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Imitation of coarticulatory vowel nasality across words and time

Georgia Zellou,
University of California, Davis

Delphine Dahan,
University of Pennsylvania

David Embick
University of Pennsylvania

Abstract

We investigated phonetic imitation of coarticulatory vowel nasality using an adapted shadowing 

paradigm in which participants produced a printed word (target) after hearing a different word 

(prime). Two versions of primes with nasal codas were used: primes with a natural degree of 

vowel nasality and hypernasalized primes. The version of the prime participants heard varied, 

whether consistent with their past experience with nasality from the talker or inconsistent, and the 

duration of delay between prime and target. People spontaneously modify coarticulatory nasality 

to resemble that demonstrated in the prime they were exposed to. Furthermore, this imitation also 

reflects the degree of nasality demonstrated by overall experience with the speaker’s vowels. The 

influence of past experience on imitation increases with increased delay between prime and target. 

Imitation of another speaker appears to involve tracking general articulatory properties about the 

speaker, and not solely what was specific to the most recent experience.
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Phonetic imitation; Coarticulation; Memory; Cross-word generalization

Imitation is a perceptually-guided action (Meltzoff & Moore, 1997). Vocal imitation 

involves the mapping of an auditory signal onto an articulatory program. The mapping is 

mediated by an internal encoding onto a representation of the auditory signal that gives rise 

to the production of an utterance that shares some phonetic properties with the signal. Some 

scholars have referred to this internal representation as the ‘target of imitation’. Although the 

term ‘imitation’ can be used to describe a voluntary action, we will use it to describe the 

involuntary, and most likely unconscious, phenomenon in which the speech of a talker is 

altered to resemble that of a model talker. In its simplest form, imitation can be observed in a 

shadowing task when people repeat (or shadow) a spoken word immediately after hearing it. 

Under these circumstances, the target of imitation simply consists of the utterance being 

shadowed. However, imitation of a talker’s pronunciation has been observed on words that 

had not been specifically heard before (e.g., Shockley, Sabadini, & Fowler, 2004; Nielsen, 
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2011), as well as when there was a substantial delay (i.e., as long as several days) between 

exposure to an utterance and its subsequent imitation (e.g., Goldinger & Azuma, 2004). 

There is also evidence that the speech of adults can be altered to reflect phonetic 

characteristics of the dialect or language spoken in the environment these individuals are 

immersed in later in life (Sancier & Fowler, 1997; Evans & Iverson, 2007). Finally, the 

speech of interlocutors in conversational settings has revealed phonetic convergence (Pardo, 

2006; Pardo, Jay, & Krauss, 2010). These examples of imitation must rely on a general 

representational target of the interlocutors’ speech, one that has been built from specific 

utterances but that can abstract away from them. The present study examines how the target 

of imitation evolves with experience with a talker.

The question of what constitutes the target of imitation has been discussed in the literature 

but there is relatively little empirical work directed at systematically investigating its 

properties. In his seminal work, Goldinger (1998) used a shadowing technique in which 

people were asked to repeat a series of words (so called primes) presented to them through 

headphones. Imitation of the primes was assessed by testing an independent group of 

listeners in an AXB two-alternative forced choice task where X was the prime and A and B 

were recordings of the same word produced by the shadowing-task participant at baseline 

(before the shadowing task) and when shadowing the prime. Participants in the AXB task 

selected whether A or B was a better imitation of X. The rate at which the shadowed token 

was selected over the baseline one quantified the degree to which participants had imitated 

the prime.

Basing his predictions on an episodic model of memory storage and retrieval (Hintzman, 

1984, 1988), Goldinger hypothesized that the perception of the spoken prime gives rise to 

the reactivation of a constellation of memory traces or episodes, each one activated in 

proportion to its similarity to the prime. These episodes, together with the memory trace 

associated with the prime itself, form an echo, or in our terms, a target of imitation, which is 

assumed to drive production. Thus, Goldinger contended, the influence of the prime on 

production depends on the number of other traces concurrently activated. In support of this 

claim, he showed that low-frequency prime words were better imitated than high-frequency 

ones: Because people have had relatively few encounters with a low-frequency word, the 

reasoning goes, the echo contains few past episodes with the word beside its exposure as 

prime, with the result that the prime exerts a disproportionate influence on its subsequent 

articulation. By comparison, imitation of a high-frequency prime is more limited because the 

echo driving imitation is populated by many memory traces beside that of the prime. This 

interpretation was further supported by the finding that increasing the number of exposures 

to a given prime word before shadowing increased the degree of imitation. This account 

rests on the assumption that which word the prime corresponds to is a major factor in 

determining which memory traces participate in the echo, i.e., what we have called the target 

of imitation.

Goldinger and Azuma (2004) corroborated this conclusion in a study using a variant of the 

shadowing methodology. Imitation resulting from exposure to a talker’s word pronunciation 

was assessed not on participants’ immediate shadowing but on a recording of their reading 

out loud the prime words a week after passive exposure to these primes. The design enabled 
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the authors to examine participants’ pronunciation of words before and after hearing the 

talker’s pronunciation of those words, but also participants’ pronunciation of words that they 

had not heard pronounced. Following Goldinger (1998)’s AXB procedure for assessing 

imitation, Goldinger and Azuma found that participants imitated only those specific words 

that they had heard pronounced by the talker. This finding, along with the influence of word 

frequency and number of repetitions with a given prime, suggests that the target for imitation

—or, in Goldinger’s terminology, the echo—is largely constrained by segmental 

characteristics of the word being produced; generalization across words is limited. However, 

other findings mitigate this conclusion.

First, and contra Goldinger and Azuma (2004), several studies have found evidence that the 

pronunciation of words can become similar to that of a model talker even when people did 

not hear the talker pronounce these specific words (e.g., Nielsen, 2011; Shockley et al., 

2004), and such imitation can be just as robust as that observed on words that had been 

heard. Thus, people can generalize what they learn about the talker’s pronunciation from the 

words they have heard to different words. A possible explanation for the discrepancy 

between these studies and the Goldinger and Azuma results, discussed by Shockley et al. 

themselves, concerns the homogeneity of the set of words used: Shockley et al. restricted 

themselves to bisyllabic words starting with a voiceless stop consonant. Homogeneity may 

facilitate the generalization of the pronunciation displayed by those instances to words that 

are phonetically similar but that have not been specifically experienced.

This possibility is corroborated by results from Nielsen (2011), who exposed participants to 

words characterized by an artificially extended aspiration period in the production of an 

initial /p/. She quantified imitation by measuring participants’ pronunciation of words with 

an initial voiceless stop consonant before and after exposure to those stimuli. Some of the 

words also started with /p/ but were not part of the set people heard pronounced; yet others 

started with a /k/ and were new as well. She observed that aspiration duration was increased 

not only on those words that participants had heard pronounced with extended aspiration, 

but also on novel /p/-initial words and, in addition, on /k/-initial words, the latter effect being 

significantly smaller than the former. Thus, it appears that imitation of a pronunciation 

feature experienced on some words can generalize to similar words, evidently in a way that 

is proportional to the degree of similarity. This generalization must result from the extraction 

of articulatory features from exposure to specific word instances.

The influence of more abstract factors in the composition of the target of imitation is further 

supported by evidence of delayed imitation, as reported by Goldinger and Azuma (2004). 

There, imitation was established on participants’ pronunciation of words a week after 

exposure to auditory recordings of those words from a model talker. The authors attributed 

this long-lasting effect to the role played by the context in which spoken words had been 

initially experienced in determining the composition of the echo driving imitation: Because 

people were asked to produce words in the same context as the context of their prior 

auditory exposure to those words, the memory episodes of this exposure, albeit temporally 

distant, were highly active and therefore played a large role in the echo. Thus, contextual 

similarity, in addition to segmental content, may be an important factor in determining the 

composition of the echo.
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The composition of the echo—or, in more general terms, of the target that people recruit 

when imitating a prime—is thus only partially constrained by the prime’s segmental make-

up. The context and (as demonstrated by cross-word generalization) the talker’s identity may 

also play a role. From these observations, it appears that an internal representation of the 

speech of a given talker emerges as people accumulate experience with that talker. This, in 

turn, raises the possibility that this representation captures a sort of aggregate computed over 

all utterances associated with a given talker, a form of ‘central tendency’ in the talker’s 

pronunciation of speech. The present study tested this hypothesis by examining how 

accumulated experience with a talker affects the composition of the target of imitation.

To this end, we varied the order in which specific utterances, all from the same talker, were 

heard. These utterances, recordings of monosyllabic words acting as primes, varied in the 

degree of coarticulatory nasality present on the vowel before a nasal coda consonant. The 

vowel either (1) displayed a natural (albeit greater than all the participants) degree of 

nasality in anticipation of the upcoming nasal consonant, or (2) had been manipulated to be 

hyper-nasalized. (Details on hyper-nasalized vowels are given in Experiment 1‘s materials 

section.) A trial consisted of the auditory presentation of one of these primes, followed by 

the visual presentation of a word, the target, which participants were instructed to read out 

loud. The target was never the same word as the prime but, like the prime, contained a vowel 

before a nasal consonant. By assessing the degree of nasality in target productions, we asked 

whether the model driving the production of the target only reflects the degree of nasality of 

its immediately preceding prime (i.e., greater nasality produced after hyper-nasalized primes 

than after naturally nasalized ones) or also the cumulative set of utterances heard and their 

averaged overall degree of nasality.

An important factor to consider when examining the influence of an auditory prime on the 

production of the following target concerns the delay between prime and target. Goldinger 

(1998) observed that imitation was greatly reduced when a 3-s delay between the prime and 

participants’ shadowed production was introduced. This, Goldinger argued, was evidence 

that the content of the echo changes as time elapses because the recruitment and activation 

of memory traces from long-term memory is a process that evolves over time, thereby 

changing the composition of the echo. As time passes, more episodes become active, 

resulting in a decrease in the proportional weight of recent episodes (and that of the prime, 

in particular) in the composition of the echo. If, as we propose, the echo (or what we have 

been calling ‘target of imitation’) is influenced by episodes of past utterances from the same 

talker as the prime, people’s target-word pronunciation is expected to reflect accumulated 

experience with the talker more, and the immediately preceding prime less, as the delay 

between prime and target increases.

Experiment 1

The present investigation focused on the imitation of coarticulatory nasality in vowels. The 

presence of a nasal consonant within a syllable tends to cause spectral changes in the 

adjacent vowel. These changes are caused by the lowering of the velum, a gesture produced 

in anticipation of or carryover from the adjacent nasal stop consonant. Coarticulatory vowel 

nasality results from the nasal coupling that the velum lowering creates during the 
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articulation of the vowel. A useful acoustic correlate of nasal coupling in vowels, developed 

by Chen (1997), consists of the difference between the amplitude of the first formant peak 

(denoted A1) and the amplitude of the low-frequency nasal pole FN (denoted P0). This 

amplitude difference decreases as nasal coupling increases. Using this measure as a proxy 

for degree of coarticulatory vowel nasality in English, past research has shown that 

coarticulatory vowel nasality varies in magnitude across speakers and within speakers, and 

across linguistic and pragmatic contexts (Scarborough, 2013; Podesva et al., 2013; Pycha, 

2016; Scarborough & Zellou, 2013; Zellou & Tamminga, 2014; Zellou & Scarborough, 

2015). Furthermore, Zellou, Scarborough, and Nielsen (2016) demonstrated that people tend 

to unconsciously imitate vowel nasality. In their study, participants were asked to repeat 

monosyllabic words with a nasal coda consonant with a vowel characterized by a high level 

of nasality (i.e., hyper-nasalized). Compared to their pronunciation of those words’ vowels at 

baseline, i.e., before hearing the hyper-nasalized recordings, people produced the vowels 

with increased nasal coupling. Thus, people can spontaneously alter the dynamics of their 

velum-lowering gesture to imitate shadowed utterances.

In the experimental trials in this study, people heard a prime, then saw the orthographic form 

of another word and produced it. We assessed the degree to which people’s pronunciation of 

vowels in target words changes when produced after hearing different words as primes. 

Evidence for such nasality imitation would demonstrate people’s ability to apply articulatory 

features extracted from a given context to a new context.

Experiment 1 was designed to assess whether this imitation, although observed on a word 

different from the one heard in the prime, is limited to the characteristics of coarticulatory 

nasality exemplified by the immediately preceding prime, or if it can also reveal the 

influence of a more general target of imitation, one characterized by the overall experience 

with the model talker accumulated over the course of the experiment. In order to test for 

prime specificity and overall experience on imitation, we divided trials into blocks and 

varied which kind of prime was presented in each block. For half of the participants, only 

naturally-nasalized primes were presented in Block 1; for the other half, only hyper-

nasalized primes were heard. In Block 2, the prime types were switched. (A block of filler 

trials, in which primes and targets were monosyllabic words ending with an oral coda 

consonant, was inserted between the two test blocks.) With this design, the degree of 

nasality on each prime in Block 1 is consistent with what participants have heard from the 

talker (i.e., they have heard only naturally-nasalized or only hyper-nasalized primes); in 

Block 2, however, nasality exemplified on each prime is different from that experienced 

before, in Block 1. As discussed in the introduction, if imitation produced on a target word 

reflects the influence of the immediately preceding prime only, target vowels should be 

characterized by greater nasality (and therefore, greater change from baseline) after hyper-

nasalized primes than after natural primes, with no effect of the block in which the two types 

of primes were presented. If, instead, imitation is also affected by participants’ cumulative 

experience with the model’s utterances, imitation after hyper-nasalized primes in Block 2 

should be less than that observed in Block 1 because the target of imitation would 

incorporate the naturally-nasalized primes from Block 1. Conversely, imitation after 

naturally nasalized primes in Block 2 should be greater than that observed in Block 1 

Zellou et al. Page 5

Lang Cogn Neurosci. Author manuscript; available in PMC 2020 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



because of participants’ past experience with hyper-nasalized vowels from the same talker in 

Block 1.

Two versions of each prime were created. One consisted of a natural recording of nasal-final 

words (e.g., ‘bound’) produced by a male talker who, based on acoustic assessment of his 

productions, produces vowels with a high degree of coarticulatory nasality. The other type of 

primes consisted of recordings of the same words from the same talker but with an 

artificially greater degree of nasality in the vowels. Following the procedure adopted in 

Zellou et al. (2016), we created primes with ‘hyper-nasalized’ vowels by extracting the 

vowel from the recording of the original word (e.g., ‘bound’) and the recording of the word 

or nonword that results from changing the initial consonant of the original word from oral to 

nasal (e.g., ‘mound’) and by mixing these two vowels. (More details on the procedure are 

given later.) The resulting vowel was reinserted to replace the original vowel in the recording 

of the prime word. The presence of a nasal consonant on either side of the vowel in, e.g., 

‘mound’, causes the velum to stay lowered for the entire duration of the vowel. The resulting 

vowel has a high degree of nasal coupling because the velum remains lowered over vowels 

flanked by nasal consonants (Cohn, 1990). If participants’ pronunciation of a target word is 

affected by the specific properties of an immediately preceding prime, greater vowel nasality 

(compared to participants’ baseline) should be observed after hyper-nasalized primes than 

after naturally nasalized ones.

Materials

Stimuli were tokens of 16 monosyllabic real English words with a vowel nasal-consonant 

sequence in its coda (see appendix). The words were selected to have non-high vowels 

because the nasal-pole peak is easier to identify and distinguish from the F1 peak on non-

high vowels than it is on high vowels. This, in turn, facilitates the extraction of the A1–P0 

acoustic measure of nasality on those vowels. In addition, words were selected to be highly 

familiar and relatively frequent (with familiarity ratings of 6 or greater on the 7-point 

Hoosier Mental Lexicon scale and a frequency of 35 per million words, as estimated by 

Brysbaert and New, 2009). Because shadowing high-frequency words tend to result in less 

imitation than shadowing low-frequency words (e.g., Goldinger, 1998), any imitation effects 

reported here are likely to generalize to other, lower-frequency words. Finally, the 16 words 

were selected to differ minimally from many other English words by the addition, 

subtraction, or substitution of a single phoneme. As reported by Scarborough (2013), words 

in dense phonological neighborhoods such as these are pronounced with greater 

coarticulatory nasality than words in sparser neighborhoods. Thus, we expected to observe a 

high degree of nasality in our stimuli. The hyper-nasalized stimuli used in this study are a 

subset of the hyper-nasalized stimuli shown to exhibit nasal imitation in Zellou et al., (2016).

Recordings of the model talker, a 22 year-old male, for stimulus generation were made using 

an Earthworks M30 microphone in a sound-attenuated booth. In addition to the 16 test 

words described above, the model talker produced the 16 words or nonwords required for 

the creation of a hyper-nasalized version to replace each of the naturally nasalized vowels. 

Finally, a set of 20 monosyllabic words with an oral coda consonant was recorded as well, to 

serve as distractor primes in a block of filler trials inserted between Blocks 1 and 2.
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Hyper-nasalized tokens of the nasal words were created by additively combining the 

waveform of a naturally nasalized vowel (from a CVN word) with the waveform of naturally 

hyper-nasal vowel (from the NVN counterpart of the CVN word). For example, for the 

prime word den, the extracted vowel was combined with a vowel extracted from the 

nonword nen (which would be naturally more nasalized) and then spliced back into the 

original context, resulting in a hyper-nasalized den. The vowels’ waveforms were first 

adjusted to match in amplitude and duration by shortening the long one to match the 

duration of the other. Using the PSOLA algorithm in the speech-editing software Praat, the 

pitch contour of the two vowels was modified to remain constant throughout the vowel at the 

same F0 value as the CVN word. With identical F0, the harmonic structure of vowels align 

in the frequency dimension, which made the additive combination of the vowels’ spectra for 

each sample possible and causing the relative amplitudes for the oral and nasal peaks to be 

modified. The resulting vowel was further modified to display the same intensity and pitch 

contour as the original target vowel, and spliced back into the original target-word context 

(see Styler, Scarborough & Zellou, 2011, for more details). This method ensures that the 

hyper-nasalized vowel differed from the naturally nasalized one in spectral properties only.

Impressionistically, the hyper-nasalized stimuli sound quite natural and difficult to 

distinguish from the unaltered, natural stimuli the model speaker produced. In order to 

provide support of this impression, we subjected eight UC Davis undergraduate students 

(none of these subjects participated in the Experiments reported below), recruited through 

the psychology subject pool, to a simple two-alternative force choice task. Participants sat in 

a sound attenuated booth and heard both versions of the natural and hyper-nasalized stimuli 

over headphones, one after the other. Orderings of the stimulus type (natural first, or hyper-

nasalized first) was randomized. After hearing a stimuli pair, listeners were asked to indicate 

which version of the word sounded “doctored or artificially manipulated.” On average, these 

participants were 42% accurate at selecting the hyper-nasalized version as the manipulated 

item, with individual listener means ranging from 31%−60% accuracy. This corroborates our 

impression that the hyper-nasalized stimuli fell squarely within the range of pronunciations 

deemed ‘natural’, at least indistinguishably so from their unaltered, natural counterparts.

In order to confirm that the vowels of the hyper-nasalized stimuli were more nasalized than 

those of the naturally occurring stimuli, we collected Chen (1997)’s acoustic measure of 

nasality, i.e., the difference between the amplitude of the low frequency nasal peak, P0 

(found around 250 Hz) whose amplitude increases with increased nasality, and the amplitude 

of the first formant peak, A1, whose amplitude decreases with increased nasality. These 

spectral elements are illustrated in Figure 1, which displays an oral vowel and its nasalized 

counterpart as produced by the model speaker. Since A1 decreases and P0 increases as 

nasalization increases, a smaller (or even negative) A1–P0 value signifies greater degree of 

nasality.

Figure 2 presents values of A1–P0 measured at three different points within the vowel (i.e., 

early, midpoint, late) averaged across the 16 vowels of the naturally nasal primes, the 16 

vowels of the hyper-nasalized primes, and 20 vowels from oral words from the model talker. 

The graph reveals lower values of A1–P0 on nasal words than on oral words, as well as 

lower values of A1–P0 on hyper-nasalized vowels than on naturally-nasalized ones, but 
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reliably so in the later portion of the vowels only. This pattern suggests that the normally 

nasalized and hyper-nasalized vowels differ in terms of the magnitude of the velum-lowering 

gestures, and less so in terms of the temporal characteristics of the gesture. Past research has 

reported variability on the temporal dimension (i.e., the velum lowers earlier in the vowel) 

and on the spatial one (i.e., the velum lowering gesture is of a greater magnitude) with 

changes in speaking rate and stress (Krakow, 1994). Cohn (1990) reports that in American 

English vowels in NVC and CVN contexts show the same temporal extent of contextual 

nasalization (i.e., the same cline of nasalization, though reversed), but differ in terms of 

magnitude of the velum gesture, as indicated by nasal airflow measures. Our own analysis is 

consistent with this finding: The hyper-nasalized vowel appears to have been produced with 

a velum-lowering gesture of a greater magnitude that the gesture involved in the production 

of the naturally nasalized vowel.

Data analysis

Using the speech-editing software Praat, we marked the vowels in the words that participants 

produced at baseline and as targets following spoken primes. The onset and offset of the 

vowels were taken to be the points at which an abrupt increase or reduction in amplitude of 

the higher formant frequencies in the spectrogram was observed. An abrupt change in 

amplitude in the waveform, along with simplification of waveform cycles, was used to verify 

these measurements.

All A1–P0 measurements were made on the segmented vowels, at the midpoint of each 

vowel automatically, using a Praat script. To minimize the risk of misidentification of the 

oral and nasal peaks, we verified that the frequency value associated with P0 conformed to 

the expected value of the first or second harmonic, given the gender and/or pitch 

characteristics of the who produced the vowel. Indeed, P0 tends to correspond to the first 

harmonic in individuals with a relatively high fundamental frequency (usually women) while 

P0 tends to correspond to the second harmonic in individuals with a lower fundamental 

frequency (Klatt & Klatt, 1990). The frequencies of P0 and F1 were also verified to ensure 

that they were appropriate for a given vowel phoneme. No vowel measurements were 

excluded.

Figure 3 presents the mean A1–P0 values for each of our participants, measured at the 

vowels’ midpoints and averaged across all 16 nasal words produced at baseline, i.e., before 

hearing the model talker. For comparison, the model talker’s natural nasality value is also 

displayed. As apparent in the figure, the model talker’s vowels display greater nasality (i.e., 

smaller A1–P0 value) than any of the participants. Thus, imitating the model talker’s nasal 

vowels required all our participants to increase the degree of nasality in their own vowels.

In addition to measuring acoustic nasality on target vowels, imitation was assessed by 

calculating, for each participant and each nasal word, the change in A1–P0 value (in dB) 

between the vowel produced on the target word following a prime and the vowel produced 

on the same word at baseline, before any of the model talker’s utterances was heard. For 

example, if the value of A1–P0 on the vowel of the word “band” was 5 dB at baseline and 4 

dB (thus becoming more nasal) on the token produced following a prime word, the 

dependent measure for that experimental trial was 1 dB (=5–4). Note that while a lower raw 
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A1–P0 dB value indicates greater nasality, a positive change value indicates imitation 

because, as pointed out above, the model speaker’s vowels were characterized by greater 

nasality and therefore contain smaller A1–P0 values than participants’ vowels.

Participants and Procedure

Fourteen University of Pennsylvania undergraduates participated in Experiment 1. All 

participants in the current studies were native speakers of American English and received 

course credit for their participation. None reported any visual or hearing impairment.

Before the main part of the study began, participants were instructed to read 16 nasal words 

(and 8 filler oral words), presented orthographically in the center of a computer screen, one 

at a time in random order. Responses were recorded digitally at a 44-kHz sampling rate. 

Once the recording was completed, the main part of the study began. Each trial consisted of 

the auditory presentation of a prime, followed by the visual presentation of the target word, 

with a 0.5 second delay between the end of auditory prime and the presentation of the 

printed word. Participants were asked to read out loud the word presented on the computer 

screen. The visual presentation of each word was always preceded by an auditory prime, 

presented over headphones. Participants were instructed simply to read the printed word.

Participants were presented with two separate blocks containing only the hyper-nasalized 

primes or the naturally nasalized primes, with an intervening block of filler oral words. 

Although the experimental software controlled block and trial organization, there was no 

pause between blocks. Each target word was presented four times within each block, with a 

different prime and target pairing on each repetition, with the constraint that prime and target 

never be the same word. Experimental block ordering, with either the hyper nasality block (7 

participants) or the natural nasality block (7 participants) first, was counterbalanced across 

two groups of participants. One random order for all trials was created for each of the two 

list versions of the experiment.

There were a total of 128 experimental nasal trials collected from each participant (16 words 

× 4 repetitions × 2 stimuli types).

Results

Figure 4 presents the mean coarticulatory nasality at baseline and test conditions, as well as 

mean computed change in coarticulatory nasality (relative to baseline) produced by 

participants in their target-word productions in Blocks 1 and 2 as a function of which type of 

primes they heard in each block. In Block 1, participants who heard hyper-nasalized primes 

increased nasality of the target-word vowels more than those people who heard naturally 

nasalized primes. In fact, because the A1–P0 change associated with target vowels following 

naturally-nasalized primes is close to 0, people do not appear to have modified their vowel 

nasality in response to the talker’s vowels. In Block 2, the change in nasality in the target-

word vowels was quite different from that observed in Block 1. Indeed, participants who had 

heard naturally nasalized vowels in Block 1’s primes produced less nasality after hyper-

nasalized vowels than the group who heard these vowels in Block 1. Conversely, participants 

who had heard hyper-nasalized vowel primes in Block 1 produced greater nasality following 

the naturally nasalized vowel primes in Block 2 than the group who heard these naturally 
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nasalized vowel primes in Block 1. This pattern is precisely what is predicted if people’s 

nasality imitation of a prime in Block 2 is affected both by the prime’s degree of nasality 

and that of the primes heard in Block 1.

To establish that the pattern observed is statistically robust, we modeled the amount of 

change in A1–P0 (in dB) from baseline to target production in a linear mixed effects model 

using the lme4 package in R. For significance testing of critical fixed effects and 

interactions, we adopted a model-comparison approach. This approach consists of first 

constructing a model that captures the factors that we believe may affect the dependent 

variable (i.e., the change score in A1–P0 between baseline and at test on each trial) but are 

not central to our hypotheses. This fit of the so-called ‘base’ model to the data, i.e., the 

amount of the variance accounted for, is then used as a benchmark to which each augmented 

model is compared. Augmented models are models that include all of the base model’s 

predictors but also a variable or factor whose contribution we wish to assess. By comparing 

a measure of the variance accounted for by a given augmented model to that of the base 

model (after correcting for the difference in degrees of freedom between the two), one can 

estimate whether the inclusion of the predictor in question in the augmented model results in 

a significantly improved fit to the data. The difference in goodness of fit between the base 

model and the augmented model corresponds to −2 times the change in log likelihood, 

which follows a χ2 distribution with degrees of freedom equal to the number of parameter(s) 

that were added to the simpler model.

We built our base model so as to capture the fact that the overall value of change scores may 

vary across individuals and target words by including participants and words in the random 

structure of the model. In addition, the base model included the following two (fixed) 

predictors: whether people had heard the target as prime on preceding trials, and the 

phonetic similarity between prime and target. As stated above, the target word consisted of a 

different word from the immediately preceding prime. However, the same set of words was 

used for both primes and targets across trials. Thus, it is possible that participants’ increased 

vowel nasality on a target word does not in fact result from a broad generalization of 

articulatory dynamics, as assumed here, but from direct exposure to the talker’s 

pronunciation of this word as prime in a prior trial. To assess the possibility of such 

influence, we compared nasality (and degree of imitation) on target vowels in those trials 

where the target word had been heard as prime before within that Block to those where no 

such exposure had taken place yet (i.e., target words that had not yet been presented as 

primes within that Block). If generalization across words is limited, imitation of nasality on 

target vowels should be greater when participants had been exposed to the target word as 

prime (and could recruit the memory trace in the echo driving target production) than when 

no such trace was available. Pre-exposure to target was coded as a categorical variable that 

represented whether or not the target word had been encountered as prime on any preceding 

trial within the block (sum-coded with two levels, ‘no’ [reference level] and ‘yes’).

In addition to pre-exposure, the base model included a predictor that captures the phonetic 

similarity between prime and target for each trial, estimated by the number of phonemes the 

two words have in common in the same position. For example, the prime ‘band’ and target 

‘den’ were estimated to have one phoneme in common (i.e., the ‘n’ in coda position), and 
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‘sand’ and ‘band’, three. Similarity between prime and target was coded in terms of the 

number of overlapping phonemes and treated as a continuous (and centered) variable. We 

hypothesized that imitation may increase with increased similarity between prime and target. 

Finally, the random structure of the base model included random variations that we wished 

to include in our augmented models because the model-comparison approach adopted here 

requires that the base and augmented models be nested in order to be valid. Thus, the 

random structure of the base model and of all of the augmented models described below 

included random intercepts and slopes per participant for the main effect of Block, and 

random intercepts and slopes per item for the main effects of Group and Block. (See below 

for further details about these factors. Models with more complex random structure failed to 

converge.)

Table 1 lists the effect-size estimate, standard error, and t-value associated with each fixed-

effect predictor for the base model. For simplicity, a t value greater than 1.96 is taken to 

indicate that the predictor makes a significant contribution to accounting for the observed 

values of nasality change (Baayen et al., 2008). The intercept of the model is significant, 

indicating that the mean change in vowel nasality between baseline and test is greater than 0. 

Neither the similarity between prime and target, as captured by the number of phonemes in 

common, nor whether people had heard the target word as prime early in the experiment 

made a significant contribution to accounting for the nasality change score. (The sign of the 

estimate associated with the main effect of pre-exposure indicates that imitation is smaller 

where targets had been heard as prime before, which goes contra to prediction.) Thus, there 

is no evidence that imitation was enhanced by word-specific exposure.

We then computed a series of augmented models by adding to the base model the main 

effects of the factors Block (first or second block for a given trial, sum-coded) and Group (a 

subject-level variable defined by the type of prime heard in Block 1, i.e., naturally nasalized 

or hyper-nasalized primes, sum-coded), separately, and compared each augmented model’s 

fit to the data to the base model’s fit. Table 2 presents the log-likelihood associated with the 

base model, along with that of each of the two augmented models that included the main 

effect of Block or Group. There was not a significant contribution of Group as a main effect, 

reflecting the fact that nasality change was not greater across produced nasality in both 

blocks for people who heard hyper-nasalized primes in Block 1 than those who heard 

naturally-nasalized primes in Block 1.

In order to test our main hypothesis, resting on the interaction between Block and Group, we 

created an augmented model that included all main effects and compared it to a one 

including the Bock and Group interaction. As indicated in Table 2, the inclusion of the 

interaction between Block and Group significantly improved the fit to the observed data. 

This confirms Figure 4, where nasality imitation produced after hyper-nasalized primes is 

reduced when measured in Block 2 (after presentation of naturally nasalized primes) 

compared to Block 1, and nasality imitation following naturally-nasalized primes was 

greater when tested in Block 2 (after prior presentation hyper-nasalized primes) compared to 

Block 1.
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Finally, and for the sake of completeness, we tested whether the inclusion of the interaction 

between Block and Target Pre-exposure to the model with all main effects improved the fit 

to the data. This interaction was considered important to test because pre-exposure was 

established within each block, as opposed to across the entire experiment because, at the 

beginning of Block 2, every target had been heard as prime before, i.e., in Block 1; the 

interaction aims to capture the possibility that the effect of pre-exposure would be apt at 

capturing influence on imitation better in Block 1, where no pre-exposure corresponds to no 

pre-exposure both with the block and within the experiment, than in Block 2, where no pre-

exposure corresponds to no pre-exposure within the block only. As indicated in Table 2, the 

interaction did not improve the fit.

Two important points emerge from Experiment 1‘s results. First, participants produced target 

words with more nasalized vowels after exposure to a talker who heavily nasalizes his 

vowels, and this imitation took place across words, revealing people’s ability to generalize 

articulatory features. Second, with limited (and homogeneous) experience with the talker’s 

degree of nasality in vowels (i.e., in Block 1), imitation tracked the degree of nasality in 

prime vowels, with greater nasality produced after hyper-nasalized primes than after 

naturally nasalized primes. However, this pattern changed significantly after more varied 

experience with the talker, suggesting that immediate imitation is driven by a target that 

incorporates more than just the specific properties of the prime. The target of imitation, we 

claim, includes both the prime and the memory traces of the model talker’s vowels. Thus, 

the target of imitation recruited following a hyper-nasalized prime in Block 2 is populated 

by past experience with the naturally nasalized vowels from Block 1’s primes, causing target 

vowels to be less nasalized than those produced in Block 1, where only hyper-nasalized 

vowels had been presented. Likewise, the target driving imitation after a naturally nasalized 

prime in Block 2 includes the hyper-nasalized vowels from Block 1’s primes, yielding target 

vowels with greater nasality than what was observed in Block 1, where only naturally 

nasalized vowels had been heard.

An alternative to this interpretation of the data, however, can be offered. The observed 

changes between Blocks 1 and 2 may in fact reflect a reduction of the influence of the 

primes on the production of target-word vowels over time. The priming effect would not 

disappear entirely but its magnitude would be reduced, yielded the apparent reduction in the 

size of the Group effect in Block 2, compared to Block 1. Note that this account is more 

descriptive than explanatory because it does not readily explain why, with reduced influence 

of primes over time, people produced more nasality than their baseline following naturally-

nasalized primes in Block 2 (and more than the degree of nasality produced after the same 

primes in Block 1). It remains the case that Experiment 1‘s design does not allow us to know 

how imitation changes over time independently of a change in nasality magnitude across the 

blocks.

We thus conducted a control experiment in which two new groups of participants were tested 

on the same material under the same conditions. The only difference with Experiment 1‘s 

design consisted of presenting the same primes in Block 2 as those in Block 1. Any changes 

between Blocks would reflect an effect of adaptation or repetition in the course of the study.
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Experiment 2

Method

Participants were 14 University of California at Davis undergraduate students. The 

procedure and stimuli were identical to that of Experiment 1 except for the following: The 

prime stimuli presented on Block 2 remained the same as those presented on Block 1. Half 

of the participants (N=7) heard only naturally-nasalized primes, the other half (N=7), only 

hyper-nasalized primes.

Results

Figure 5 presents the mean coarticulatory nasality at baseline and test conditions and mean 

computed change in nasality (relative to baseline) produced by participants exposed to either 

naturally nasalized or hyper-nasalized primes in both the first and second experimental 

blocks. In Block 1, participants demonstrate similar responses to naturally nasalized and 

hyper-nasalized primes as in Experiment 1: participants produced greater nasality after 

hyper-nasalized primes than after naturally nasalized primes. In Block 2, both groups 

increased nasality in target-word vowels after hearing the same primes as in Block 1. Thus, 

there is no evidence that people imitated the primes less in the course of the study. In fact, 

the data suggest that people’s imitation grows stronger across Blocks. This finding, in turn, 

gives some support to the claim that, as people accumulate experiences with a given talker, 

any imitation following an utterance from that talker reflects an aggregate of those 

experiences.

In order to establish that prime-nasality imitation in Experiment 1 and in Experiment 2 was 

different whether the primes remained the same between Blocks 1 and 2 or changed, we 

fitted the data from both experiments to a baseline linear mixed effects model, which we 

gradually expanded via model-comparisons to assess the contribution of specific factors to 

the models’ fit. Our goal was to evaluate the effects of Group (defined by the type of prime 

heard in Block 1, i.e., naturally nasalized or hyper-nasalized primes, sum-coded), Block 

(first or second, sum-coded), and Experiment Type (Alternating [base level] and Repeating, 

sum-coded) in accounting for the amount of change in A1–P0 (in dB) from baseline to target 

production. First, following the same procedure as that reported above for just Experiment 1, 

we generated a base model that included Target pre-exposure and Prime-Target Similarity 

(detail about these variables are described in Results for Experiment 1). Table 3 lists the 

effect-size estimate, standard error, and t-value associated with each fixed-effect predictor 

for the base model. The intercept of the model is positive, indicating that participants overall 

did increase their produced nasality across both experiments. Again, neither similarity 

between prime and target and whether people had heard the target word as prime early in the 

experiment significantly improve the model’s fit to the data.

We then computed a series of augmented models by adding to the base model the main 

effects of the factors Group, Block, and Experiment Type separately. Each augmented model 

model’s fit to the data was compared to the base model’s fit. A model with all main effects 

was used as the comparison for models with each of the two-way interactions. Finally, a 

model with all main effects and all two-way interactions was compared to a model 
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augmented with the three-way interaction between Group, Block, and Experiment Type. The 

random structure of those models was identical to the random effects of the original models 

used to assess the data from Experiment 1.

Table 4 provides the log-likelihood associated with the base model, along with that of each 

of the three augmented models that included the main effect of Group, Block, or Experiment 

Type. The addition of the effect of Group improved the model’s fit, as found in Experiment 

1: Participants increased the nasality of target-word vowels more after hyper-nasalized 

primes than after naturally-nasalized primes.

We then created an augmented model that included all main effects and compared it to three 

separate ones including the two-way interactions between Group and Block, Block and 

Experiment Type, and Group and Experiment Type. A significant two-way interaction 

between Block and Experiment significantly improved the model’s fit: There was an 

increase in change of nasality from Block 2 to Block 1 in the repeating experiment that was 

not observed in the alternating stimuli experiment. Finally, to test whether there was an 

interaction between Group, Block and Experiment Type, we created an augmented model 

that included all of these two-way interactions and compared it to one that included a three-

way interaction. Critically, the inclusion of the three-way interaction of Group, Block, and 

Experiment Type also significantly improved the model’s fit: Compared to what was 

observed in Block 1, nasality imitation in Block 2 increased for the two groups who heard 

the same primes on both blocks; for those groups who heard different primes on Block 2, 

nasality increased or decreased depending on which primes were heard in Block 1.

Our claim regarding the recruitment of a target of imitation that consists of an aggregate of 

the talker’s utterances was tested in Experiment 3. There, we manipulated the temporal 

delay between the presentation of the prime and the pronunciation of the target word. As 

reviewed earlier, the composition of the target of imitation/echo is believed to evolve over 

time as more memory traces or past episodes with the talker are recruited and the 

proportional contribution of the immediately preceding prime decreases. If the changes in 

vowel nasality from Block 1 to Block 2 observed in Experiment 1 are attributable to the 

inclusion of the overall experience with the model talker, we reasoned, expanding the delay 

between prime and target should enhance this influence: In Block 2 (where the influence of 

the aggregate target of imitation can be distinguished from that of the prime), nasality after 

hyper-nasalized prime should decrease more, and nasality after naturally-nasalized prime, 

increase more with longer delay.

Experiment 3

Given Experiment 1‘s suggestion that people respond to a prime by recruiting their overall 

experience with the talker’s vowels, we sought converging evidence for such recruitment by 

examining how vowel nasality on target words changes with greater delay between prime 

and target. We hypothesized that the local influence of the prime would be reduced, and that 

of past experiences with the talker’s nasal vowels increased, with greater temporal distance 

between prime and target. To this end, we replicated Experiment 1 but varied the delay 

between the presentation of the auditory prime and that of the printed target word. The effect 
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of delay on imitation of each group should be modest in Block 1 (for which the prime’s 

vowel and previously experienced vowels have the same degree of nasality) but substantial 

in Block 2, where we should see a stronger effect of accumulated experience with the model 

talker’s vowels as delay between target and prime increases.

Method

Fifteen University of Pennsylvania undergraduates participated in Experiment 3. The 

procedure and stimuli were identical to that of Experiment 1 except for the following: In 

each block, each of the 16 nasal target words was presented three times, each repetition 

associated with a different delay between the prime and the target (0.5 second, 1.5 seconds, 

and 5.5 seconds). Which type of prime preceded the target was varied across blocks, and the 

delay with which each prime was presented was varied across trials within a block. 

Experimental block ordering, with either hyper-nasalized (N=8) or naturally-nasalized 

(N=7) block first, was counterbalanced across two groups of participants. One random order 

for all trials was created for each of the two list versions of the experiment. Experiment 3 

consisted of a total of 96 experimental trials (16 words × 3 delay levels × 2 stimuli types).

Results

Figure 6 presents the mean coarticulatory nasality at baseline and test productions, as well as 

mean change in A1–P0 value at test (compared to their value at baseline) in words produced 

by participants who heard either naturally-nasalized or hyper-nasalized primes in Block 1, 

separately for each block, as a function of the delay between prime and target. At short (0.5 

sec) delay (Fig 6a. and b.), people produced vowels with greater nasality (compared to 

baseline) after hyper-nasalized primes than after naturally nasalized primes in Block 1 but, 

as observed in Experiment 1, the influence of the prime was tempered in Block 2: People 

who had heard the hyper-nasalized primes in Block 1 produced more nasality after naturally 

nasalized primes than the people who had heard them on Block 1; conversely, people who 

heard the naturally nasalized primes in Block 1 produced less nasality after hyper-nasalized 

primes than people who had heard hyper-nasalized primes in Block 1. With a slightly longer 

delay between primes and targets (1.5 sec, Fig 6c. and d.), a very similar pattern emerged. 

However, with a substantially longer delay (5.5 sec, Fig 6e. and f.), the influence of group on 

nasality imitation in Block 2 was significantly weakened or even gone: Participants who had 

heard hyper-nasalized primes in Block 1 produced only a little less nasality after naturally 

nasalized primes in Block 2; more strikingly perhaps, people who had heard naturally 

nasalized primes in Block 1 produced even less nasality after hyper-nasalized primes in 

Block 2.

As before, we conducted model comparisons to assess the contribution of the effects of 

Group, Block, and Delay in accounting for the amount of change in A1–P0 (in dB) from 

baseline to target production. Again, we first generated a base model that included Target 

pre-exposure and Prime-Target Similarity. Table 5 presents a summary of the base model. 

The intercept failed to reach significance, indicating that overall and all conditions averaged, 

participants’ target vowels were not more nasalized than their baseline vowels. Neither 

similarity between prime and target and whether people had heard the target word as prime 

early in the experiment made a significant contribution to fitting the data.
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Again, model comparisons assessed the significance of critical factors and interactions. The 

main effects of Group, Block, and Delay were added separately to the base model, and we 

compared each augmented model’s fit to the data to the base model’s fit. The random 

structure of every model fitted to these data included random intercepts and slopes per 

participant for each of the predictors Block and Delay, as well as random intercepts per item. 

(Models with more complete random structures failed to converge.)

Next, a model including all main effects was generated and this model was used to assess the 

contribution of each two-way interaction. Finally, our critical hypothesis in this Experiment 

was that in the second block, we should see a stronger effect of accumulated experience with 

the model talker’s vowels as the delay between prime and target increases. In order to assess 

this critical prediction, a model including all main effects and all two-way interactions was 

compared to the same model augmented with the critical three-way interaction between 

Group, Block, and Delay. Table 6 reports the outcome of these model comparisons. Group 

significantly improved the model’s fit, as well as the interaction between Group and Delay. 

Crucially, inclusion of the three-way interaction of Group, Block, and Delay significantly 

improved the model’s fit: Confirming what we observe in Figures 6e. and f., after the longest 

delay, nasality increased for those who heard naturally nasalized primes and decreased for 

those who heard hyper-nasalized primes in Block 2, relative to productions after shorter 

delays, signaling that there is a more robust effect of past experiences with the model 

talker’s speech as delay between prime and target increases.

These results extend Experiment 1‘s findings in important ways: Nasality change was more 

pronounced after hearing hyper-nasalized primes than after natural primes in Block 1 (when 

experience with the talker’s vowels was homogeneous), irrespective of the delay between 

prime and target. However, the prime’s specific influence on target vowel production 

diminished to reveal the influence of the overall experience with the talker’s vowels in Block 

2, and this influence became even more pronounced as the delay between prime and target 

increased.

The opposite effect of delay on nasality produced after each kind of primes is significant: 

Delay did not cause participants’ nasality production to return to baseline, as it has often 

been claimed (e.g., Goldinger, 1998). If it did, the amount of nasality would have decreased 

after both prime types. Instead, nasality increased after naturally-nasalized primes. Thus, we 

contend, the echo/target driving imitation incorporates talker-specific episodes. Their 

inclusion in the target of imitation is evident when the delay between prime and target is 

short, and their influence increases as the delay is extended.

General Discussion—As reviewed in the introduction, there is good evidence that people 

imitate the pronunciation of a word they are asked to repeat. Whether people can alter their 

pronunciation of a word they haven’t heard to resemble that of a model talker, however, is 

unclear. The absence of cross-word generalization has been viewed as a consequence of the 

way memory traces and episodes are recruited and contribute to word production 

(Goldinger, 1998): The segmental make-up of the word to be uttered is viewed as the central 

constraint on the composition of the target of imitation that drives pronunciation. Yet, 

naturalistic cases of imitation—such as adults’ adoption of aspects of the pronunciation of 
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their ambient language or dialect (e.g., Sancier & Fowler, 1997)–suggest that generalization 

can take place. Here, we focused on the dynamics and amplitude of the velum-lowering 

gesture that accompanies the production of a nasal consonant, and asked if people can 

extract this feature from specific utterances and integrate it into their own production of 

different utterances.

To this end, we used an altered version of the shadowing task, one in which the target word 

people produce is a different word from the prime they hear immediately prior. We 

examined whether people altered their pronunciation of the target word’s vowel immediately 

after hearing the pronunciation of a different word with a high degree of coarticulatory 

vowel nasality. Two versions of the nasal primes were presented, a naturally-nasalized 

version from a talker who produces substantial coarticulatory nasality, and one which we 

generated to have an even greater degree of nasality (‘hyper-nasalized’). We varied which 

prime people heard, whether people’s experience with the model speaker’s utterances was 

limited to that kind of prime or also included the other kind as well, and how much time 

elapsed between the prime presentation and the target production.

We found that people can spontaneously modify coarticulatory vowel nasality to resemble 

that demonstrated in the speech they are exposed to. This imitation is directly affected by the 

characteristics of the prime just heard: Participants increased nasality in their target vowels 

after hearing hyper-nasalized primes more than they did after hearing naturally-nasalized 

primes. Thus, people’s pronunciation is under the influence of some recent experience. 

However, we also observed that the influence of the prime was modulated by the nature of 

past experience with the talker’s nasalized vowels: Nasality following a naturally-nasalized 

prime was greater when people had also heard hyper-nasalized vowels, compared to that 

observed when only naturally-nasalized vowels had been heard. Conversely, nasality 

following a hyper-nasalized prime was reduced when people had also heard naturally-

nasalized vowels, compared to when they had only heard hyper-nasalized vowels. Finally, 

the influence of that past experience grew even larger, and that of the local prime, smaller, 

with longer delay between the prime and target production. Taken together, these findings 

support a view of imitation driven by a dynamically assembled representational target. This 

target of imitation is influenced by both properties of the immediately heard prime and by 

experience with a talker’s utterances, the latter having a stronger influence with increased 

delay.

Evidence for the involvement of the overall experience with the talker’s utterances in the 

target of imitation even when imitation immediately follows the presentation of a prime is 

consistent with the effect of lexical frequency on immediate shadowing reported by 

Goldinger (1998). Perhaps because of the complexity of mapping an auditory signal onto 

articulatory program, in addition to the other layers of complexity such as social factors that 

are involved in a given context (cf. Pardo, et al., 2010; Babel, 2012), imitation may always 

rely on a rich and complex target. The present finding demonstrates that talker identity can 

be one of the dimensions that influence the composition of the target of imitation.

The effect of prime-target delay on nasality imitation observed here is also particularly 

noteworthy. Past literature has assumed, explicitly or implicitly, that the fading of the 
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specific influence of word instances over time results in a return to people’s baseline 

articulation. What we observed here is quite different. People’s delayed imitation of a model 

talker appears to be based on a target of imitation tracking what is most general about the 

speaker, and less what was specific to the particular instance they just heard. In our view, 

this is because the effect of accumulated experience with the talker becomes more robust as 

delay increases, causing the proportional contribution of a specific prime on the target of 

imitation to decrease.

Voices are highly salient signals to people. Indeed, people pay attention to and encode the 

many aspects of the voice they hear, even in situations where these aspects are seemingly 

irrelevant to the task they are engaged in, as when hearing isolated words produced by a 

disembodied voice through headphones in a research lab (e.g., Palmeri, Goldinger, & Pisoni, 

1993, Goldinger, 1996). Furthermore, people often imitate the voice of their interlocutor 

spontaneously. This propensity leads to some convergence in manner of speaking between 

people engaged in a conversation (Capella, 1981; Giles, Coupland, & Coupland, 1991). Such 

imitation undoubtedly plays a role in marking a form of social affiliation as people match 

their linguistic systems to each other. Imitation that has been observed previously across 

specific words and experiences with a given talker must rely on an abstract representation of 

the talker’s speech (e.g., Pardo, 2006; Nielsen, 2011). The present study examined how this 

representation emerges and evolves with experience with a talker across words and time. 

People do indeed generalize coarticulatory properties of a heard word and apply them onto 

similar words. But the target of imitation includes more than just the specific properties of 

the heard word; it incorporates overall experience with the talker’s utterances, and the 

influence of that experience plays a greater role in explaining people’s imitation as time 

passes and experience with that talker accumulates. These results add to a growing body of 

work on the perceptual, cognitive, and social constraints on imitation.
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Appendix:: List of Nasal words used as primes and targets in the study.

band den

bound grain

found clam

pant lime

tent rhyme

lend rum

rung pun

dime sand
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Figure 1: 
Spectra from the midpoint of (A) an oral vowel (from the word “bad”) and (B) a nasalized 

vowel (from “band”) from the model speaker in this study.
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Figure 2: 
Acoustic nasality (A1–P0, in dB) means and standard errors of the natural and hyper-

nasalized stimuli used in the study, as well as oral vowels from this talker, taken at early, mid 

and late points in the vowel.
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Figure 3: 
A1–P0 value (in dB) measured at vowel’s midpoint and averaged across 16 nasal words for 

the model talker (circle) and each of the 43 participants in the study at baseline (triangles), 

with standard errors.
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Figure 4: 
Experiment 1: (A) Acoustic nasality (as A1–P0 dB) in baseline and test conditions and (B) 

Difference between the amplitude of A1–P0 (in dB) measured in the vowels of the target 

productions and that measured in the vowels of the same words at baseline as a function of 

participant group (group who heard naturally nasalized primes in Block 1 and hyper-

nasalized primes in Block 2 or group who heard hyper-nasalized primes in Block 1 and 

naturally nasalized primes in Block 2) and the experimental block (1 or 2).
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Figure 5: 
Experiment 2: (A) Acoustic nasality (as A1–P0 dB) in baseline and test conditions and (B) 

Difference between the amplitude of A1–P0 (in dB) measured in the vowels of the target 

productions and that measured in the vowels of the same words at baseline as a function of 

participant group (group who heard only naturally nasalized primes or group who heard only 

hyper-nasalized primes) and the experimental block (1 or 2).
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Figure 6: 
Experiment 3: Acoustic nasality (as A1–P0 dB) in baseline and test conditions and 

difference between the amplitude of A1–P0 (in dB) measured in the vowels of the target 

productions and that measured in the vowels of the same words at baseline as a function of 

participant group (group who heard naturally nasalized primes in Block 1 and hyper-

nasalized primes in Block 2 or group who heard hyper-nasalized primes in Block 1 and 

naturally nasalized primes in Block 2) and Block (1 or 2) for .5s delay between prime and 
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target word presentation (A., A1–P0, and B., change), 1.5s delay (C., A1–P0, and D., 

change), and 5.5s delay (E., A1–P0, and F., change).
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Table 1:

Experiment 1: Fixed effect estimate, standard error, and t-value, for each fixed effect of the base model (see 

text for details). (For each categorical variable, the level used as reference is indicated in parenthesis; the sign 

of the effect indicates how going from the reference level to the other level changes the dependent variable.)

Est. Std. Error t-value

(Intercept) .82 .48 2.1

Similarity −0.001 0.17 −.01

Target Exposure (Yes) −0.36 0.19 −1.9
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Table 2:

Experiment 1: Log likelihood ratio, chi squared statistic, and p-value for each model comparison.

Model Log Likelihood χ2(1) Pr(>χ2)

Base −9209.1

Main Effects

 Group −9209 .27 n.s.

 Block −9209 .29 n.s.

Model with all main effects −9208.9

Two-way interactions

 Group:Block −8876.6 664.5 p<.001

 Target Pre-exposure:Block −9214.4 0 n.s.
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Table 3:

Experiments 1 & 2: Fixed effect estimate, standard error, and t-value, for each fixed effect of the base model 

(see text for details). (For each categorical variable, the baseline level is indicated in parenthesis.)

Est. Std. Error t-value

(Intercept) .61 0.36 1.9

Similarity −.02 0.09 −.28

Target Exposure (Yes) −0.05 0.11 −.5
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Table 4:

Experiments 1 & 2: Log likelihood ratio, chi squared statistic, and p-value for each model comparison.

Model Log Likelihood χ2(1) Pr(>χ2)

Base −13822

Main Effects

 Group −13817 8.1 p<.01

 Block −13820 3.7 p=.05

 Experiment Type −13821 .32 n.s.

Model with all main effects −13815

Two-way interactions

 Group:Block −13815 .04 n.s.

 Block:Experiment Type −13814 3.1 p=.07

 Group: Experiment Type −13814 2.07 n.s.

Model with all two-way interactions −13814

Three-way interaction

 Group: Experiment Type: Block −13425 777.9 p<.001
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Table 5:

Experiment 3: Fixed effect estimate, standard error, and t-value, for each of the fixed effect of the base model 

(see text for details). (The baseline level of the categorical predictor is indicated in parentheses.)

Est. Std. Error t-value

(Intercept) 0.64 0.54 1.19

Similarity 0.09 0.26 0.35

Target Exposure (Yes) 0.15 0.12 1.22
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Table 6:

Experiment 3: Log likelihood ratio, chi squared statistics, and p-value for each model comparison.

Model Log Likelihood χ2(1) Pr(>χ2)

Base −7050

Main Effects

 Group −7045.8 6.7 p<.01

 Block −7048.6 2.6 n.s.

 Delay −7048.6 1.1 n.s.

Model with all main effects −7044.8

Two-way interactions

 Group:Block −7053.9 1.9 n.s.

 Group: Delay −7050 9.6 p<.05

 Block:Delay −7053 .04 n.s.

 Target pre-exposure: Block −7053 .24 n.s.

Model with all simple effects and two-way interactions −7050

Three-way interaction

 Group:Block:Delay −7040 18.2 p<.01
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