes for adults to program an
eye movement (Matin, Shao, & Boff, 1993; Salverda et al., 2014). An inspection of the fixation data
indicated that looking to the target in the mismatch condition peaked at 1400 ms after the target word
onset, indicating that reference had been resolved. Although the images remained on the screen for an
additional 600 ms, looking to the target in both conditions did not increase. This resulted in a window
of analysis spanning from 200 to 1400 ms from the target word onset, with 12 time bins in total. Pro-
portion of fixation to the target was calculated by comparing the time spent fixating on the target
image (boat) compared with the time spent looking at both the target (boat) and the competitor image
(bone).

The proportional data in the 200- to 1400-ms windowwere examined with a growth curve analysis
(GCA; Mirman, Dixon, & Magnuson, 2008). GCA is a multilevel regression method allowing for the
assessment of both the differences in time spent looking and in the steepness of a looking curve
(i.e., in the rapidity of access to a target word over time). Adults’ proportional looking to the target
using GCA was done in R (R Core Team., 2013) using the lmer() function from the lme4 package (Ver-
sion 1.1-7; Bates, Maechler, Bolker, & Walker, 2014). The empirical logit was calculated for each time
bin as an approximation to log odds (Barr, 2008). The model contained splicing (same-splice W1W1,
cross-splice W2W1) as the main predictor (within-participant variable), which was deviation coded.
The model also included a main effect of time (captured by orthogonal polynomials) and a Splic-
ing * Time interaction. Random by-participant effects were included in the model to account for by-
participant variation in their slopes and intercepts. Item random effects were not included due to
the small number of stimulus items.

Looking to the target over the time course was modeled with third-order (cubic) orthogonal poly-
nomials. Results of the statistical analysis are presented in Table 2. Fixed effects of splicing and time
were included as the main predictors of interest. There was a statistically significant effect of splicing
(estimate = 4.04, SE = 0.47, p < .001) and also a significant effect of splicing on the linear term (esti-
mate = 2.86, SE = 0.73, p < .001) and quadratic term (estimate = �6.49, SE = 0.70, p < .001). This indi-
cates a difference in the shape of the looking curve between the conditions, as seen in Fig. 2; there
was a rise in fixations in the W1W1 condition over time, and by contrast there was a fall and rise
in the W2W1 condition over time.

In Experiment 1, on W1W1 trials, adults’ fixations to the target image increased over time, starting
400 ms after word onset (Fig. 2). This difference was significant compared with chance starting at
500 ms after word onset (50% fixation to the target image) and extended throughout the rest of the
Table 2
Experiment 1 adults’ GCA results: Empirical logit GCA for the effect of splicing on looking data for a window of analysis 200 to
1400 ms after the target word onset.

Predictor Estimate SE t p

Intercept 1.40 0.22 6.30 <.001
Splicing (W1W1 vs. W2W1) 4.04 0.47 8.66 <.001
Linear term 4.46 0.81 5.50 <.001
Quadratic term 0.86 0.47 1.81 .07
Cubic term �0.07 0.39 �0.17 .86
Splicing * Linear Term 2.86 0.73 3.90 <.001
Splicing * Quadratic Term �6.49 0.70 �9.31 <.001
Splicing * Cubic Term 0.59 0.68 0.86 .39

Note: Values represent parameter estimates. GCA structure in R: lmer(elog � Splicing * (Linear + Cubic) + (1 + Splicing + Linear
+ Cubic|Participants). p-values were calculated in R using a normal approximation based on the assumption that the
t-distribution converges to the z-distribution.



Fig. 2. Experiment 1: Adults’ proportions of looking graph and model predictions. Left: Time course of proportion of looking to
the target 200 ms after word onset for targets from W1W1 and W2W1 splicing conditions. The horizontal dotted line
corresponds to chance (.50), and the vertical line throughout each point represents the standard error of the mean. Right: Model
predictions for splicing.
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trial (based on sliding two-tailed t-tests). In contrast, looking to the target on the W2W1 trials
dropped at 400 ms and was significantly lower than chance from 600 to 900 ms. This is in line with
the acoustic measurements of the stimuli, where we would expect to see evidence of listeners’ sensi-
tivity to nasalization in the W2W1 condition to begin 400 ms after word onset (nasalization occurred
on average 204 ms after word onset, with an additional 200 ms for planning of eye movements). At
800 ms after word onset, participants shifted their gaze from the competitor image to the target
image. This shift corresponds to the timing of the final consonant of the word, which began on average
700 ms after word onset (the average final consonant began 492 ms after the word plus 200 ms for eye
movements). Starting at 1300 ms, adults looked significantly more to the target image until the end of
the time period.

The results from Experiment 1 show that adults are sensitive to within-word coarticulatory nasal-
ization during on-line spoken word recognition. Adult looking behavior in this study resembles that in
previous studies with coarticulatory miscues (Beddor et al., 2013; Dahan et al., 2001). This supports a
theory of phonological storage that preserves coarticulation cues. To determine whether this phonetic
awareness is present earlier in development, in Experiment 2 we conducted the same study with 2-
and 3-year-old children to determine whether they are able to perceive and make use of coarticulation
cues in a way similar to adults. If children’s spoken word recognition system uses the same mecha-
nisms as adults, where coarticulation cues are used during on-line processing, children’s looking
behavior should appear similar to the adult results. If 2- and 3-year-olds are not yet making use of
coarticulation cues, both trial types should show the same pattern.
Experiment 2

Method

Participants
Participants were 19 children (12 boys and 7 girls). The age range was 2;1 (years;months) to 3;10

(Mage = 3;0). All participants were native speakers of English with no more than 25% exposure to other
languages. An additional 3 children were tested but excluded because of difficulty in tracking their
eyes (n = 1) or not completing the experiment (n = 2). All children had normal hearing, normal vision,
and no history of language impairment, as determined by parental questionnaire.
Stimuli
Stimuli were identical to those used in Experiment 1, with just the pairs with one source of coar-

ticulation. As with Experiment 1, the results were the same when the pairs with two sources of coar-
ticulation were included in the analyses (a significant effect of splicing on the quadratic term;
estimate = 2.07, SE = 0.73, p < .001).



Fig. 3. Experiment 2: Children’s proportions of looking graph and model predictions. Left: Time course of proportion of looking
to the target 300 ms after word onset for targets from W1W1 and W2W1 splicing conditions. The horizontal dotted line
corresponds to chance (.50), and the vertical line throughout each point represents the standard error of the mean. Right: Model
predictions for splicing.
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Procedure
The procedure was the same as in Experiment 1; however, children sat by themselves or on a par-

ent’s lap. Two thirds of the children were tested in a sound-attenuated booth at the Centre for Child
Language Research (CCLR) at the University of Ottawa, and one third of the children were tested on the
same eye-tracker that was transported to use in a sound-attenuated room at a local museum. There
was no difference in the results for the children tested on campus versus those tested at the museum.
Results

Statistical analyses were the same as in Experiment 1. For children, the amount of time required to
execute an eye movement in response to a stimulus is longer than the 200 ms used with adults,
although there are varying standards within the field. We follow Buckler and Fikkert (2016), who used
300 ms as the beginning of the analysis window in their study with 38-month-olds. Children’s fixa-
tions to the target in the mismatch cross-splice (W2W1) condition peaked at 1400 ms after target
word onset and held constant throughout the remainder of the trial. This resulted in a window of anal-
ysis spanning from 300 to 1400 ms from the target word onset, with 11 time bins in total. Fig. 3 shows
the proportion of looks to the target for each of the splicing conditions as a function of time.

As with adults, children’s looking to the target over the time course was modeled with third-order
(cubic) orthogonal polynomials (see Table 3). There was a statistically significant effect of splicing
overall (estimate = 2.62, SE = 0.78, p < .001) and a significant effect of splicing on the linear term (esti-
mate = 6.51, SE = 0.88, p < .001) and quadratic term (estimate = �1.79, SE = 0.86, p < .01). As with the
adults, there was a difference in the shape of children’s looking curve between the conditions, as seen
in Fig. 3. In the W1W1 condition there is a rise in fixations to the target over time, and in the W2W1
condition there is a fall and shallow rise over time.

Children showed a strikingly similar pattern to adults on the same-splice W1W1 trials (cf. Figs. 2
and 3). In theW1W1 condition, children looked significantly more to the target compared with chance
starting 900 ms after word onset, which remained above chance until the end of the trial (based on
sliding two-tailed t-tests). On W2W1 trials between 700 and 1000 ms after word onset, children
showed less than chance looking to the target, indicating that they initially looked to the competitor.
If children had perceived the competitor as the target, we would expect that looking to the competitor
would increase and continue throughout the trial. Instead, children then shifted their gaze from the
competitor; however, the coarticulation miscues about the identity of the target were not fully over-
ridden by subsequent information. Even though the words ended in final non-nasal consonants (e.g.,
the final /t/ in the cross-splice target /boNt/), children did not look more to the target toward the end of
the trial. It is important to keep in mind that filler trials were not analyzed in the current experiment.
Consequently, the claims made here concern the timing difference between matching and mismatch-
ing fine-grained coarticulatory cues of two competing lexical items. The interested reader should refer
to Swingley et al. (1999) for an experiment on lexical competition using competitor and non-
competitor items.



Table 3
Experiment 2 children’s GCA results: Empirical logit GCA for the effect of splicing on looking data for a window of analysis 300 to
1400 ms after the target word onset.

Predictor Estimate SE t p

Intercept 0.0002 0.29 0.007 .99
Splicing (W1W1 vs. W2W1) 2.62 0.78 3.36 <.001
Linear term 3.52 0.93 3.80 <.001
Quadratic term 0.77 0.50 1.55 .12
Cubic term �0.66 0.46 �1.44 .15
Splicing * Linear Term 6.51 0.88 7.41 <.001
Splicing * Quadratic Term �1.79 0.86 �2.09 <.05
Splicing * Cubic Term �1.50 0.86 �1.75 .08

Note: Values represent parameter estimates. GCA structure in R: lmer(elog � Splicing * (Linear + Cubic) + (1 + Splicing + Linear
+ Cubic|Participants). p-values were calculated in R using a normal approximation based on the assumption that the t-distri-
bution converges to the z-distribution.
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General discussion

In this research, participants were tested on how they perceived coarticulation cues of vowel nasal-
ization during spoken word recognition. In Experiments 1 and 2, adults and children looked faster to
targets that had matching coarticulation cues (W1W1). In the mismatch cross-splice condition
(W2W1), both adults and children initially fixated more on the competitor image. Thus, the results
demonstrate that, like adults, 2- and 3-year-old children are able to perceive and make use of
within-word nasal coarticulation cues during on-line spoken word recognition. Despite the similari-
ties across the age span, differences between adults and children were seen in the timing of the effects
as well as in the ability of participants to recover after miscues.

In the same-splice (W1W1) condition with adults, there was a significant increase in looking to the
target starting 500 ms after word onset. This is similar to Dahan et al. (2001), where a difference
between conditions emerged at 600 ms after the target word onset. Both studies have an important
similarity in that participants needed to differentiate between cohort competitors; however, in the
current study participants were presented with a two-image display, whereas Dahan and colleagues’
study used four images. For the children, increased looking to the target was not observed until
900 ms (400 ms later than with adults). This latency is not surprising because it takes children more
time than adults to initiate an eye movement in response to an auditory stimulus. Fernald et al. (2006)
found that 25-month-olds had a mean reaction time of 769 ms to look to a target after an auditory
prompt. Because our task includes two cohort competitors, a slightly longer latency can be expected
as children interpret the phonetic coarticulation cues that distinguish the two images.

Our results support spreading activation type models of spoken word recognition such as the
TRACE model (Mayor & Plunkett, 2014; McClelland & Elman, 1986), where coarticulation cues can
be used to further activate targets and inhibit competitors. The TRACE model explains how adults
in Experiment 1 were able to recover from the misleading coarticulation nasal cues to eventually
arrive at the target in the cross-splice condition; once the final consonant was presented, target acti-
vation was greater than that of the competitor. With both the target and competitor receiving activa-
tion and inhibition due to mismatching cues, it is not surprising that whereas adults resolved the
ambiguity in the cross-splice condition, adults’ looking to the target did not reach the same levels
as in the same-splice condition. In contrast, although the results from Experiment 2 are still in line
with the TRACE model because children were sensitive to coarticulation cues during on-line process-
ing, children did not fully resolve the mismatching nasal vowel cues. Children’s gaze began to shift
away from the competitor on the W2W1 trials once the final consonant was presented, but looking
to the target did not differ from chance. This could be due to fewer exemplars in their memories
and/or less robust representations for the target words, which may result in less activation for the tar-
get even after the final consonant was realized. This may be combined with a less mature processing
system, as argued in other research showing that 5-year-old children show continued interference
from competitors (Huang & Snedeker, 2011), which suggests that children’s processing system does
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not inhibit competing representations in the same way as adults. (See also Mayor & Plunkett, 2014;
Rigler et al., 2015, and Swingley & Aslin, 2007, for further discussion about lexical competition and
the development of children’s processing system.)

The current findings add support to the notion that young children show a maturing but incom-
plete processing system. This is reflected in their sensitivity to coarticulation and, at the same time,
their inability to fully resolve the ambiguity introduced by subphonemic miscues. We predict that
if one reduces the amount of nasalization coarticulation cued, 2- and 3-year-olds would be able to
resolve the competition (on average 84% of the vowels duration was nasalized; see Table 1). Another
possibility is that the apparent inability of children to fully resolve the ambiguity could be the result of
children giving subphonemic cues more weight than adult listeners. A child with a newly developing
phonological system may ‘‘over”-represent details (Houston & Jusczyk, 2000; Singh, Morgan, & White,
2004), and the level of detail in exemplars is pared down as the child’s speech recognition system
matures. (We thank a reviewer for pointing out this interpretation.) Future research could examine
representational detail by looking at whether children’s attention to subphonemic detail depends
on a word’s frequency and the word’s status as a minimal pair. One would predict earlier sensitivity
to vowel nasalization with higher frequency words and with words that do and do not have minimal
pairs because the distinction between oral and nasalized vowels is expected to be more enhanced with
words with minimal pairs (Goldrick, Vaughn, & Murphy, 2013).

This study has presented new data with regard to the way in which listeners treat nasal coarticu-
lation in English across development. However, many questions remain unanswered such as how
these cues are perceived across languages. If we limit our research to English, we may mis-estimate
children’s skills because coarticulation cues differ across languages and vary in their predictability
and saliency. Vowel nasality in English is a consequence of the presence of a nasal consonant, and
it is motivated by articulation. In contrast, French uses vowel nasality to make phonemic and lexical
distinctions between nasal and oral vowels. Thus, although English has nasalized vowels created by an
upcoming nasal consonant, in French the difference between a nasal vowel and an oral vowel is
phonemic; that is, they define a lexical distinction as in paon /p~a/ ‘peacock’ and pas /pa/ ‘step’. A good
way in which to have a broader idea of how children process coarticulation cues would be to test Eng-
lish–French bilinguals. One could investigate whether English–French bilingual children perceive and
process nasalization miscues differently from monolinguals given the phonetic and phonemic status
across the two languages. For example, English–French bilingual children may use nasalization cues
even when processing English words because the learner would be exposed to both phonetic and
phonemic vowel nasality. Studies with bilinguals provide an opportunity to see how two differing
levels of phonetic/phonemic awareness interact in the same mind (Byers-Heinlein & Fennell, 2014).

The results demonstrate continuity across development, indicating that learners incorporate early
sensitivity to subphonemic cues in speech perception (e.g., Curtin et al., 2001; Fowler et al., 1990;
Johnson, 2008; Johnson & Jusczyk, 2001; McMurray & Aslin, 2005) into a spoken word recognition sys-
tem that uses this fine-grained detail. Children perceive coarticulation cues in a way that resembles
adult patterns. Both adults and children in the W2W1 trials looked to the competitor, which matched
the coarticulation nasal cues. This parallel points to the idea that coarticulation cues are a fundamen-
tal component of the word recognition mechanism and that the ability to make use of these cues arises
in tandem with the rest of the system (Mahr et al., 2015). (See also Paquette-Smith, Fecher, & Johnson,
in press, who found that toddlers are more sensitive to phonemic mismatches compared with sub-
phonemic mismatches.) Thus, young learners are sensitive to subphonemic cues created by anticipa-
tory coarticulation in a way that resembles adult behavior, as seen both in previous research looking
across word boundaries (Mahr et al., 2015) and in the current study, within words. However, at the
same time, children did not show the same resolution as adults of the mismatching competitor inhi-
bition. This indicates that children’s processing systems are still developing.
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