
 

 

Title: VOT imitation in teens versus adults  1 

Accepted for publication in Journal of Speech, Language, and Hearing Research 2 

 3 

Authors: 4 

1. Jessamyn Schertz, jessamyn.schertz@utoronto.ca, Department of Language Studies, 5 

University of Toronto Mississauga; Department of Linguistics, University of Toronto. 6 

2. Elizabeth K. Johnson, elizabeth.johnson@utoronto.ca, Department of Psychology, 7 

University of Toronto Mississauga.  8 

 9 

Corresponding author: 10 

Jessamyn Schertz, Department of Language Studies, University of Toronto Mississauga 11 

3359 Mississauga Road North 12 

Mississauga, Ontario L5L1C6, Canada 13 

jessamyn.schertz@utoronto.ca  14 

 15 

Conflict of interest statement: The authors declare that there are no conflicts of interest.  16 

 17 

Funding statement: This research was supported by grants from the Social Sciences and 18 

Humanities Research Council of Canada (to EKJ) and the Natural Sciences and Engineering 19 

Research Council of Canada (to JS and EKJ). 20 

 21 

 22 

  23 



 

 

Abstract 24 

Purpose: We compare teens’ and adults’ imitation of sentences with shortened and 25 

lengthened voice onset time (VOT), in order to test whether purported age-based advantages in 26 

phonetic acquisition may be due to differences in imitative ability. 27 

Method: 12- to 14-year-olds (n=39) and adults (n=31) completed an explicit imitation and 28 

discrimination task on pairs of sentences characterized by canonical and manipulated (shortened or 29 

lengthened) VOT. We assessed extent of imitation using two acoustic metrics (DVOT and 30 

Proximity), accuracy on the discrimination task, and correlations between imitation and perception.   31 

 Results: Teens and adults modified VOT when imitating stimuli with both lengthened and 32 

shortened VOT. Adults showed significantly more lengthening than teens (i.e., higher DVOT), as 33 

well as VOT values that were slightly but significantly closer to the target stimulus values (i.e., 34 

lower Proximity). Both age groups showed above-chance discrimination accuracy, and a 35 

significant relationship between individual perception and production performance was found for 36 

lengthened-VOT sentences.  37 

 Conclusions: We found no evidence that teens have greater imitative ability than adults; in 38 

fact, adults showed significantly more imitation based on both acoustic metrics. Both age groups 39 

showed robust imitation of VOT manipulations in both directions, in contrast to previous work 40 

showing lack of imitation for shortened VOT. Extent of imitation was predicted by individual 41 

perceptual performance, but only to a limited degree, underscoring the importance of other factors 42 

in explaining individual variation in imitative ability.  43 



 

 

1. Introduction 44 

 Younger learners tend to outperform their older counterparts in attaining native-like 45 

pronunciation in a foreign language in naturalistic settings (Piske et al., 2001). One potential 46 

contributing factor could be that younger language users are better at reproducing the fine-grained 47 

phonetic differences that characterize different languages, dialects, or accents. However, the 48 

developmental trajectory of imitative ability has not been well-documented, making it hard to 49 

assess whether this is indeed the case. While there is a large body of work examining phonetic 50 

imitation in adults (see Pardo et al., 2017, for a review), and a growing number of studies with 51 

children (Nielsen, 2014; Paquette-Smith, 2021; Wynn et al., 2018), we are not aware of any work 52 

targeting teenagers, the crucial transition age where children transform into young adults. This 53 

group is particularly interesting to study given that teens arguably have not yet developed a fully 54 

mature speech processing system, but lack the performance limitations of children. In this study, 55 

we examine how young teens compare with adults in their ability to reproduce systematic phonetic 56 

variation, via explicit imitation of sentences characterized by artificially lengthened and shortened 57 

voice onset time (VOT), and we test discrimination of these same sentences to determine to what 58 

extent imitative ability can be ascribed to accurate perception of the features. As an ancillary 59 

question, we probe the source of results from previous work showing lack of imitation of shortened 60 

VOT, testing whether this asymmetry persists with a paradigm designed to elicit greater imitation.  61 

 Our current knowledge of the developmental trajectory of imitation comes from studies 62 

examining children’s imitation. Children, like adults, align to pronunciations of speech they are 63 

exposed to, as assessed both by their modification of specific acoustic dimensions like f0 or VOT 64 

and by more holistic perceptual metrics; however, as with adults, the extent and presence of 65 

alignment is not consistent across studies (see review and references in St. Pierre et al., 2021). In 66 

the one study we are aware of comparing performance of children to adults, the evidence that exists 67 



 

 

suggests that younger speakers may show more imitation of phonetic detail than adults: Nielsen 68 

(2014) found that 5- and 8-year-old children showed more imitation (i.e., produced longer VOTs 69 

following exposure to words with extended VOT) than adults. This effect has not been firmly 70 

established, and in fact, a replication and follow-up shadowing task by Paquette-Smith et al. (2021) 71 

failed to find any difference in magnitude of imitation by children compared to adults. 72 

Furthermore, in the suprasegmental domain, Wynn et al. (2018) found that adults, but not children, 73 

entrained to the speech rate heard in exposure prior to a picture description task. Nevertheless, 74 

based on the age-based difference found in Nielsen (2014), we predict that young teens, like their 75 

younger counterparts, may show more VOT imitation than adults. 76 

 At the same time, teens may differ from adults in terms of perceptual sensitivity, which is a 77 

necessary component of imitation: accurate perception of the phonetic properties of the target is a 78 

prerequisite to accurate reproduction. Despite the well-established sensitivity of infants to phonetic 79 

detail, when considering later developmental stages, the existing evidence suggests that, if 80 

anything, younger listeners may have less perceptual sensitivity. Laboratory studies have found 81 

that older learners often outperform younger learners in foreign sound discrimination at early 82 

stages of exposure, particularly when controlling for amount of input exposure. For example, 83 

Kopečková et al., 2019 found that 9- to 11-year-old German children were less accurate than adults 84 

in discrimination of newly-learned Polish sibilant contrasts, although production accuracy did not 85 

differ across groups (see also Fuhrmeister et al., 2020). Furthermore, McMurray et al. (2018) 86 

showed via an eye-tracking study that sensitivity to fine phonetic detail, as quantified by gradient 87 

looking times, increases across late childhood and adolescence (ages 7-8, 12-13, and 17-18). In the 88 

current work, we therefore test not only imitation, but also discrimination of the target sentences. In 89 

addition to addressing whether perceptual sensitivity to the target distinction differs across age 90 

groups, this also allows us to directly examine the role of perceptual acuity in predicting variation 91 



 

 

in imitative ability – a question that is not often tested, despite the importance of the perception-92 

production relationship in models of phonetic imitation (see Pardo et al., 2017, for review).    93 

 Along with the fact that there are gaps in the age ranges targeted in previous work, an 94 

additional barrier to a clear picture of the developmental trajectory of imitation is the diverse range 95 

of methodologies and analyses used to elicit and quantify imitation, making it difficult to 96 

generalize across studies. Previous work has shown that methodological choices, including task 97 

and the linguistic status of the feature being imitated, can affect the extent of imitation. 98 

Furthermore, the specific metric used to quantify imitation can result in different findings. In the 99 

following paragraphs, we discuss the rationale behind our choices of task (explicit imitation), 100 

phonetic variable (VOT), and analysis (comparison of two different metrics quantifying imitation). 101 

 Since we were interested in what people do when asked to reproduce the details of sounds, 102 

as they might be asked to do in a foreign language class, we used an explicit imitation paradigm, 103 

asking participants to imitate what they heard, with sentences manipulated to vary in specific, 104 

controlled ways (i.e. an “artificial accent,” as in Spinu et al. 2020). This stands in contrast to the 105 

more implicit tasks used in most previous work: some use shadowing tasks, asking participants to 106 

repeat stimuli after they hear them, but with no instruction for imitation (e.g. Paquette-Smith et al., 107 

2021), while others compare participants’ productions before and after exposure to target stimuli 108 

(as in Nielsen 2011, 2014). Dufour and Nguyen (2013) directly compared imitation of vowels in a 109 

shadowing vs. explicit imitation task, and found imitation in both, with larger effects in the explicit 110 

task (see also Pardo et al., 2010; Sato et al., 2013 for similar findings). Their results suggest that 111 

implicit and explicit imitation may share a common automatic component, but that explicit 112 

instruction boosts the imitation effect. 113 

We chose VOT as the target phonetic variable for this study because it has been found to 114 

elicit robust imitation by both children and adults in previous work. However, this imitation has 115 



 

 

been found only in one direction: Nielsen (2011) showed that participants produced longer VOTs 116 

after exposure to words with artificially-lengthened VOT, but found no such modification after 117 

exposure to shortened VOT. Subsequent work has therefore focused on lengthened VOT (Nielsen 118 

2014; Yu et al., 2013; Paquette-Smith et al., 2021), leaving open the question of whether the source 119 

of the asymmetry found by Nielsen (2011) lies in perception, articulation, or some other factor. It 120 

could be that reduced-VOT stimuli were less perceptually salient than the lengthened versions. 121 

Alternatively, it could be that participants were disinclined to produce tokens with shortened VOT, 122 

perhaps because doing so would encroach on a separate phonological category. The current work 123 

tests imitation of both extended and shortened VOT, using more extreme manipulated values to 124 

increase the expected perceptual salience. If the lack of shortened-VOT imitation in Nielsen (2011) 125 

was grounded in perception, we might expect to find imitation in our study. On the other hand, if it 126 

was based on articulatory inhibition, we would expect to replicate the lack of reduced-VOT 127 

imitation found in Nielsen (2011).  128 

A final methodological consideration is how to quantify imitation. When evaluating 129 

imitation of lengthened-VOT stimuli, for example, one possibility is “the more the better,” with 130 

longer VOT values considered greater imitation. However, another possibility is “the closer the 131 

better,” with optimal imitation being productions that equal the model’s specific VOT value. Our 132 

materials were designed with VOT manipulated to fairly extreme values, such that participants 133 

would be unlikely to attain those values; in these cases, the two metrics will be equivalent – 134 

because the more lengthening there is, the more closely the value will approximate the model. 135 

However, as shown below, performance was not always as expected. The question of which of 136 

these metrics is “better” is more of a theoretical question than an analytical one and depends on 137 

whether the target of imitation is an abstract feature like “lengthening,” or a specific value like 138 



 

 

“150 ms VOT.”1 We use two separate metrics to quantify imitation (Change in VOT representing 139 

“the longer the better,” and Proximity representing “the closer the better”)2, to examine how results 140 

and interpretation depend on the metric used. 141 

 In sum, in order to address whether the propensity for younger learners to outperform older 142 

learners in phonetic acquisition might be due to greater imitative ability, we compare imitation of 143 

sentences with artificially lengthened and shortened VOT in young teens and adults, using two 144 

different metrics to quantify imitation. We tentatively predict that teens may outperform adults in 145 

imitation, based on the finding of greater VOT imitation by children than adults in Nielsen (2014), 146 

but that they may show less perceptual sensitivity than adults, based on findings of Kopečková et 147 

al. (2019) and McMurray (2018). Our paradigm allows us to test how much of the variability in 148 

imitative ability is ascribable to accurate perception of the relevant features, as opposed to other 149 

sub-components of imitation, including articulatory factors. Finally, we test whether increasing the 150 

perceptual salience of the difference, as well as using an explicit imitation paradigm designed to 151 

maximize imitation, elicits imitation of shortened VOT, in an effort to determine the source of 152 

asymmetrical findings in past work.  153 

 154 

2. Method 155 

Participants: 12-to-14-year-old adolescents and their adult caregivers who live in the Toronto area 156 

and who learned to speak only English as a first language were invited to participate. Recordings 157 

from 39 adolescents (23 self-reported female/girl, 16 male/boy, 12-14 years old) and 31 adults (28 158 

female, 3 male, 39-56 years old) are analyzed here; additional participants completed the study but 159 

 
1 A specific value could either be a raw or normalized value; see Nielsen & Scarborough (2019), for evidence in favor 
of normalized values in the domain of vowel nasality.  
2 We avoid the most commonly-used metric to assess imitation, the “difference-in-distance” score, which quantifies 
how much the acoustic distance between the imitator and the model changes from baseline to post-exposure. As shown 
by MacLeod (2021), this metric is problematic because the values are heavily influenced by participants’ baseline 
proximity to the target of imitation. 



 

 

were excluded due to having learned other languages in the home (n=11), diagnosed speech 160 

disorders (n=1), or low-quality recordings (n=3).  161 

Materials: Stimuli consisted of four English sentences including two target word-initial 162 

voiceless stops (e.g. “Coffee, toast, eggs and cereal are what I ate this morning"), produced by an 163 

undergraduate female native English speaker from Ontario, Canada. The VOT of each target stop 164 

was manipulated to create three versions differing in VOT duration: shortened, canonical, and 165 

lengthened. These values were chosen such that the canonical values roughly matched production 166 

values in the natural recordings, with the shortened and lengthened values as extreme as possible 167 

without sounding unnatural, and differing equally from the canonical version (e.g. values for 168 

shortened/canonical/lengthened /t/ were 15/95/175 ms respectively; see Appendix 1 for complete 169 

list of sentences and VOT values).  170 

Design and Procedure: The experiment was completed entirely online, using the platform 171 

Gorilla. Participants were asked to wear headphones and use their own recording devices (see 172 

Appendix 2 for further details about devices and recordings).  173 

Participants completed 2 blocks, a lengthened-VOT block and a shortened-VOT block, with 174 

block order randomized across participants. Each block consisted of four “trial sets,” corresponding 175 

to the four sentences described above. The trial set procedure was designed to test both imitation 176 

and discrimination of a pair of sentences differing only in VOT, one canonical and one 177 

manipulated (either shortened or lengthened, depending on the block). The inclusion of imitation of 178 

canonical sentences, not normally used in previous imitation paradigms, provides an additional 179 

layer of control in quantifying how precisely the target feature is manipulated. Furthermore, using 180 

pairs of sentences allows us to incorporate a discrimination task to directly tests the perceptibility 181 

of the target feature.  182 



 

 

 Each trial set consisted of three phases: exposure, imitation, and discrimination, and 183 

proceeded as follows (Figure 1). First, in the exposure phase, participants heard two sentences, one 184 

after another: the first sentence had canonical VOT, and the second had modified VOT. Each 185 

sentence was accompanied by a different silhouette. The exposure phase was repeated twice. 186 

Second, the two sentences were presented again, one after another, with a pause after each one and 187 

a prompt to imitate. The imitation phase was also repeated twice. Finally, three ABX 188 

discrimination trials were presented, in which participants once again heard the two sentences, 189 

followed by a third, and were asked to decide whether the third was more like the first or second. 190 

In each of the three discrimination trials, the “X” sentence was identical to either the first or second 191 

sentence (i.e. canonical or manipulated, with the choice pseudorandomized). One practice set, with 192 

a sentence differing in coda rhoticity (e.g. ‘car’ vs. ‘cah’), preceded the regular trials. All 193 

participants successfully discriminated and imitated this difference. The task took about 30 194 

minutes. Each participant imitated 64 stops (2 blocks * 4 trial sets * 2 VOT levels * 2 stops per 195 

sentence * 2 repetitions) and completed 24 discrimination trials. 196 

 197 

Figure 1: Instructions given to the participants, and visual schematic of the procedure.  198 



 

 

 199 

 200 

 201 

Acoustic analysis and measurements: VOT was measured as the duration from the 202 

beginning of the stop burst, as visible in the wave form, to the onset of stable upper formants (F2 203 

and above) in the following vowel, as visible in the spectrogram. Tokens were excluded if the 204 

target sound and/or entire word was missing due to recording errors or noise (n=74), or if the 205 

participant produced a different place or manner of articulation than the target sound (n=42) or 206 

omitted the consonant (n=14). 4350 tokens were analyzed.  207 

 As discussed in the introduction, we used two different metrics to quantify VOT imitation 208 

in order to capture two different conceptualizations of what constitutes “more imitation.” Change 209 

in VOT (DVOT) was calculated as the difference between the VOT in a participant’s imitation of a 210 

manipulated stop, compared to their imitation of the canonical stop, in a given sentence pair 211 

(transformed so that positive values indicate the expected direction of imitation). Therefore, the 212 

longer a participant’s imitation of a lengthened-VOT token, or the shorter the imitation of a 213 

shortened-VOT token, the greater their DVOT. We also calculated a by-token measure of 214 



 

 

Proximity to the model talker’s VOT value, which was simply the absolute value of the difference 215 

between the participant’s VOT and the VOT of the imitated stimulus, with smaller values 216 

indicating closer approximation of the model’s VOT value. While DVOT and Proximity are largely 217 

overlapping, they diverge in cases where participants make modifications in the expected direction 218 

beyond those present in the stimuli, as will be discussed below.  219 

Statistical analysis: Data were analyzed in R (R Core Team, 2020) with mixed-effects 220 

linear (for production) and logistic (for perception) regression models, using lme4 (Bates et al., 221 

2015, with p-values computed using the package lmerTest, using an alpha-level of 0.05 for 222 

significance; Kuznetsova et al., 2017). In the case of significant interactions, we performed follow-223 

up tests using the phia package (De Rosario-Martinez, 2015), with Holm-adjusted p-values, to test 224 

whether the effect of interest held at each level of the other factor(s). Full specifications for all 225 

models are in the Appendix.  226 

 227 

3. Results 228 

3.1. Imitation 229 

The average VOT values in imitation of the three Manipulation Types are shown in Figure 2. Both 230 

adults and teens showed imitation: imitations of shortened-VOT stimuli were shorter, and 231 

lengthened-VOT longer, than imitations of the canonical-VOT stimuli3. Below, we analyze the 232 

extent of imitation using the two metrics described above.   233 

 234 

 
3 In order to determine whether VOT differences could be due to differences in speech rate, we tested whether the 
duration of the following vowel differed across conditions. Mean vowel durations were 172, 177, and 193 ms for the 
shortened, canonical, and lengthened conditions respectively, and these differences were significant. Consistent with 
previous work (Nielsen 2011, Paquette-Smith 2021), these differences were of smaller magnitude than the VOT 
modifications (shortened: 3% decrease for vowel vs. 13% for VOT; lengthened: 9% increase for vowel vs. 33% for 
VOT). Following the same logic used in these previous studies, this indicates that the imitation effect cannot be solely 
attributable to differences in global speech rate. Full statistical details are provided in Appendix 3 (Model 5). 



 

 

Figure 2: Average VOT values by age and VOT manipulation type. Error bars show 95% 235 

confidence intervals of by-participant means; individual dots represent individual participant 236 

means. The average stimulus values for shortened, canonical, and lengthened are shown with 237 

dotted horizontal lines.  238 

 239 

 240 

First, we analyzed DVOT (difference between imitation of manipulated vs. canonical VOT 241 

on a given trial, transformed so a positive value represents the expected direction of change) to test 242 

how participants’ modification of VOT varies based on age and manipulation type. We used a 243 

linear mixed-effects model to test the influence of the predictor variables Age (adult vs. teen) and 244 

ManipType (shortened vs. lengthened) and their interaction, on DVOT. Both predictor variables 245 

were simple-coded (-0.5, 0.5) such that the estimate of the intercept represents the mean difference 246 

in VOT (in the expected direction) across all conditions, and the estimate corresponding to each 247 

fixed factor represents the difference in VOT modification between the two levels of the 248 

comparison. Random intercepts and slopes for ManipType for both Participant and Word were 249 

included. 250 

 Results for DVOT are shown in Figure 3, and statistical results are shown in Table 1. 251 

Participants modified VOT in the expected direction (by 18 ms on average), as shown by positive 252 

values in all conditions, and by the significant intercept in the statistical model. However, the 253 

magnitude of the effect differs across conditions. Based on the significant two-way interaction, we 254 



 

 

performed follow-up tests for each of the four Age * ManipType groups. Adults showed higher 255 

DVOT than teens in the lengthened VOT condition (on average, 38 ms DVOT for adults vs. 15 ms 256 

for teens), but all four conditions were significantly different than zero (see Appendix 3 for 257 

statistical results of follow-up tests). Overall, results for DVOT indicate that both teens and adults 258 

modified their VOT in the expected direction when asked to imitate stimuli containing VOT 259 

variation, and that adult participants showed increased modification relative to teens in the 260 

lengthened VOT condition4.  261 

 262 

Figure 3: Values for (a) DVOT and (b) Proximity by age and VOT manipulation type. Error bars 263 

show 95% confidence intervals of by-participant means; individual dots represent individual 264 

participant means. 265 

 266 

 267 

 268 

Table 1: Statistical results from all statistical models predicting effects of Age and ManipType on 269 

a) Change in VOT (in ms), b) VOT Proximity, and c) Discrimination accuracy. Reference levels 270 

are in italics, and significant effects are in bold.  271 

 
4 Previous work has reported mixed results about potential effects of gender on imitation (e.g. Pardo et al., 2017). We 
did not have a priori expectations about this, and our participant sample was not balanced for gender. We looked for 
gender-based patterns during initial exploratory analyses; failing to find any, we have not included gender as a factor in 
our analysis.  



 

 

 Production:  

DVOT 

Production:  

VOT Proximity 

Perception: 

Accuracy 

Factor β SE p β SE p β SE p 

Intercept 17.76 2.18 < .001 66.38 2.34 < .001 1.62 0.22 < .001 

Age (adult vs. teen) -12.78 3.83 0.001 5.48 2.63 0.041 -0.41 0.28 0.140 

ManipType (short vs. long) 17.57 3.42 < 0.001 14.99 3.92 <.001 -0.64 0.39 0.097 

Age * ManipType -22.24 6.84 0.002 6.45 7.83 0.414 0.28 0.39 0.474 

 272 

 We then turned to our second metric for quantifying convergence, using a linear mixed-273 

effects model to test the influence of the predictor variables Age (adult vs. teen), ManipType 274 

(shortened vs. lengthened),5 and their interaction on Proximity. The model structure was the same 275 

as above; the estimate of the intercept represents the mean difference in VOT (in the expected 276 

direction) across all conditions, and the estimate corresponding to each fixed factor represents the 277 

difference in VOT modification between the two levels of the comparison.   278 

Results for Proximity are shown in Figure 3, and statistical results are shown in Table 1. 279 

There was a significant effect of age, with adults showing closer Proximity to the stimuli than 280 

teens, although this difference was very small (mean 64 ms for adults vs. 69 ms for teens). There 281 

was also a significant effect of Manipulation Type, where imitations of shortened-VOT stimuli 282 

were closer to the target than imitations of lengthened-VOT stimuli (59 vs. 74 ms), a result that is 283 

likely attributable to the fact that participants’ canonical productions – which we can assume may 284 

reflect natural production values – were closer to the shortened than the lengthened model targets. 285 

There was no significant interaction between Age and ManipType.  286 

 
5 For consistency with the analysis of DVOT, we only analyze Proximity for manipulated tokens. Proximity for the 
canonical tokens, not reported above, did not differ significantly between adults (mean 24 ms) and teens (mean 22 ms).  



 

 

In sum, teens and adults imitated both shortened and lengthened VOT. Furthermore, by 287 

both quantification metrics, adults showed more imitation than teens, producing longer VOT values 288 

when presented with lengthened-VOT stimuli, and closer approximation to the model’s values than 289 

teens. The age-based difference is greater for DVOT than for Proximity; this can be attributed to 290 

the fact that some adults lengthened VOT beyond the manipulated value present in the model 291 

stimuli, as indicated by the very high average values shown by some adult participants in Figure 2.  292 

 293 

3.2. Perception 294 

To test perception, each trial set included three AXB discrimination questions: participants heard 295 

the two exposure sentences, followed by a new sentence, and decided whether the new sentence 296 

matched the canonical or manipulated (shortened/lengthened) sentence. We then used a logistic 297 

mixed-effects model to test the influence of Age and Manipulation Type on Accuracy, using the 298 

same model structure as for the production models (with the item-based random intercept of 299 

SentencePair instead of Word). Results are shown in Figure 4, and statistical results are shown in 300 

Table 1. Participants were well above chance in discrimination accuracy (mean 77% correct), and 301 

this did not differ significantly by Age or by ManipType.  302 

 303 

Figure 4: Perception accuracy by age and VOT manipulation type. Error bars show 95% 304 

confidence intervals of by-participant means; individual dots represent individual participant 305 

means. 306 



 

 

 307 

 308 

 Finally, we tested the relationship between individual-level perception and production: 309 

whether listeners who were in general better at noticing the difference between the sentences would 310 

also show more imitation, and whether this differed based on Age and ManipType. We calculated 311 

individual indices for perception (individuals' mean discrimination accuracy) and for both 312 

production metrics (individuals’ mean DVOT and mean Proximity) for each ManipType separately. 313 

We then used linear regression models to test the effect of Individual Perception (along with Age, 314 

ManipType, and interactions between all factors) on Individual DVOT (Model 4a) and Individual 315 

Proximity (Model 4b). Full statistical models and results are provided in Appendix 3. 316 

 Scatterplots showing the correspondence between perception and both production metrics, 317 

broken down by Age and ManipType, are shown in Figure 5. For each production metric, our 318 

primary question was whether there was a significant effect of Perception, and whether there was a 319 

significant interaction of Perception and Age and/or ManipType, which would indicate differences 320 

in the strength of the relationship based on these factors.  321 

 The DVOT model showed a significant three-way interaction between all three predictors. 322 

Follow-ups testing the effect of Perception on DVOT for each of the four groups separately 323 

indicate that there is a significant effect of Perception on DVOT in the lengthened-VOT condition 324 

for both age groups, but that this effect was stronger for adults than for teens. The Proximity model 325 



 

 

showed a significant interaction between Perception and ManipType, with follow-ups indicating a 326 

significant effect of Perception on Proximity for the lengthened-VOT condition. These statistical 327 

results reflect the patterns seen in the graphs: for both production metrics, there is a clear 328 

relationship between perception and production (i.e. a non-zero slope) in the lengthened, but not 329 

the shortened, condition, and for DVOT, the slope is greater for adults than teens.  330 

 These results indicate that individuals who were more accurate in discrimination of 331 

sentences with canonical vs. lengthened-VOT stops showed more imitation of the same sentences, 332 

by both production metrics. We do not have evidence of such a relationship for sentences with 333 

shortened-VOT stops, although this should be interpreted with caution: it is possible that the same 334 

relationship exists but is just too small to be detected with our sample size (particularly since the 335 

correlation, although not significant, is in the expected direction). The age-based difference in 336 

strength of the relationship between perception and DVOT can be attributed to the fact that adults 337 

lengthened more than teens, as discussed above, and is therefore not necessarily indicative of any 338 

difference in the perception-production relationship between the two age groups.  339 

 340 

Figure 5: Relationship between by-participant average discrimination accuracy and by-participant 341 

imitation, as measured by (a) DVOT and (b) Proximity, for shortened and lengthened conditions 342 

separately. 343 



 

 

344 

 345 

 346 

4. Discussion 347 

A clear picture of the developmental trajectory of imitative ability is important for testing 348 

hypotheses about the source of age-based differences in the acquisition of new languages and 349 

dialects, as well as the development of the perception-production link.  Furthermore, an 350 

understanding of adolescents’ imitative ability is of practical importance since the teenage years 351 

are often characterized by formal language instruction. This work examined the phonetic imitation 352 

of teens, an age group that has not been targeted in previous work, but for whom perception and 353 

production abilities may still be in flux. Using a novel paradigm, we compared teens’ and adults’ 354 

explicit imitation and discrimination of sentences characterized by lengthened or shortened VOT. 355 



 

 

Both age groups showed imitation in the expected directions for both extended and shortened 356 

VOT, but teens did not outperform adults. On the contrary, adults were more imitative by two 357 

separate metrics: they produced more extreme VOT modifications than teens (greater DVOT) when 358 

imitating lengthened VOT, and they produced VOT values that were slightly but significantly 359 

closer to the raw acoustic value of the model stimulus (lower Proximity). In perception, we found 360 

high-accuracy discrimination in both groups, with no age-based differences. Individuals with more 361 

accurate discrimination showed more imitation, although this perception-production relationship 362 

was only significant for lengthened, not shortened, VOT. 363 

Based on the relative ease of acquisition of new accents by younger vs. older speakers 364 

(Piske et al., 2001), as well as some evidence of children showing more VOT imitation than adults 365 

(Nielsen 2014), we had speculated that teens might outperform adults in our imitation task. This 366 

was not the case; in fact, adults showed both larger adjustments and more fidelity to the model than 367 

teens, although the difference was very small. This could be interpreted as showing less imitative 368 

ability by teens, potentially consistent with evidence from previous work of less sensitivity to 369 

phonetic detail in L2 sounds (Fuhrmeister 2020), and phonetic gradience in general (McMurray et 370 

al. 2018), by younger listeners. However, the differences found in our imitation task cannot be 371 

straightforwardly ascribed to differences in perceptual acuity, or willingness/ability to perform 372 

experimental tasks, given that there were no age-based differences in our perception task.  373 

As discussed above, quantifying the extent of imitation is not straightforward, in part 374 

because doing so first requires defining the target of imitation. If the target of imitation is an 375 

abstract property, e.g. “a token that has lengthening”, then more extreme values of that property 376 

constitute more imitation, even if they diverge from the raw values of the target stimulus. On the 377 

other hand, if the target of imitation is a specific acoustic token itself, then productions that more 378 

closely approximate the properties of that specific target constitute more imitation. Future work 379 



 

 

could examine this question directly, along the lines of work by Nielsen & Scarborough, 2019 and 380 

Zellou et al., 2016, who provided experimental evidence that the target of imitation of vowel 381 

nasalization is better conceptualized as speaker-normalized, rather than raw, values. However, 382 

without further experiments, we cannot know which of these is a more accurate depiction of 383 

participants’ actual targets, so we considered both as possibilities, using the metrics DVOT and 384 

Proximity.  385 

The relatively extreme VOT values used in our study meant that for the most part, these 386 

two metrics overlap. However, even with this carefully controlled design, slightly different patterns 387 

emerged: specifically, we found larger age-based differences when using DVOT to quantify 388 

imitation. Adults showed more lengthening than teens, driven by the fact that some adults hyper-389 

lengthened VOT above and beyond the manipulated stimulus value. On the other hand, when 390 

considering Proximity, a more direct measure of acoustic similarity to the specific target stimulus, 391 

performance of adults and teens was more similar, though adults were still slightly more imitative.  392 

There are two possible interpretations for the discrepancy in results across the two metrics: 393 

first, if the target of imitation is abstract, then we can conclude that adults imitate more. However, 394 

another possibility is that the target of imitation differs between adults and teens, with adults more 395 

likely to consider abstract properties of the stimulus as the target of imitation. While the data do not 396 

allow us to choose between these possibilities, the differential results highlight the importance – 397 

both analytical and theoretical – of the choice of quantification metric. In experimental paradigms 398 

with less extreme targets of imitation (including naturalistic speech), the two types of metrics are 399 

likely to diverge even further, making it even more important to consider multiple analytical 400 

possibilities and their implications.   401 

Despite the subtle differences between the two metrics, they were consistent in showing 402 

that contrary to expectations, teens did not outperform adults in imitation. If teens are indeed more 403 



 

 

successful at novel accent acquisition than older adults in naturalistic settings, as often noted 404 

anecdotally, this cannot be straightforwardly attributed to better imitative and/or perceptual acuity 405 

than older adults. 406 

An ancillary goal of this study was to probe the source of an oft-cited asymmetry in 407 

imitation reported by Nielsen (2011): participants modified VOT values after exposure to 408 

lengthened, but not shortened, VOT. We tested whether this lack of shortened-VOT imitation was 409 

due to perceptual factors, rather than alternative explanations such as articulatory or cognitive 410 

constraints on imitation of shortened VOT, using a paradigm and stimuli designed to increase the 411 

perceptual salience of the contrast. In our tasks, participants showed robust imitation of shortened, 412 

as well as lengthened, VOT, suggesting that the lack of shortened-VOT imitation in Nielsen (2011) 413 

was likely due to a failure to perceive the phonetic contrast in the specific stimuli used in that 414 

study. However, we cannot rule out the alternative possibility that Nielsen’s (2011) findings were 415 

indeed due to production-based constraints which were overruled by the explicit instructions to 416 

imitate in our task. In either case, the comparison of these findings underscores the need for more 417 

work, using multiple paradigms, since even small differences in procedure, materials, and analysis 418 

can lead to different results. Particularly when comparing different age groups, trying to generalize 419 

results from a small number of methodologically-diverse studies could lead to a distorted view of 420 

the development of imitation.   421 

Faithful imitation of a sound is a complex process that requires both accurate perception 422 

and accurate production. To arrive at an accurate and predictive model of speech imitation, it is 423 

therefore necessary to know the relative roles of the sub-processes. In this study, we included a 424 

direct test of one sub-component, perception of the contrast, and compared individual results on 425 

this with individual imitation performance. As expected, we found a positive relationship between 426 

the tasks; however, this was only significant for the lengthened-VOT condition. Furthermore, the 427 



 

 

correlation was fairly weak, and it appeared to be driven by the fact that participants with low 428 

discrimination accuracy had consistently low imitation, while those with high discrimination 429 

abilities showed a range of imitation.  Taken together, this indicates that perception of a difference 430 

is necessary, but not sufficient, for accurate imitation, such that not all variability in imitation can 431 

be attributed to differences in perception. Another possibility is that the tasks might be limited by 432 

participant motivation, with the imitation task requiring more motivation than the discrimination 433 

task; if so, age-based differences in motivation could play a role in the differences between the 434 

results (see also Wynn et al. 2018). Future work could explore these possibilities by directly testing 435 

the correspondence between imitation and other factors (e.g. articulatory precision, personality 436 

traits, motivation) potentially conditioning individual differences in imitative performance. 437 

In sum, this study explored the question of whether teens might have greater imitative 438 

ability than adults, and our data suggest that this is not the case. Instead, performance by the two 439 

groups was largely similar, with adults showing slightly more imitation than teens, based on two 440 

separate metrics quantifying used to quantify imitation. Furthermore, both age groups showed 441 

robust imitation of both shortened and lengthened VOT, consistent with the proposal that the lack 442 

of shortened-VOT imitation found in previous was due to perceptual, rather than articulatory, 443 

factors. Finally, accurate perception of differences is to some extent predictive of successful 444 

imitation, but only weakly so, indicating that there is much to be learned about what drives 445 

individual differences in imitation. The paradigm presented here offers a useful tool for future 446 

investigations of imitative performance, allowing for systematic comparison of different talkers, 447 

phonetic features, and listener populations, which we hope will ultimately lead to a more complete 448 

understanding of the various subprocesses underlying phonetic imitation.    449 
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