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Abstract: Talker variability has been reported to facilitate generalization and retention of speech 
learning, but is also shown to place demands on cognitive resources. Our recent study provided 
evidence that phonetically-irrelevant acoustic variability in single-talker (ST) speech is sufficient to 
induce equivalent amounts of learning to the use of multiple-talker (MT) training. This study is a 
follow-up contrasting MT versus ST training with varying degrees of temporal exaggeration to ex-
amine how cognitive measures of individual learners may influence the role of input variability in 
immediate learning and long-term retention. Native Chinese-speaking adults were trained on the 
English /i/-/ɪ/ contrast. We assessed the trainees’ working memory and selective attention before 
training. Trained participants showed retention of more native-like cue weighting in both percep-
tion and production regardless of talker variability condition. The ST training group showed long-
term benefit in word identification, whereas the MT training group did not retain the improvement. 
The results demonstrate the role of phonetically-irrelevant variability in robust speech learning and 
modulatory functions of nonlinguistic working memory and selective attention, highlighting the 
necessity to consider the interaction between input characteristics, task difficulty, and individual 
differences in cognitive abilities in assessing learning outcomes. 
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Introduction 
Learning to perceive and produce nonnative or second language (L2) speech sounds 

can be challenging, with problems persisting even after years of learning in an immersion 
environment (e.g., Flege et al., 1997; Flege & MacKay, 2004). One line of research has fo-
cused on determining laboratory training conditions that support and facilitate this learn-
ing process for adults with a variety of target sounds (e.g., Cheng et al., 2019; Iverson & 
Evans, 2009; Kondaurova & Francis, 2010, for vowels; Iverson et al., 2005; Logan et al., 
1991, for liquids; Pruitt et al., 2006, for stops; Jamieson & Morosan, 1989; Sadakata & 
Mcqueen, 2013, for fricatives; Y. Wang et al., 1999, for suprasegmentals). Importantly, gen-
eralization and long-term retention of trained knowledge are of paramount concern for 
determining successes and failures of training. In this regard, one prime example is the 
high variability phonetic training (HVPT) protocol, which employs natural speech spoken 
by multiple talkers in various phonetic contexts. It has been reported to show the benefit 
of generalization to novel stimuli and talkers (Lively et al., 1993, 1994; Logan et al., 1991) 
and retention of learning in long-term memory (Bradlow et al., 1999; Lively et al., 1994) as 
well as transfer of perceptual learning to production (Bradlow et al., 1999). 
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Despite the efficacy of HVPT, the role of input variability in L2 speech learning is still 
controversial and underappreciated. As most HVPT studies did not attempt to isolate or 
determine the specific source of variability which may lead to robust learning of L2 speech 
sounds, it remains an open question why some studies found an advantage of talker var-
iability (Brosseau-Lapré et al., 2013; Deng et al., 2018; Hardison, 2003; Kartushina & Mar-
tin, 2019; Lively et al., 1993; Perrachione et al., 2011; Uchihara et al., 2022), while others 
did not (Brekelmans et al., 2022; Dong et al., 2019; Giannakopoulou et al., 2017; Wiener et 
al., 2020). Our recent training studies (Cheng et al., 2019; Zhang et al., 2021) provided ten-
tative evidence that generalization can be induced by acoustic variability in phonetically 
irrelevant (or secondary) cues that may reside in but are not limited to talker variability. 
The question remains as to whether acoustic variability in phonetically irrelevant cues is 
conducive to long-term retention of learning. 

One complication here is that increased variability may come at a processing cost 
(Antoniou & Wong, 2015; Fuhrmeister & Myers, 2017, 2020; Luthra et al., 2021; Sadakata 
& Mcqueen, 2014; Saltzman et al., 2021). Across domains of visual perception, auditory 
perception, motor learning, language, inductive reasoning, problem solving, and compu-
tational modeling, a general observation is that increased input variability may come at a 
cost of initially hindering learning but often show subsequent benefits in generalization 
(Raviv et al., 2022). Although a significant amount of work has been devoted to under-
standing the cognitive and neural mechanisms supporting speech learning (e.g., De Di-
ego-Balaguer & Lopez-Barroso, 2010; Zhang et al., 2009), much less work has considered 
how individual learners’ cognitive abilities may influence the efficacy of speech training 
in terms of perceptual generalization, transfer of learning to production and long-term 
retention, as perceptual learning does not solely depend on the nature of exposure, but 
also learner ability to cope with stimulus variability.  

The Role of Input Variability in L2 Speech Learning 
Variability in speech used to be considered as “noise”, an unwanted property that 

obscures meaningful linguistic information. However, input variability in talker and pho-
netic context can facilitate speech categorization in terms of generalization and retention 
(Bradlow et al., 1999; Lively et al., 1993, 1994; Logan et al., 1991). In an early attempt, 
Strange and Dittmann (1984) used a continuum of synthesized speech to train Japanese 
learners of the English /l/-/r/ contrast. They found that the learners significantly improved 
in discrimination and identification of the contrast, but notably, the training effect did not 
generalize to natural speech. Of significance, by using variable natural speech as training 
input, Logan et al. (1991) found that the learners improved successfully on untrained 
items produced by an untrained talker. In their follow-up study, Lively et al. (1993) exam-
ined the effect of a more specific type of input variability by contrasting multiple-talker 
and single-talker conditions and found only the multiple-talker group successfully gener-
alized to new phonetic contexts and a new talker. The researchers suggested that single-
talker training led to stimulus-specific learning, whereas multiple-talker training facili-
tated robust categorization. Their subsequent studies further demonstrated that this learn-
ing effect could be retained several months after training (Bradlow et al., 1999; Lively et 
al., 1994). 

If the benefit of talker variability to generalization and retention is robust and relia-
ble, it has significant implications for implementing this training technique as a viable 
pedagogical tool. However, the essential role of talker variability in producing generali-
zation is not always supported. First, only six participants were tested in both studies of 
Logan et al. (1991) and Lively et al. (1993). Second, the benefit to generalization was only 
described and not statistically tested as the two experiments were analyzed separately. 
Third, these two studies employed only one single male talker in the generalization test. 
Moreover, follow-up studies did not uniformly demonstrate the talker variability benefit. 
In some cases, studies demonstrated that only exposure to multiple-talker speech led to 
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generalization outcomes (e.g., Kartushina & Martin, 2019). Other studies showed that sin-
gle-talker training also engendered generalization, which could be further enhanced by 
greater talker variability (Perrachione et al., 2011; Wong, 2014). There have also been re-
ports that single-talker versus multiple-talker training produced equivalent amounts of 
generalization (Brekelmans et al., 2022; Dong et al., 2019; Giannakopoulou et al., 2017). 
The researchers cautiously interpreted that these mixed results might be due to learner 
differences or other sources of variability introduced by training input or setting. 

In comparison, long-term retention has been examined in relatively fewer HVPT 
studies. Studies showed that training improvement sustained for a time period varying 
from two weeks to six months (Bradlow et al., 1999; Carlet, 2017; Flege, 1995b; Iverson & 
Evans, 2009; Lively et al., 1994; Nishi & Kewley-Port, 2007; Thomson, 2012; Wang & 
Munro, 2004; Wang et al., 1999). However, very few studies have directly contrasted mul-
tiple-talker and single-talker training conditions, and the evidence in support of greater 
advantage for talker variability is inconclusive. One study was conducted by Macdonald 
(2012) who found that only multiple-talker training effects were retained one month later 
when training native English-speaking learners on French vowel contrasts (/u/ vs. /y/ and 
/ɑ̃/ vs. /ɔ̃/). Another study is Silpachai (2020) who trained English speakers who have lim-
ited tonal language experience to perceive Mandarin tones (Tones 1-4). The results 
showed that the multiple-talker group retained their learning of Tone 2, 3, and 4 six 
months after training, while the single-talker group also retained the learning of Tone 3 
and 4.  

Intriguingly, although the talker variability benefit has been reported in various lan-
guage learning paradigms, the extant literature has interpreted this benefit somewhat dif-
ferently. Researchers exploring adult L2 phonetic learning have suggested that talker var-
iability is conducive to forming generalized representations that include only phoneti-
cally-relevant cues and exclude irrelevant talker identity cues (e.g., Lively et al., 1993, 
1994; Logan et al., 1991). On the other hand, researchers focusing on adult L2 lexical learn-
ing have argued that talker-specific cues are also incorporated into representations to form 
more “associative hooks” and thus more robust representations for target words (e.g., 
Barcroft & Sommers, 2005, 2014). By contrast, developmental researchers have assumed 
that varying talker cues prevent consistent talker-specific cues from being associated with 
the object being learned at the cost of phonetically relevant cues (Apfelbaum & McMurray, 
2011; Quam & Creel, 2021; Rost & McMurray, 2009, 2010). This view is compatible with a 
broader class of linguistic learning models in which linguistically relevant and irrelevant 
cues compete and generalization occurs via a discriminative process that dissociates the 
irrelevant features (e.g., Ramscar et al., 2010). 

If dissociation of phonetically-irrelevant cues is the key advantage of talker variabil-
ity in speech categorization, it is plausible that other sources of variability in phonetically-
irrelevant cues (or secondary cues to the target contrast) in single-talker speech can also 
produce generalization and retention outcomes. This hypothesis may help account for the 
mixed results pertaining to the advantage of multiple-talker speech in the literature. Sup-
port comes from the work of lexical learning. For example, Barcroft and Sommers (2005) 
contrasted three conditions of talker variability and found that the learners improved sys-
tematically, from low- to moderate- and from moderate- to high-variability conditions. 
Crucially, the same pattern of results was observed when the talker was held constant and 
variability in speaking style was similarly manipulated. Their follow-up studies suggest 
that this variability benefit seems to be found only when the variability was phonetically-
relevant (to learners’ native language), that is, when there was variation in speaking rate 
which was phonetically-relevant for English speakers, while variability in a cue that was 
not phonetically-relevant, such as fundamental frequency (F0) for English speakers, did 
not lead to any learning effect; in contrast, speakers of a tonal language (where contrasts 
in F0 are lexically relevant) did show a variability effect for F0 (Barcroft & Sommers, 2014; 
Sommers & Barcroft, 2007, 2011). It bears noting that the term “phonetically-relevant” 
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used in this series of studies refers to the relevance of the cue to word recognition in the 
learners’ native language (L1) but not to the L2 target contrast as we refer to in this study.  

The cumulative evidence suggests that at least some sources of acoustic variability 
(including but not specific to talker variability) appear to have a positive influence in fa-
cilitating contrast learning. In a developmental study that manipulated variability in the 
phonologically-noncontrastive cue (i.e., phonetically-irrelevant talker cue) versus the 
phonologically-contrastive cue (i.e., phonetically-relevant voice onset time), Rost and 
McMurray (2010) found that greater variability on irrelevant dimensions is what matters 
for infant word learning. In a subsequent study, Galle et al. (2015) reported infants’ suc-
cessful learning of words without the use of multiple talkers by increasing overall acoustic 
variability in the single-talker speech. Taken together, these findings imply that input var-
iability that really matters for contrast learning may be the variability in the phonetically-
irrelevant cue (or secondary cue to the L2 contrast) that may reside in but is not limited to 
talker variability. Similar results abound in early work on learning theory, wherein the 
variability of irrelevant cues appears to help attune focus on critical cues (Bourne & Restle, 
1959; Bush & Mosteller, 2006; Restle, 1955).  

In our recent study, Zhang et al. (2021) integrated talker variability with varying de-
grees of acoustic exaggeration along the secondary dimension of vowel duration to train 
adult Chinese learners on the English /i/-/ɪ/ contrast. The results demonstrated that the 
single-talker training engendered generalization comparable to the multiple-talker train-
ing by shifting attention from the secondary duration cue to the primary spectral cues. In 
comparison, the natural single-talker speech without varying temporal exaggeration did 
not show similar benefits compared to the natural multiple-talker speech stimuli. The re-
sults provided support for the hypothesis that acoustic variability along the secondary 
dimension is beneficial to generalization for adult L2 learners, at least in the case of non-
native learning of the English /i/-/ɪ/ contrast (Kondaurova & Francis, 2010). The question 
remains as to whether this training protocol is helpful to long-term retention as well. If 
phonetically-irrelevant acoustic variability does play a role in robust L2 speech learning, 
there should be a subsequent retention benefit in the single-talker condition in our train-
ing protocol. 

The Impact of Cognitive Capacities on Learning from Variability 
High talker variability may place demands on learners’ cognitive resources, which is 

intuitively sensible in the way that talker variability leads to more variations and addi-
tional processing in the way acoustic patterns map onto phonetic categories (Dorman et 
al., 1977; Peterson & Barney, 1952). This demand has been reported in the field of language 
processing for both native and non-native listeners (e.g., Antoniou et al., 2015; Heald & 
Nusbaum, 2014; Lee et al., 2009; Martin et al., 1989; Mullennix et al., 1989; Wiener et al., 
2018). In fact, non-native listeners may experience more difficulties with multiple-talker 
input in cases where native listeners do not. For instance, Antoniou et al. (2015) compared 
native listeners to two groups of non-native listeners with different levels of previous lan-
guage exposure in a word-monitoring task with either single- or multiple-talker sen-
tences. The results showed that non-native listeners with less exposure were slower and 
less accurate than native listeners regardless of the input variability, whereas the non-
native listeners with more exposure were only weaker than the native listeners in the mul-
tiple-talker condition.  

Training research has witnessed this greater cognitive demand for processing high 
variability. Increased variability appears to impede learning unfamiliar or difficult 
nonnative contrasts (e.g., Wade et al., 2007; Wayland & Guion, 2004). For example, Wade 
et al. (2007) showed that high variability could diminish learning effects for highly con-
fusable vowels (i.e., vowels with more overlap in the acoustic space) compared with less 
overlapping vowels. Additionally, high variability imposes a burden on perceptually 
weak or immature learners and novice learners with low perceptual aptitudes (Antoniou 
& Wong, 2015; Chang & Bowles, 2015; Fuhrmeister & Myers, 2020; Perrachione et al., 2011; 
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Sadakata & Mcqueen, 2014; Sinkeviciute et al., 2019), suggesting a potential trade-off be-
tween the more demanding nature of processing multiple-talker speech and the benefit 
this variable input might have for generalization and retention. In this regard, individual 
L2 learners’ working memory capacity may play a role in determining training outcomes.  

Working memory is assumed to involve the short-term storage, processing, and ma-
nipulation of information (Baddeley, 1986; Baddeley & Hitch, 1974). Its role as a source of 
individual differences in L1 is well studied (e.g., Conway & Engle, 1996; Daneman & 
Green, 1986; Just & Carpenter, 1992). There is also mounting evidence for the role of work-
ing memory capacity as a potential constraint on L2 processes, including reading (e.g., 
Leeser, 2007; Walter, 2006), writing (e.g., Adams & Guillot, 2008), sentence processing 
(e.g., Felser & Roberts, 2007; Juffs, 2004), speech production (e.g., O’Brien et al., 2006; 
Weissheimer & Mota, 2009), speech perception (e.g., Isaacs & Trofimovich, 2011), vocab-
ulary development (e.g., Cheung, 1996; Papagno & Vallar, 1995), and grammar learning 
(e.g., French & O’Brien, 2008; Williams & Lovatt, 2005). Studies have generally shown that 
individuals with a higher working memory capacity tend to outperform those with a 
lower capacity. When employing the HVPT protocol to train advanced L2 learners to per-
ceive English monophthongs, Aliaga-García et al. (2011) used a serial non-word recogni-
tion task to measure the learners’ phonological short-term memory (PSTM) capacity, a 
subcomponent of the working memory construct, and assigned the learners into two 
PSTM capacity groups through the median split. The results showed that the high PSTM 
group obtained higher accuracy scores and greater perceptual gains than the low PSTM 
group. Another study by McHaney et al. (2021) reported similar results that individuals 
with higher working memory learned faster and to a greater extent than those with lower 
working memory when training native English speakers to learn Mandarin tone catego-
ries. These findings suggest that higher nonlinguistic working memory capacity will lead 
to more successful L2 learning. 

Another key cognitive factor is the attention mechanisms that allow the learner to 
selectively maintain focus and inhibit distracting information (Conway et al., 1999; Engle, 
2002; Kane et al., 2001). Attentional control is thought to play an important role in L2 
learning (Ellis, 2006; Francis et al., 2000; Goldstone, 1998). The attention-to-dimension 
models (A2D models) of speech perception characterize perceptual space as a multidi-
mensional structure whereby both L1 and L2 speech learning can be understood as 
changes in the distribution of selective attention to certain dimensions, specifically, shift-
ing attention to dimensions relevant for categorization and withdrawing attention from 
irrelevant dimensions (Francis et al., 2008; Francis & Nusbaum, 2002; Goldstone, 1993, 
1994; Kuhl & Iverson, 1995; Nosofsky, 1986; Pisoni et al., 1994). Due to such experience-
induced changes in the distribution of attention, the perceptual space of adult learners has 
already been ‘‘warped’’ due to their experience with L1, which may cause difficulties in 
perceiving L2 phonetic contrasts that are not distinguished in L1 (Iverson & Kuhl, 1995; 
Kuhl & Iverson, 1995; Pisoni et al., 1994). In this view, adult learners have to overcome 
interference from too much attention directed to acoustic cues that are not used in L2. To 
illustrate, the English /i/ and /ɪ/ contrast can be distinguished along the spectrum dimen-
sion (vowel quality, related mainly to the first and second formant frequencies, F1 and F2) 
and the duration dimension (vowel length). Native English speakers have been reported 
to rely primarily on spectral properties, with vowel duration playing only a secondary 
role (Hillenbrand et al., 2000; Mermelstein, 1978), whereas adult Chinese learners of Eng-
lish rely predominantly on vowel duration instead of spectral properties in both percep-
tion and production (Escudero & Boersma, 2004; Liu et al., 2014). According to the A2D 
models, successful acquisition of the English /i/ and /ɪ/ categories by native Chinese learn-
ers involves not only enhancement of attention to the under-attended spectral properties, 
but also a simultaneous withdrawal of attention from vowel duration. Of particular rele-
vance to this study is that shifting attention to phonetically relevant cues and away from 
irrelevant cues is the assumed benefit of high variability training. Therefore, the incorpo-
ration of working memory and selective attention into our study represents a step in the 
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right direction for understanding speech learning in terms of changes in the distribution 
of attention, a view that is pervasive in the literature. This approach may also offer poten-
tial insights into why some individual learners benefit from high variability training but 
not others. 

The Current Study 
The present study extends our previous study on training adult Chinese speakers to 

distinguish the English /i/ and /ɪ/ categories, contrasting the multiple-talker (MT) versus 
single-talker (ST) training conditions with the joint use of varying degrees of temporal 
exaggeration and audio-visual exposure (Zhang et al., 2021). Specifically, our first research 
question was whether the phonetically-irrelevant acoustic variability benefit can be re-
tained three months after training. If acoustic variability in phonetically-irrelevant cues 
plays a comparable role as talker variability does, we should expect the single-talker train-
ing group to show a benefit of retention in the delayed post-test. The second research 
question was whether training outcomes are related to nonlinguistic cognitive abilities. 
To this end, we measured individual learners’ working memory capacity and selective 
attention before training. Our hypothesis was that, to the extent speech categorization 
may draw on domain-general skills such as working memory and selective attention, in-
dividual differences in these abilities would be reflected in training results with significant 
advantages in favor of individuals with higher cognitive abilities. 

In order to provide a more nuanced assessment of training-induced changes in be-
havioral performance, we further examined the learners’ attention to the primary spectral 
cues and the secondary durational cue in pre- and post-tests in addition to using a natu-
rally-produced word identification task. Of relevance to our aims, researchers have char-
acterized the mechanism of attention shifts as adjusting attentional weights assigned to 
certain dimensions of the contrast (Aha & Goldstone, 1990; Nosofsky, 1986). Therefore, 
we used a carefully-controlled grid of computer-synthesized phonemes in an identifica-
tion task and adopted a logistic regression model to fit the participants’ response data that 
could provide values of stimulus-tuned coefficients as measures of acoustic cue weights 
(Morrison, 2005, 2007; Morrison & Kondaurova, 2009). Our previous study (Zhang et al., 
2021) has shown that for the trained groups, the primary spectral cues of F1 and F2 began 
to show increased weight and the secondary durational cue was significantly less 
weighted after training. It remains to be tested whether this training-induced cue re-
weighting would be retained months after training. 

In addition to perception performance, we were also interested in the participants’ 
changes in production as a result of our training protocol. The motor theory (e.g., Liber-
man et al., 1952, 1967) and the direct realist theory (e.g., Best, 1995; Fowler, 1986) both 
assume commonly-shared representations between speech perception and production. 
Furthermore, two influential models of L2 speech learning, the Perceptual Assimilation 
Model (PAM, Best, 1995) and the Speech Learning Model (SLM, Flege, 1995a), also assume 
that accurate perception is a prerequisite for accurate production. Hence, perceptual train-
ing that has been proved to change perceptual representations can provide a direct op-
portunity for investigating the relationship between speech perception and production in 
the learning process. Particularly, several studies have compared the effect of multiple- 
versus single-talker training on production (Brosseau-Lapré et al., 2013; Dong et al., 2019; 
Kartushina & Martin, 2019; Wiener et al., 2020), and the evidence is inconclusive. To our 
knowledge, previous training studies did not examine the transfer of learning by testing 
perceptual training effects on the use of primary vs. secondary cues in speech production, 
especially in terms of long-term benefit. Our recent study (Zhang et al., 2021) found that 
the trained participants significantly increased the use of the critical spectral cues and de-
creased using the secondary durational cue, crucially in line with the cue reweighting pat-
tern shown in their perception data. In the current study, therefore, we further examined 
the possible retention of the training-induced changes in the use of spectral vs. durational 
cues in production as a result of our training protocol. 
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Method 
Participants 

Sixty native speakers of Mandarin Chinese (30 females and 30 males, Meanage = 21.45, 
SD = 2.82) at Xi’an Jiaotong University were enrolled with written informed consent, fol-
lowing the ethical research approval of the Institutional Review Board at Xi’an Jiaotong 
University. All participants are right-handed, and none reported a history of speech, lan-
guage, or hearing problems or disorders during screening. They had studied English in 
school for at least 9 years but did not use English regularly. None of the participants re-
ported having spent over one month in an English-speaking country or community. The 
participants received monetary reimbursement for participation and were randomly as-
signed to three groups: 20 in the multiple-talker (MT) group, 20 in the single-talker (ST) 
group, and 20 in the control (CTRL) group that did not receive training. 

Stimuli 
Training Stimuli 

Thirty different monosyllabic words (15 minimal pairs, see Appendix A in Supple-
mentary Material) containing the target phonemes of English /i/ and /ɪ/ were used as the 
training input for both the MT and ST groups. The words were repeated four times in 
pseudo-random order in each of the seven sessions (840 trials in total: 30 words × 4 times 
× 7 sessions). The only difference in the MT versus ST condition was the number of native 
speakers of American English (four talkers versus one talker). Systematic lengthening 
(300, 208, 144, and 100%) along the duration dimension was equally applied to all the 
tokens used in the MT and ST conditions using PRAAT (Boersma & Weenink, 2016), 
which was irrelevant and uninformative to the category distinction. By contrast, the stim-
uli included variations along the spectral dimensions (i.e., F1 and F2) that were informa-
tive to the category membership (see Appendix A for the acoustic plot and measures of 
F0, F1, F2, and vowel duration of the target vowels contained in the training tokens). We 
statistically analyzed the acoustic values of the vowels using one-way ANOVA. In addi-
tion to the mean value and standard deviation, we calculated the relative variability of 
each acoustic feature, defined as the variance of the log-transformed values (Lewontin, 
1966). Results showed that the overall mean of F0, F1, F2, and vowel duration did not 
differ significantly between the two training conditions (see Appendix A). While there 
was no significant difference in the amount of acoustic variability in F1, F2, and vowel 
duration, the variability in F0 did differ significantly between the two training conditions, 
with a greater amount in the MT condition than in the ST condition for both vowel cate-
gories. 

In addition to the auditory stimuli, digital video recordings of the talkers were uti-
lized as visual cues in the training (Zhang & Cheng, 2011). The video frames of all tokens 
were edited using Final Cut Studio (Apple Inc.) to match the four levels of temporal ex-
aggeration. Five new minimal pairs recorded by two novel talkers (one female and one 
male, only audios) were used in the progress-monitoring quizzes that followed each of 
the seven training sessions. 

Test Stimuli 
The natural word stimuli in the identification task were produced by four native 

speakers of American English (2 males and 2 females) that were not employed in training, 
with a total of 160 natural tokens (10 minimal pairs × 4 talkers × 2 times). Four of the 10 
minimal pairs were selected from the training stimuli, while the other six were untrained 
words (see Appendix A). 

The stimuli employed in the synthetic phoneme identification task were made using 
the design of English /i/ to /ɪ/ continuum (Cheng & Zhang, 2013). The recordings of the /i/ 
and /ɪ/ sounds were made by a male native English speaker in the “hVd” context at a 44.1 
kHz sampling rate. The sounds were then digitally cut out and processed in Sound Forge 
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(SoundForge9, Sony Corporation, Japan) to have an equal duration of 170 ms and fade-
in/fade-out time of 10 ms. The F1 and F2 frequencies of the endpoint /i/ sound are 353 and 
2340 Hz. The F1 and F2 of the endpoint /ɪ/ sound are 437 and 2005 Hz. A seven-step con-
tinuum between these two endpoints was created by varying spectral properties utilizing 
the morphing technique in the STRAIGHT package (Kawahara et al., 1999) on the 
MATLAB platform (MathWorks Corporation, United States). For each sound in the con-
tinuum, the PSOLA technique in PRAAT was utilized to generate a seven-step continuum 
by varying vowel duration with a range from 250 to 100 ms (25 ms/step). The reason for 
the endpoints to be 250 ms and 100 ms and 7 steps for the duration continuum was to 
avoid listeners’ possible preference on the dimension with the least variability (Bohn, 
1995). Each step along the duration continuum was made approximately equivalent to 
one just noticeable difference (JND) for English listeners (Klatt, 1976), as was each step 
along the spectral continuum based on the F1 values 11–14 Hz following Kewley-Port and 
Watson (1994). The 49 synthetic stimuli (7 steps × 7 steps) were normalized to have the 
same average root mean square intensity (Fig. 1). 

 
Fig. 1. Plot of the 7x7 stimulus grid along the F1, F2, and duration dimensions for the synthetic 
phoneme identification task. Each circle represents a stimulus. 

Procedure 
Cognitive Tests 

Before training, we measured the participant’s nonlinguistic working memory capac-
ity and selective attention for the two training groups. We used the backward digit span 
task to assess the capacity of complex working memory (Colom et al., 2006). This task is 
used widely in behavioral and neuroscientific research (e.g., Oberauer et al., 2003) and is 
a subpart of the Wechsler IV intelligence test (Gathercole & Alloway, 2008), which mini-
mizes the influence of language knowledge. In this task, a series of digits would flash up 
in the center of the computer screen and the participants were expected to recall this series 
of digits in reverse order. Each digit was presented for one second (in Arial, font size 100) 
against a black background, and with one second in between consecutive digits. The par-
ticipants were first presented with two 3-digit trials for practice and then were tested on 
2- up to 10-digit sequences (two trials for each sequence length, making up 18 trials in 
total). Performance was determined by calculating the proportion of correctly recalled 
digit sequences. The higher the score, the better working memory the participant has. The 
mean score of the participants was 0.84 (SD = 0.09). The mean working memory scores did 
not differ significantly between the MT and ST groups, F(1,38) = 0.09, p = .77, η2p = 0.002. 
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To measure selective attention, we used a computerized variant of the flanker task 
which is commonly considered a measure of inhibitory control (Eriksen & Eriksen, 1974). 
In this task, the participants saw a row of five white arrows (in Arial, font size 100) against 
a black background. The middle symbol in the row (the target) was either a leftward- or 
rightward-pointing arrowhead. The participants were required to report the direction of 
the middle arrow by pressing the corresponding keys on a CHRONOS keypad (Psychol-
ogy Software Tools Inc., United States). The middle target was flanked on either side by 
two congruent or incongruent arrows or by neutral lines (e.g., for a leftward-pointing tar-
get < : < < < < < as the congruent condition; > > < > > as the incongruent condition; and – – 
< – – as the neutral condition). In the incongruent condition, the participant’s performance 
provided a measure of inhibitory control in the context of selective attention. Each trial 
started with a fixation cross that remained on the screen for 250 ms. Following this fixation 
cross, the arrow row was presented for 1500 ms, with inter-trial time of 1000 ms. There 
were six different stimuli (2 pointing directions for the target × 3 flanker conditions). Each 
of the six different stimuli was presented 12 times in the test part in random order (72 
trials in total). Six practice trials were presented before the test. The mean accuracy of the 
responses was 93.99% (SD = 9.23), and the mean response time was 417.08 ms (SD = 72.37) 
from visual presentation onset. The participant’s performance was determined by the 
flanker score which is a composite of both response accuracy and time, following NIH 
toolbox guidelines (Zelazo et al., 2014). If the participant’s accuracy level was less than or 
equal to 80%, the final flanker score for the participant was equal to the accuracy score on 
a scale from 0 to 5 (Eq. 1). If the accuracy level reached more than 80%, the participant’s 
response time (RT) score was added to the accuracy score to obtain a final flanker score. 
The RT score was calculated based on each participant’s median RT. If the participant’s 
median RT fell outside of the range of 500-3000 ms, the median RT less than 500 ms was 
set equal to 500 ms, and the median RT more than 3000 ms was set equal to 3000 ms. The 
truncated median RTs were then rescaled to obtain the response time score (Eq. 2). The 
participants’ mean flanker score was 9.32 (SD = 1.75). Higher flanker scores indicate higher 
levels of selective attention ability. The mean flanker scores did not differ significantly 
between the MT and ST groups, F(1,38) = 0.12, p = .73, η2p = 0.003. 

 Accuracy score =
5

72
× 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (Eq.1) 

 Response time score = 5 − 5 ×
log𝑅𝑅𝑅𝑅 − log 500

log 3000 − log 500
 (Eq.2) 

Pre- and Post-tests 
Identical tests were implemented one week before training (the pre-test), one week 

after training (the immediate post-test), and three months after training (the delayed post-
test), including both perception and production tests. The perception test included a syn-
thetic phoneme identification task and a natural word identification task. For the synthetic 
phoneme identification task, the vowel stimuli were presented on a DELL Desktop via 
headphones (Sennheiser, CX1) at about 70 dB SPL using E-PRIME Version 2.0 (Psychology 
Software Tools Inc., United States). The auditory stimulus was displayed with two possi-
ble answers on the computer screen (i.e., /i/ and /ɪ/, represented in International Phonetic 
Alphabet, and a written example word was given for each vowel). The participants had 
learned the IPA symbols since middle school. The experimenters verified that each par-
ticipant correctly identified the /i/ and /ɪ/ symbols in association with a minimal pair 
(“beat” vs. “bit”) prior to the experiment. The participants were asked to determine which 
of the two vowels they heard by pressing the corresponding buttons on a CHRONOS 
keypad. Although each trial was self-paced, the participants were instructed to respond 
as quickly as possible. Each sound in the 7 × 7 stimulus grid was repeated 10 times within 
one randomized block. The experiment began with a brief familiarization phase followed 
by the test phase. With a total of 490 trials, the average running time was about 12 minutes. 
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To test generalization to new talkers and new phonetic contexts, the natural word 
identification task included 8 trained minimal-pair words and 12 untrained minimal-pair 
words, recorded by four native American English speakers (2 males and 2 females) who 
were not present in the training program. The participants were required to determine 
whether the word they heard included /i/ or /ɪ/ by clicking the icons of the two vowels on 
the screen. With each word presented eight times, the average completion time for this 
task was about 8 minutes. 

The identical set of 20 words in the perception test was utilized as production 
prompts in the production test. The visually-printed words were shown to the partici-
pants with phonetic transcriptions that they were familiar with. The participants were 
required to speak the words twice at a normal rate as in an example carrier “Say the word 
‘heat’”. The recordings were made with the SHURE SM58 (SHURE, United States) micro-
phone positioned in a sound-proofed booth approximately 20 cm in front and 45° to the 
right of the participants’ lips, using PRAAT at 44.1 kHz, 16-bit quantization. To minimize 
the impact of exposure to the same words spoken by native speakers, the participants 
completed the production test before the perception test. 

Training Program 
The 60 participants were randomly assigned to three groups with 20 in each, includ-

ing two training groups (MT and ST) and one control group (CTRL). To ensure that par-
ticipants’ perceptual performance did not differ significantly across groups before train-
ing, we conducted a one-way ANOVA with the between-group factor Group (MT, ST, 
CTRL) for the perception data obtained from the pre-test. There were no significant dif-
ferences between the three groups in the relative weights of the three acoustic cues, F(2,57) 
= 0.075, p = .928, η2p = 0.003 for F1, F(2,57) = 0.016, p = .984, η2p = 0.001 for F2, F(2,57) = 0.004, 
p = .996, η2p < 0.001 for vowel duration, and in the word identification accuracy, F(2,57) = 
0.013, p = .987, η2p < 0.001. The MT condition employed the minimal-pair words produced 
by four talkers, while the ST condition used the same words produced by a single talker. 
All other aspects were matched between the two conditions. Both training groups com-
pleted seven sessions during one lab visit, starting from the most exaggerated sounds with 
one single talker and gradually decreasing exaggeration level and adding talkers solely in 
the MT condition (Table 1). 

Table 1 Talker number and temporal exaggeration setup for the seven training sessions of the MT (multiple talkers) and ST (single 
talker) training groups 

Session Stimuli Talker number 
  MT ST 

Session 1 exaggerated 300% 1 1 
Session 2 exaggerated 300% 2 1 
Session 3 exaggerated 300% 3 1 
Session 4 exaggerated 300% 4 1 
Session 5 exaggerated 208% 4 1 
Session 6 exaggerated 144% 4 1 
Session 7 natural 100% 4 1 

In each of the seven sessions, the participants were required to click either icon of 
vowels presented by the IPA on the computer screen after they heard a word containing 
the clicked vowels and saw a talker utter the word in the visual video. Each icon contained 
ready-to-click 60 words. After completing the 120 trials in a training session, the trainees 
were given a quiz of 10 untrained words produced by new talkers. The trainees could 
move on to the next session only when the percentage accuracy from the quiz was equal 
to or greater than 90%. If the trainees failed to meet the criterion, they had to receive the 
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same training session again, followed by the same quiz. There was no such criterion after 
the repeat session for them to move on to the next session. In both the MT and ST groups, 
the participants completed 9 to 12 training sessions (including repeat sessions) which took 
them about 60 to 90 minutes, depending on each participant’s number of repeat sessions 
and response pace. 

Data Analysis 
For perception data, we compared the percent accuracy of trained and untrained 

word identification from the pre- and post-tests to assess training effects. Additionally, 
we conducted a binary logistic regression analysis to fit each participant’s /i/ responses to 
the synthetic vowel stimuli in order to examine changes in the weighting of the spectral 
and duration cues. The logistic regression model provided spectrally- and duration-tuned 
coefficients to describe the effect of a one-unit change in the predictors (F1, F2, and vowel 
duration) on the log odds (the probability of selecting /i/). Before the fit, the spectral and 
duration values were standardized by centering and scaling (Escudero et al., 2009). In-
stead of directly employing standardized regression coefficients as cue weights of the pre-
dictors, we used the relative weight analysis (RWA) as a supplement to the logistic regres-
sion and adopted the resulting coefficients as measures of cue weights (Tonidandel & Le-
Breton, 2015). The RWA addresses the problem of multicollinearity by transforming orig-
inal predictors into a new set of orthogonal predictors (Tonidandel & LeBreton, 2010). As 
such, it quantifies a predictor’s importance by incorporating both its direct effect and its 
joint effect with other predictors. 

The production data were assessed acoustically in terms of vowel duration, and F1 
and F2 frequencies. Specifically, the vowel onset was marked at the first positive peak in 
the periodic portion, and the offset was identified at the point of a considerable decrease 
in overall amplitude and waveform complexity. Based on a 14-pole linear predictive cod-
ing analysis, the F1 and F2 values were calculated as an unweighted mean of frequencies 
at five temporally equidistant positions corresponding to the 20–35–50–65–80%-point of 
the vowel, by centering a 25-ms Hanning window at each temporal location (Jacewicz et 
al., 2011). To reduce frequency variations between males and females, frequency values 
were transformed from Hertz to Barks (Traunmüller, 1990), and were then converted to 
z-scores for each participant. The duration data were also converted to z-scores to control 
differences in speaking rate. Following the perceptual data analysis, we adopted the RWA 
as a supplement to the logistic regression to measure each participant’s use of F1, F2, and 
vowel duration in production. 

For statistical analysis, we constructed linear mixed-effects models (LMM) for the 
participants’ word identification accuracy and RWA coefficients of F1, F2, and duration 
in perception and production, using the lme4 package (Bates et al., 2015) in R (R Develop-
ment Core Team, 2021). To answer the first research question concerning training effects, 
the model for the word identification accuracy was constructed with Group (MT, ST, 
CTRL), Test (pre-test, post-test1, post-test2), Word Type (trained vs. untrained word), and 
their interactions as the fixed effects. We also constructed the respective LMMs for the 
RWA coefficients of F1, F2, and duration measured in perception and production with the 
fixed effects of Group (MT, ST, CTRL), Test (pre-test, post-test1, post-test2), and their in-
teractions. To answer the second research question that examined the influence of work-
ing memory capacity and selective attention on training outcomes, we added the fixed 
effects of working memory accuracy, flanker scores of selective attention, and their inter-
actions together with the experiment design factors into the aforementioned LMMs for 
the trained participants. Before being added to the models, the working memory accuracy 
was log-transformed and centered due to its positively skewed distribution, and the 
flanker score was centered. 

For model selection, we used the maximal random effects structure justified by the 
experiment design, including all possible by-item and by-participant random intercepts 
and slopes for the main effects in the fixed model (Barr et al., 2013). If the model failed to 
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converge, we first considered adjusting the optimizer, that is, the method whereby the 
model finds an optimal solution, using the all_fit function in the afex package (Singmann 
et al., 2021). If none of the optimizers was helpful, we simplified the random effects struc-
ture by first removing random correlations, and then by removing random slopes that 
accounted for the least variance, until the model converged. We utilized the anova func-
tion in the lmerTest package (Kuznetsova et al., 2017) to examine the main effect for each 
included fixed effect, and used the emmeans function in the emmeans package (Lenth, 
2021) to compare differences between factor levels based on adjusted Tukey tests. The 
Satterthwaite method was employed to approximate degrees of freedom for all models. 

In order to better understand the relationship between word performance and cue 
weighting strategies, we used Pearson’s product-moment correlation to examine the rela-
tionship between the word identification accuracy and cue weights of F1, F2, and duration 
before and after training. Moreover, Pearson’s product-moment correlation was used to 
investigate the relationship between speech perception and production in terms of cue 
weights of F1, F2, and duration before and after training (Schertz et al., 2015; Shultz et al., 
2012). 

Results 
Training Effects on Perception and Production 
Perception Data 

For word identification performance before and after training (Fig. 2), we modeled 
the percent correct accuracy and long-transformed response time of word identification 
respectively, with the fixed effects of Group (MT, ST, CTRL), Test (pre-test, post-test1, 
post-test2), Word Type (trained versus untrained word), and their interactions. For the 
sake of brevity, we only reported the significant results pertaining to the training effect 
(see Appendix B for the summary output for the final models). Table 2 summarizes the 
results of Type III analysis of variance for the main effects of each included fixed effect 
with the identification accuracy as the dependent variable. There was a significant inter-
action effect between Group and Test, F(4,59.2) = 5.47, p < .001 on the word identification 
accuracy. Results showed that the identification accuracy of the MT group significantly 
improved in the immediate post-test compared to the pre-test, Estimate = 0.16, SE = 0.03, 
p < .001, whereas there was no statistically significant difference between the performance 
of the delayed post-test and the pre-test, Estimate = 0.08, SE = 0.04, p = .10, suggesting that 
the training effect on word identification was not retained after three months for the MT 
group. By contrast, the ST group significantly improved their identification accuracy in 
the immediate post-test, Estimate = 0.17, SE = 0.03, p < .001, and the improvement was 
retained in the delayed post-test compared to the performance in the pre-test, Estimate = 
0.14, SE = 0.04, p = .002. There was no significant difference between the performance of 
the pre-test and the two post-tests for the CTRL group (ps > .1). In the model for the re-
sponse time, no significant effect of Test was found (see Appendix B). 
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Fig. 1. Half-violin plots and boxplots visualizing percent correct accuracy (top panel) and response time (bottom panel) of 
identification performance of the trained and untrained words for each group (MT, ST, CTRL) in the pretest, post-test (Post-test1), 

and delayed post-test (Post-test2). 

Table 2 Results of Type III analysis of variance on the word identification accuracy with Satterthwaite approximation for degrees 
of freedom 

Fixed effect Sum Sq Mean Sq NumDF DenDF F value p value 

Final Model: Accuracy ~ Group * Test * Type + (1 + Test | Subject) + (1 | Word) 

Group (MT, ST, CTRL) 0.57 0.28 2 57.5 4.50 .02 

Test (pre-test, post-test1, post-test2) 1.97 0.98 2 59.2 15.65 < .001 

Type (trained versus untrained) 0.02 0.02 1 18 0.26 .62 

Group:Test 1.38 0.34 4 59.2 5.47 < .001 

Group:Type 0.09 0.04 2 3393 0.71 .49 

Test:Type 0.21 0.10 2 3393 1.64 .20 

Group:Test:Type 0.06 0.01 4 3393 0.23 .92 

Fig. 3 shows the participants’ categorization pattern of the synthetic continua before 
and after training, illustrating the F1 and vowel duration dimensions for the sake of sim-
plicity. Each cell indicates one stimulus in the 7 × 7 stimulus grid, with darker cells repre-
senting a larger proportion of /i/ response. Visual inspections suggested training-induced 
changes. Before training, longer vowel duration values elicited a fair amount of /i/ re-
sponse in all of the three groups. In the immediate post-test, the /i/ response of the MT 
and ST groups clustered more in the space defined by lower F1 values, and the difference 
between shorter duration and longer duration was not so distinct, suggesting the two 
training groups began to rely more on F1 instead of vowel duration. In the delayed post-
test, the two training groups appeared to retain a similar categorization pattern. But the 
two groups showed different trends of slight changes. For the MT group, higher F1 elic-
ited more /i/ responses compared to those of the immediate post-test, whereas for the ST 
group longer duration elicited more /i/ responses compared to the immediate post-test. 
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Fig. 2. Heat plots for categorization of the synthetic /i/-/ɪ/ grid along the F1 and duration dimensions in the pre-test, immediate 
post-test (Post-test1), and delayed post-test (Post-test2). Each cell indicates one stimulus in the 7x7 grid. The darkness of the cell 

represents the percentage response for /i/, with the darkest cells eliciting the highest portion of /i/ response and the white cells the 
lowest. 

For statistical analysis, we used the spectrum- and duration-tuned RWA coefficients 
to estimate the relative cue weights used by each participant, with a greater value of the 
coefficient representing heavier weighting for the cue (see Fig. 4). We modeled the three 
outcomes of interest (i.e., the RWA coefficients of F1, F2, and duration) as the respective 
dependent variables, including the same fixed effects of Group (MT, ST, CTRL) and Test 
(pre-test, post-test1, post-test2). Table 3 summarizes the results of Type III analysis of var-
iance for the main effects of each included fixed effect (see Appendix B for the summary 
output for the final models). For the F1-tuned RWA coefficients, a significant interaction 
effect for Group and Test was found, F(4,114) = 6.71, p < .001.  

Further comparisons showed that the F1 weight of the MT group significantly in-
creased in the immediate post-test, Estimate = 0.20, SE = 0.04, p < .001, as well as in the 
delayed post-test compared to the pre-test, Estimate = 0.17, SE = 0.04, p < .001. For the ST 
group, the F1 weight also significantly increased in the immediate post-test, Estimate = 
0.21, SE = 0.04, p < .001, and in the delayed post-test relative to the pre-test, Estimate = 0.19, 
SE = 0.04, p < .001. The CTRL group did not change significantly before and after training 
(ps > .1). Likewise, for the F2-tuned RWA coefficients, there was a significant interaction 
effect for Group and Test, F(4,114) = 6.40, p < .001. Pairwise contrasts showed that the MT 
group significantly increased their use of F2 in the immediate post-test, Estimate = 0.20, 
SE = 0.04, p < .001, and in the delayed post-test compared to the weight used in the pre-
test, Estimate = 0.19, SE = 0.04, p < .001. For the ST group, the weight of F2 also significantly 
increased in the immediate post-test, Estimate = 0.19, SE = 0.04, p < .001, and the increase 
retained in the delayed post-test, Estimate = 0.18, SE = 0.04, p < .001. Again, there was no 
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significant change in the CTRL group (ps > .1). For the duration-tuned RWA coefficients, 
the results also indicated a significant interaction effect for Group and Test, F(4,114) = 6.90, 
p < .001. Comparisons showed that the duration weight of the MT group significantly de-
creased in the immediate post-test, Estimate = -0.34, SE = 0.06, p < .001, and the weight 
decreased to a greater extent in the delayed post-test compared to the pre-test, Estimate = 
-0.40, SE = 0.06, p < .001. For the ST group, the duration weight also significantly decreased 
in the immediate post-test, Estimate = -0.30, SE = 0.06, p < .001, and the decrease retained 
in the delayed post-test, Estimate = -0.29, SE = 0.06, p < .001. In contrast, no significant 
change was found for the CTRL group (ps > .1). These results suggest that both MT and 
ST groups significantly increased their weight of F1 and F2, and in the meantime signifi-
cantly less weighted vowel duration, and the changes were retained three months after 
training. 

 

Fig. 3. Half-violin plots and boxplots visualizing the RWA coefficients of F1, F2, and duration measured in the perception and 
production data for each group in the pre-test, immediate post-test (Post-test1), and delayed post-test (Post-test2).  

Table 3 Results of Type III analysis of variance on the perceptual RWA coefficients of F1, F2, and duration with Satterthwaite 
approximation for degrees of freedom 

Fixed effect Sum Sq Mean Sq NumDF DenDF F value p value 

Final Model: F1 ~ Group * Test + (1 | Subject) 

Group (MT, ST, CTRL) 0.17 0.08 2 57 6.85 .002 

Test (pre-test, post-test1, post-test2) 0.69 0.34 2 114 27.83 < .001 

Group:Test 0.33 0.08 4 114 6.71 < .001 

Final Model: F2 ~ Group * Test + (1 | Subject) 

Group (MT, ST, CTRL) 0.13 0.07 2 57 5.32 0.01 

Test (pre-test, post-test1, post-test2) 0.64 0.32 2 114 25.84 < .001 

Group:Test 0.32 0.08 4 114 6.40 < .001 
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Final Model: Duration ~ Group * Test + (1 | Subject) 

Group (MT, ST, CTRL) 0.34 0.17 2 57 4.33 0.02 

Test (pre-test, post-test1, post-test2) 1.90 0.95 2 114 24.03 < .001 

Group:Test 1.09 0.27 4 114 6.90 < .001 

To explore relationships between word identification and cue use strategies, we used 
Pearson’s product-moment correlation to examine correlations between the participants’ 
word identification accuracy and RWA coefficients of F1, F2, and duration measured in 
the pre-test, immediate post-test, and delayed post-test (Fig. 5). The results showed that 
before training there was no significant correlation between the word identification accu-
racy and any of the dimensions. By contrast, in the immediate post-test, we found signif-
icant positive correlations for the F1 dimension (r = 0.57, p < .001 for the trained words, r 
= 0.64, p < .001 for the untrained words), and for the F2 dimension (r = 0.54, p < .001 for the 
trained words, r = 0.62, p < .001 for the untrained words). There were also significantly 
negative correlations between the word identification accuracy and the duration weight 
(r = -0.47, p < .001 for the trained words, r = -0.53, p < .001 for the untrained words). These 
correlations were retained in the delayed post-test, though to a less extent, with positive 
correlations for the F1 dimension (r = 0.45, p < .001 for the trained words, r = 0.53, p < .001 
for the untrained words) and for the F2 dimension (r = 0.45, p < .001 for the trained words, 
r = 0.52, p < .001 for the untrained words), as well as negative correlations between the 
word identification accuracy and the duration weight (r = -0.27, p = .04 for the trained 
words, r = -0.27, p = .04 for the untrained words). It is noticeable that there were stronger 
correlations between the RWA weights and the untrained word identification accuracy 
compared to the trained words after training. 
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Fig. 4. Scatter plots for correlations between the word identification accuracy and the RWA coefficients of F1, F2, and duration 
measured in the pre-test, immediate post-test (Post-test1), and delayed post-test (Post-test2) on the trained versus untrained words. 

Production Data 
Fig. 6 shows the scatter plots for acoustic measures of the target vowels in the com-

bination of F1 and vowel duration dimensions produced in the pre-test, immediate post-
test, and delayed post-test. Before training, the two vowel categories showed much over-
lapping in the F1 dimension and were largely separated along the duration dimension for 
all the three groups. In the immediate post-test, the two categories for the MT and ST 
groups appeared to be more separated along the F1 dimension. In the delayed post-test, 
the pattern seemed to be retained but with more separating distributions of each category, 
especially for the MT group. 

 
Fig. 6. Mean production values in the combination of F1 and vowel duration dimensions, normal-
ized by the speaker (converted to z-scores along each dimension), measured in the pre-test, imme-
diate post-test (Post-test1), and delayed post-test (Post-test2). 

Following the perception data analysis, we adopted the spectrum- and duration-
tuned RWA coefficients to gauge the relative cue weights used by each participant in pro-
duction, with higher coefficients representing heavier weighting for the cue (see Fig. 4). 
The three outcomes of interest (i.e., the RWA coefficients of F1, F2, and duration) as the 
respective dependent variables were modeled, including the same fixed effects of Group 
(MT, ST, CTRL) and Test (pre-test, post-test1, post-test2). Table 4 summarizes the results 
of Type III analysis of variance for the main effects of the fixed effects (see Appendix B for 
the summary output for the final models). For the F1-tuned RWA coefficients, there was 
a significant interaction effect for Group and Test, F(4,114) = 3.11, p = .02.  

Further comparisons showed that the F1 weight of the MT group significantly in-
creased in the immediate post-test, Estimate = 0.14, SE = 0.03, p < .001, and in the delayed 
post-test compared to the pre-test, Estimate = 0.15, SE = 0.03, p < .001. For the ST group, 
the results also showed a significant increase in the use of F1 in the immediate post-test, 
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Estimate = 0.11, SE = 0.03, p = .01, and the increase was retained in the delayed post-test, 
Estimate = 0.10, SE = 0.03, p = .01. The CTRL group did not change significantly before and 
after training (ps > .1). For the F2-tuned RWA coefficients, we also observed a significant 
interaction effect for Group and Test, F(4,114) = 3.22, p = .02 (Figure 11). Specifically, the 
MT group significantly increased their use of F2 in the immediate post-test, Estimate = 
0.09, SE = 0.03, p = .002, and in the delayed post-test compared to the pre-test, Estimate = 
0.10, SE = 0.03, p < .001. For the ST group, the weight of F2 also significantly increased in 
the immediate post-test, Estimate = 0.09, SE = 0.03, p = .005, and in the delayed post-test, 
Estimate = 0.11, SE = 0.03, p < .001. By contrast, there was no significant change for the 
CTRL group (ps > .1). For the duration-tuned RWA coefficients, the results also showed a 
significant interaction effect for Group and Test, F(4,114) = 5.49, p < .001. Pairwise contrasts 
showed that for the MT group, there was a significant decrease in the use of duration in 
the immediate post-test, Estimate = -0.14, SE = 0.05, p = .007, and the weight decreased to 
a greater extent in the delayed post-test compared to the pre-test, Estimate = -0.25, SE = 
0.05, p < .001. For the ST group, the weight of duration also significantly decreased in the 
immediate post-test, Estimate = -0.20, SE = 0.05, p < .001, and the decrease retained in the 
delayed post-test, Estimate = -0.21, SE = 0.05, p < .001. No significant change was found in 
the CTRL group (ps > .1). These results indicated that the MT and ST group similarly 
shifted their cue weighting in production with more reliance on F1 and F2 and less on 
vowel duration, and crucially, the cue reweighting was retained three months after train-
ing. 

Table 4 Results of Type III analysis of variance on the RWA coefficients of F1, F2, and vowel duration measured in production with 
Satterthwaite approximation for degrees of freedom 

Fixed effect Sum Sq Mean Sq NumDF DenDF F value p value 

Final Model: F1 ~ Group * Test + (1 | Subject) 

Group (MT, ST, CTRL) 0.04 0.02 2 57 1.65 0.20 

Test (pre-test, post-test1, post-test2) 0.30 0.15 2 114 12.20 < .001 

Group:Test 0.15 0.04 4 114 3.11 0.02 

Final Model: F2 ~ Group * Test + (1 | Subject) 

Group (MT, ST, CTRL) 0.02 0.01 2 57 1.38 0.26 

Test (pre-test, post-test1, post-test2) 0.18 0.09 2 114 12.46 < .001 

Group:Test 0.09 0.02 4 114 3.22 0.02 

Final Model: Duration ~ Group * Test + (1 | Subject) 

Group (MT, ST, CTRL) 0.30 0.15 2 57 7.43 .001 

Test (pre-test, post-test1, post-test2) 0.73 0.37 2 114 18.04 < .001 

Group:Test 0.45 0.11 4 114  5.49 < .001 

Correlations between Perception and Production 
In order to better understand how speech perception and production are related, we 

used Pearson’s product-moment correlation to examine correlations between the partici-
pants’ cue weights of F1, F2, and duration measured in the perception and production 
data (Fig.7). The results showed that before training there was only a marginally signifi-
cant positive correlation between perception and production on the duration dimension 
(r = 0.25, p = .05). In the immediate post-test, we found significant positive correlations 
between perception and production on all of the three dimensions (r = 0.53, p < .001 for F1, 
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r = 0.48, p < .001 for F2, r = 0.41, p < .001 for duration). These significant positive correlations 
were retained in the delayed post-test (r = 0.37, p = .003 for F1, r = 0.52, p < .001 for F2, r = 
0.52, p < .001 for duration). 

 
Fig. 7. Scatter plots for correlations between perception and production in terms of the RWA coeffi-
cients of F1, F2, and vowel duration measured in the pre-test, immediate post-test (Post-test1), and 
delayed post-test (Post-test2). 

Impacts of Cognitive factors on Training 
To examine the influences of individual learners’ working memory capacity and se-

lective attention on the training outcomes, the model for word identification accuracy in-
cluded the fixed effects of Group, Test, Word Type, Working Memory Accuracy, Flanker 
Score, and their interactions. The results of Type III analysis of variance for main effects 
are summarized in Table 5 (see Appendix C for the summary output for the final model). 
We found a significant interaction effect for Group, Test, and Flanker Score, F(2,2312) = 
7.89, p < .001, and a significant interaction effect for Group, Test, and Working Memory 
Accuracy, F(2,2312) = 4.02, p = .02. For the reason of brevity, we only reported the results 
of comparisons pertaining to the second research question. 

Table 5 Results of Type III analysis of variance on the word identification accuracy with Satterthwaite approximation for degrees 
of freedom, with cognitive factors added as the fixed effects (Flanker_c represents centered flanker score, WM_c represents log-

transformed and centered working memory accuracy) 

Fixed effect Sum Sq Mean Sq NumDF DenDF F value p value 

Final Model: Accuracy ~ Group * Test * Type * (Flanker_c+WM_c) + (1 | Subject) + (1 | Word) 
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Group (MT vs. ST) 0.05 0.05 1 34.35 0.72 0.40 

Test (pre-test, post-test1, post-test2) 10.26 5.13 2 2312 79.67 < .001 

Type (trained vs. untrained) 0.03 0.03 1 18.03 0.43 0.52 

Flanker_c 0.27 0.27 1 34.35 4.24 0.05 

WM_c 0.14 0.14 1 34.35 2.17 0.15 

Group:Test 0.45 0.23 2 2312 3.50 0.03 

Group:Type 0.09 0.09 1 2312 1.46 0.23 

Test:Type 0.20 0.10 2 2312 1.59 0.20 

Group:Flanker_c < 0.01 < 0.01 1 34.35 0.02 0.88 

Group:WM_c 0.05 0.05 1 34.35 0.74 0.40 

Test:Flanker_c 0.80 0.40 2 2312 6.21 .002 

Test: WM_c 1.85 0.92 2 2312 14.33 < .001 

Type:Flanker_c 0.01 0.01 1 2312 0.10 0.76 

Type: WM_c < 0.01 < 0.01 1 2312 < 0.01 0.99 

Group:Test:type 0.03 0.02 2 2312 0.26 0.77 

Group:Test:Flanker_c 1.02 0.51 2 2312 7.89 < .001 

Group:Test: WM_c 0.52 0.26 2 2312 4.02 0.02 

Group:Type:Flanker_c 0.01 0.01 1 2312 0.09 0.76 

Group:Type: WM_c 0.02 0.02 1 2312 0.28 0.60 

Test:Type:Flanker_c 0.14 0.07 2 2312 1.11 0.33 

Test:Type: WM_c 0.01 < 0.01 2 2312 0.04 0.96 

Group:Test:Type:Flanker_c 0.04 0.02 2 2312 0.30 0.74 

Group:Test:Type: WM_c 0.04 0.02 2 2312 0.28 0.75 

To help interpret the three-way interaction effects, we divided the participants into 
three sub-groups of the low-, medium-, and high-level working memory capacity for the 
MT and ST groups respectively, with relatively equal sample sizes according to their 
working memory accuracy. For the MT group, the participants with relatively low-level 
working memory did not show significant improvement in the immediate post-test, Esti-
mate = 0.05, SE = 0.03, p = 1, and in the delayed post-test, Estimate = -0.01, SE = 0.03, p = 1. 
In contrast, the medium-level participants improved significantly in the immediate post-
test, Estimate = 0.13, SE = 0.03, p < .001, and a marginally significant difference between 
the delayed post-test and the pretest was found for these medium-level participants, Es-
timate = 0.09, SE = 0.03, p = .05. The high-level learners improved significantly in the im-
mediate post-test, Estimate = 0.29, SE = 0.03, p < .001, and furthermore a significant im-
provement in the delayed post-test relative to the pre-test was found for these high-level 
participants, Estimate = 0.16, SE = 0.03, p < .001. But note that there was still a significant 
difference between the performance in the immediate post-test and the delayed post-test 
for these high-level learners in the MT group, Estimate = -0.13, SE = 0.03, p = .004. For the 
ST group, different from the MT group, the participants with relatively low-level working 
memory improved significantly in the immediate post-test, Estimate = 0.16, SE = 0.03, p < 
.001, and the improvement was retained in the delayed post-test, Estimate = 0.15, SE = 
0.03, p < .001. The medium-level learners, surprisingly, did not improve significantly in 
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the immediate post-test, Estimate = 0.11, SE = 0.04, p = .22, and in the delayed post-test 
compared to the pre-test, Estimate = 0.10, SE = 0.04, p = .34. The high-level learners im-
proved significantly in the immediate post-test, Estimate = 0.22, SE = 0.03, p < .001, and the 
improvement was retained in the delayed post-test, Estimate = 0.17, SE = 0.03, p < .001. 

In the same vein, we divided the participants in each training group into three levels 
of selective attention ability according to their flanker scores. For the MT group, the par-
ticipants with relatively low-level selective attention improved significantly in the imme-
diate post-test, Estimate = 0.18, SE = 0.03, p < .001, but the improvement was not retained 
in the delayed post-test, Estimate = 0.06, SE = 0.03, p = 1. It bears noting here that a signif-
icant difference between performance in the immediate and delayed post-test was found 
for the low-level learners, Estimate = -0.12, SE = 0.03, p = .02. The medium-level learners 
also improved significantly in the immediate post-test, Estimate = 0.12, SE = 0.03, p = .002, 
and similarly the improvement was not retained in the delayed post-test, Estimate = 0.07, 
SE = 0.03, p = .62. But different from those low-level learners, there was no significant 
difference between performance in the immediate post-test and the delayed post-test, Es-
timate = -0.05, SE = 0.03, p = .1. Similar pattern was found in the high-level learners in the 
MT group, in which case they benefited from training in the immediate post-test, Estimate 
= 0.15, SE = 0.03, p < .001, and the benefit was not retained in the delayed post-test, Estimate 
= 0.10, SE = 0.03, p = .13. There was also no significant difference between performance in 
the immediate post-test and the delayed post-test, Estimate = -0.05, SE = 0.03, p = .1. These 
results suggest that the low-level participants were poorer at retaining training effects 
compared to those with medium- and high-level selective attention abilities under the MT 
training condition. Different from the mixed pattern found in the MT group, for the ST 
group, the participants with different levels of selective attention all benefited from train-
ing, Estimate = 0.13, SE = 0.03, p < .001 for low-level learners, Estimate = 0.17, SE = 0.03, p 
< .001 for medium-level learners, Estimate = 0.24, SE = 0.04, p < .001 for high-level learners. 
And the benefit was retained in the delayed post-test, Estimate = 0.11, SE = 0.03, p = .003 
for low-level learners, Estimate = 0.15, SE = 0.03, p < .001 for medium-level learners, Esti-
mate = 0.20, SE = 0.04, p < .001 for high-level learners. 

Discussion 
This study examined the role of input variability and cognitive abilities in learning 

to perceive and produce the English /i/-/ɪ/ contrast by adult native speakers of Mandarin 
Chinese. We contrasted the multiple-talker (four talkers) versus single-talker (one talker) 
training conditions together with a control group who did not receive training. Mean-
while, we systematically lengthened the duration of the training stimuli used in both 
training conditions, which provided greater variability with irrelevant information to the 
vowel category distinction. By contrast, the training stimuli included variations along the 
spectral dimensions (i.e., F1 and F2) that were informative to the category membership. 
In order to assess training effects, we measured the participants’ performance in terms of 
naturally-spoken word identification and cue weighting of three dimensions (F1, F2, and 
vowel duration) in perception and production at three time points: one week before train-
ing (pre-test), one week after training (immediate post-test), and three months after train-
ing (delayed post-test). For nonlinguistic cognitive abilities, we measured the trainees’ 
working memory capacity and selective attention prior to training. The results demon-
strated that the trained participants exhibited retention of more native-like cue weighting 
in both perception and production, regardless of talker variability condition. Regarding 
word identification performance, intriguingly, we found that the single-talker training 
showed a long-term benefit, whereas the multiple-talker training did not show a compa-
rable retention effect. Our results suggested that the disappearance of high talker varia-
bility benefit could be explained by the interaction between the nature of training input, 
task difficulty, and the trainees’ cognitive abilities. 

The Role of Input Variability in L2 Speech Learning 
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The success of the single-talker training in long-term retention of L2 speech learning 
in this study suggests an important role that phonetically-irrelevant acoustic variability 
plays beyond multiple talkers. This finding replicated the result of our previous study 
(Zhang et al., 2021) that introducing variability along the secondary dimension is suffi-
cient to generalize trained knowledge to new phonetic contexts and novel talkers with a 
long-term benefit. This long-term benefit is consistent with previous HVPT research 
demonstrating that knowledge learned during training could result in lasting memory 
traces even after a period of no exposure (Bradlow et al., 1999; Lively et al., 1994; Wang et 
al., 1999). Our measures of cue weighting pre- and post-training showed that the training 
indeed directed the learners’ attention away from the irrelevant and uninformative di-
mension of vowel duration and towards the relevant and consistent dimensions of the 
spectrum, suggesting that the phonetically-irrelevant acoustic variability is conducive for 
listeners to figuring out what cues are important for the speech contrast and which are 
not. The findings support the hypothesis that L2 phonetic learning can be understood as 
the operation of enhancement of attention increasing attentional weight placed on rele-
vant dimensions (e.g., spectrum) and withdrawal of attention decreasing attentional 
weight to unimportant dimensions (e.g., vowel duration) (Francis & Nusbaum, 2002; 
Goudbeek et al., 2008; Iverson et al., 2005; Iverson & Kuhl, 1995; Kuhl & Iverson, 1995). 
Our findings of significant positive correlations between the word identification accuracy 
and the primary cue weight and negative correlations between the word identification 
accuracy and the secondary cue weight provided further evidence for the importance of 
shifting attentional cue weights. Notably, these correlations were stronger for the un-
trained words compared to the trained words. These results suggest that given appropri-
ate exposure, learners’ attentional weights would be shifted to accommodate the contrast 
being learned, which then facilitates generalizing knowledge of a trained set to a novel set 
of speech tokens. Our findings also add to a growing body of evidence for the benefit of 
variable input during learning in a variety of domains (e.g., Adwan-Mansour & Bitan, 
2017; Apfelbaum et al., 2013; Bulgarelli & Weiss, 2021; Fuhrmeister & Myers, 2020; 
Helsdingen et al., 2011; Potter & Saffran, 2017; Rost & McMurray, 2010). These results 
converge to suggest that input variability that is irrelevant to the ultimate learning out-
come may be a general principle of learning which is applicable to many, if not most, 
domains. Therefore, a critical learning problem is likely to involve sorting out which cues 
are relevant to what is being learned and which are not, the process of which can be 
achieved using principles like variability. 

The sensitivity to irrelevant acoustic variability may be the reason for the talker var-
iability benefit that has been generally reported in tasks of generalization and retention. 
In theory, the talker variability benefit has been interpreted differently. Researchers sup-
porting the abstractionist view assume that listeners normalize talker variability and ob-
tain the generalized information excluding indexical properties, which can then be 
matched to standardized representation in long-term memory (e.g., Ladefoged & Broad-
bent, 1957; Liberman, 1973). Alternatively, researchers adopting an exemplar view of 
speech perception (e.g., Johnson, 1994; Pierrehumbert, 2002) and a non-analytic episodic 
view (e.g., Goldinger, 1998; Pisoni, 1997) posit that talker-specific information is encoded 
together with linguistic contents and stored in long-term memory. Nonetheless, these 
views are not necessarily incompatible. Talker-specific properties may be encoded into 
representations, which thus form more associative hooks (Barcroft & Sommers, 2005, 
2014) and aids subsequent speech processing, evidenced by better identifying tokens pro-
duced by encountered talkers (e.g., Nygaard et al., 1994; Palmeri et al., 1993). On the other 
hand, clusters of consistent information (e.g., phonetic units) may emerge naturally from 
these encoded and stored idiosyncratic talker-related attributes. Different clusterings 
could be focused on by directing attention to particular acoustic attributes, which thus 
helps generalize knowledge to new phonetic contexts and new talkers (Nosofsky, 1989; 
Werker & Curtin, 2005). Indeed, evidence indicates that attending to phonemic infor-
mation may entail attending to talker-specific acoustic attributes, even if talker identity is 
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not attended to, suggesting that phonetic information and talker-specific attributes may 
share common representations (e.g., Eimas et al., 1978; Green et al., 1997; Mullennix & 
Pisoni, 1990; Myers & Theodore, 2017; Tremblay et al., 2021). Therefore, it is likely that 
variation in idiosyncratic dimensions, such as talker-related dimensions, would make 
those consistent and informative dimensions stand out for learners easily to attend to. 

In our view, however, these idiosyncratic variations for highlighting consistent and 
informative dimensions for robust categorization do not have to be talker-specific. If dis-
sociation of phonetically-irrelevant dimensions underpins the effect of generalization and 
retention, directly introducing variability along phonetically-irrelevant dimensions 
would be more precise and helpful than the manipulation of talker variability, due to the 
fact that specific talker-varying acoustic properties vary across talkers. That is, the as-
sumed phonetically-irrelevant feature that resides in multiple-talker speech may vary in 
specific groups of talkers. There is admittedly an inconsistent picture of cues that can con-
sistently distinguish talkers (Van Lancker et al., 1985). For example, the most reliably con-
sistent cue in talker attributes is F0, while studies have also reported that formant frequen-
cies (Baumann & Belin, 2010; Murry & Singh, 1980), hoarseness (Singh & Murry, 1978), 
vowel duration (Murry & Singh, 1980; Singh & Murry, 1978), and shimmer (Kreiman et 
al., 1992) can be consistent in talkers, at least a fraction of talkers. Therefore, for example, 
for one group of talkers, vowel duration is consistently varied, while for another group of 
talkers, vowel duration displays inconsistent variations. In this case, the positive effect of 
talker variability may be mitigated by different types of acoustic variability that reside in 
multiple-talker speech. That is, talker variability can be beneficial when it provides acous-
tic variability in phonetically-irrelevant cues to the contrast being learned. Otherwise, 
talker variability appears to be not informative for identifying relevant cues. This is even 
complicated by the fact that some properties which vary idiosyncratically by talker in one 
language vary phonemically in others (Gordon & Ladefoged, 2001). Therefore, while mul-
tiple talkers may provide phonetically-irrelevant acoustic variability, the present findings 
do not support the notion that multiple talkers are necessary for successful generalization 
and retention. This premise is helpful to explain why some studies showed a talker vari-
ability effect, whereas others reported null effects. It is plausible that different sources of 
acoustic variability that are not specifically identified in multiple-talker or single-talker 
speech would lead to generalization and retention outcomes (Johnson et al., 1993; Peter-
son & Barney, 1952). 

The Interaction of Task Complexity and Cognitive Abilities 
Despite the fact that a large body of research has observed a positive effect for input 

variability (For a meta-analysis, see Zhang, Cheng, & Zhang, 2021), our results suggest 
there may be boundaries to the benefit of input variability. We did not see an additional 
benefit of multiple-talker speech relative to single-talker speech in our modified HVPT 
protocol. Particularly, the multiple-talker group did not show comparable retention of 
naturally-spoken word identification performance compared to the single-talker group, 
though both of the two trained groups retained their heavier weighting of the primary 
spectral cues and less weighting of the secondary durational cue. This null result could 
not be due to our multiple-talker speech material, given that the multiple-talker group 
who received the canonical HVPT without the additional enhancement features in our 
previous study confirmed significant benefits for our multiple-talker speech materials 
(Zhang et al., 2021). These findings appear to contradict earlier training studies that 
demonstrated the advantage of high talker variability for phonetic learning (e.g., Bradlow 
et al., 1997, 1999; Lively et al., 1994; Logan et al., 1991). However, our study has some key 
differences that may explain this inconsistency. First, we increased the amount of acoustic 
variability in the multiple-talker training by introducing varying degrees of acoustic ex-
aggeration along the secondary dimension of the vowel contrast. It seems that conflating 
various sources of acoustic variability may interfere with learning, which may be partic-
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ularly true when the task at hand is more challenging. The acoustic exaggerations on ir-
relevant dimensions for L2 may impede this process due to the “Native Language Neural 
Commitment” that prioritizes the allocation of perceptual attention and processing re-
sources to optimize efficient speech categorization in service of L1 phonology instead of 
L2 (Zhang et al., 2005, 2009). Given that we did find a long-term effect of our multiple-
talker training on the synthetic phoneme identification task, it is possible that the identi-
fication of naturally-produced words was more difficult because it might have incurred 
an additional load for processing lexical information (Escudero et al., 2008) and semantic 
content (Guion & Pederson, 2007). When exposed to naturally-produced words, listeners 
may draw upon rich variations of information present in the tokens to make perceptual 
judgments. When exposed to stimuli drawn from a synthetic continuum, they may direct 
their perceptual processing to precisely those dimensions along which the stimuli vary. 
Evidence indeed shows that task difficulty may interact with input variability (Fuhrmeis-
ter & Myers, 2020; Goldinger et al., 1991). For example, Goldinger et al. (1991) found that 
single-talker lists produced better word recall than multiple-talker lists at short inter-word 
intervals, whereas this effect was reversed for longer inter-word intervals, suggesting that 
even for adults remembering L1 words, the nature of the task may place a burden on 
processing high talker variability.  

Further evidence for this processing difficulty comes from our findings that the learn-
ers with higher working memory capacities and selective attention were more likely to 
benefit from the multiple-talker training in terms of word identification performance, 
compared to those with relatively lower capacities. Critically, we did not see this interac-
tion in cue weighting measured in the synthetic phoneme identification task for the mul-
tiple-talker group or in any measures for the single-talker group (the failure to benefit 
from the ST training was more likely due to the high accuracy before training for the par-
ticipants with medium-level of working memory). These results suggest that the potential 
benefit of increased variability in the input appears to be outweighed by the processing 
cost, especially in terms of retention benefit, which may place major demands on learners’ 
cognitive resources. More specifically, the participants with low-level working memory 
capacity were poorer at both the immediate improvement and the retention of improve-
ment compared to those medium- and high-level participants, while the participants with 
low-level selective attention were poorer at retaining training improvement compared to 
those medium- and high-level participants. That is, working memory appears to influence 
both immediate improvement and long-term retention, while selective attention is more 
likely to play a role in long-term benefit. These results come as no surprise that a larger 
working memory capacity is suggested to enhance the quality of input (Darcy et al., 2015; 
Segalowitz et al., 2009). That is, larger working memory may allow the learners more time 
to process and learn from the input by maintaining longer access to it, and better storage 
quality might promote more accurate perception and learning (Goldstone, 1998). Further-
more, studies have shown that individuals with lower working memory exhibit a rela-
tively reduced ability to attend to task-relevant dimensions relative to those with higher 
working memory (D’Esposito & Postle, 2015; Unsworth & Robison, 2017; Wöstmann & 
Obleser, 2016), suggesting the potential overlap in measuring the construct of working 
memory and selective attention. 

Our findings regarding the impact of nonlinguistic cognitive abilities complement 
previous training studies showing that successful learning depends on an interaction be-
tween individual differences in perceptual abilities and the training protocol (e.g., Anto-
niou & Wong, 2015; Fuhrmeister & Myers, 2020; Perrachione et al., 2011; Sadakata & 
Mcqueen, 2014). For example, Fuhrmeister et al. (2020) found that the participants with 
higher pre-training discrimination abilities went on to learn the contrast more robustly, 
and crucially related to our findings, this relationship between aptitude and identification 
performance was stronger for the interleaved training group than the blocked training 
group, indicating that the higher-aptitude participants were better to take advantage of 
the training condition with greater variability. Antoniou and Wong (2015) attributed this 
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learner by training interaction to the reduced availability of cognitive resources in low-
aptitude participants in the mixed-talker training condition. Our results extend these pre-
vious findings by a clear interaction of input variability in the training protocol and indi-
vidual differences in nonlinguistic cognitive abilities, which may manifest to a greater ex-
tent in more challenging tasks. Actually, evidence has shown a significantly high correla-
tion between language aptitude and performance measured by the Backward Digit Span 
Task (which we adopted in this study) to measure working memory capacity (Kormos & 
Sáfár, 2008), suggesting that working memory capacity may be considered as a learner 
trait to influence outcome just like the construct of language aptitude. 

When viewed across the scientific literature beyond phonetic learning, our results 
also agree very well with a broader literature on how a learner’s cognitive abilities might 
constrain their ability to benefit from input variability (Raviv et al., 2022). For example, 
there is both empirical and computational evidence that encountering grammatical mor-
phemes across a broader range of vocabulary, that is, high lexical variability, promotes 
generalization (Bybee, 1995; Plunkett & Marchman, 1991; Wonnacott et al., 2012). Particu-
larly, Brooks et al. (2006) further examined this effect in English-speaking adult learners 
who were exposed to an unfamiliar L2 and showed that greater variability facilitated gen-
eralization only in learners with above-median scores on an intelligence test which is 
shown to correlate highly with working memory capacity (Colom et al., 2006). Taken to-
gether, it appears that striking a delicate balance between input variability and an appro-
priate level of task difficulty for individuals with certain abilities would be critical to en-
gendering effective generalization and retention of perceptual learning. 

Perceptual Transfer to Production 
Our acoustic measures of production data showed that both the multiple-talker and 

single-talker group significantly increased their use of the critical spectral cues and de-
creased the use of the secondary durational cue, which was retained three months after 
training, aligning with the cue reweighting pattern found in their perception data. This 
perceptual transfer to production is consistent with previous studies showing that per-
ceptual training can lead to more native-like changes in speech production (Bradlow et 
al., 1997; Rochet, 1995; Wang et al., 2003). In addition to the training-induced changes in 
production, we also assessed correlations between perception and production in terms of 
cue weighting. Prior to training, there were no significant correlations on any of the three 
dimensions, whereas significant positive correlations between perception and production 
on all of the three dimensions were found in the immediate post-test as well as the delayed 
post-test, suggesting that the relationship between perception and production changes as 
a result of the phonetic training. Our findings are consistent with previous studies show-
ing that the perception-production link is time-varying (e.g., Jia et al., 2006; Rallo Fabra & 
Romero, 2012). For example, examining Mandarin speakers’ perception and production 
of English vowels, Jia et al. (2006) compared three groups: foreign language learners in 
China, second language learners who had lived in the US for less than 2 years, and another 
group of second language learners who had lived in the US for 3-5 years. While the corre-
lations for the foreign language learners and past arrivals were of similar magnitude (r = 
0.42 and r = 0.46, respectively), the perception-production link was far weaker for recent 
arrivals (r = 0.25). Although the goal of Jia et al. (2006) was to examine the age and expe-
rience-related changes in perception and production of L2 sounds, the between-group dif-
ferences in the strength of correlations could be interpreted as evidence of a change in the 
perception-production link. In fact, converging evidence shows that these correlations ap-
pear to be limited to proficient speakers of the language (Flege, 1999). 

With respect to the perception-production link in terms of cue weighting, previous 
work actually has failed to detect correlations between the two modalities (Bohn & Flege, 
1997; Schertz et al., 2015; Shultz et al., 2012). For example, Schertz et al. (2015) examined 
Koreans’ production and perception of L1 Korean stop contrast and L2 English stop con-
trast and found that there was no correlation between individuals’ use of any of the three 
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cues across production and perception in either L1 and L2. Crucially, there appeared to 
be much more variability in native Korean listeners’ perceptual cue weights for the L2 
English stop contrast than there was in their productions of the English contrast. From a 
dynamic developmental view of the relationship, our findings are not contradictory to the 
previous null results. As hypothesized by Nagle and Baese-Berk (2021), during a period 
when perception and production improve relatively quickly, a large correlation between 
perception and production measures might be observed, with the correlation increasing 
in strength over time. Once one of the two modalities begins to stabilize, entering a devel-
opmental plateau, the perception-production link might also stabilize such that no strong 
correlation would be observed. This hypothesis converges with evidence suggesting that 
cross-sectional studies may over- or underestimate the perception-production link de-
pending on the precise stage at which L2 learners are measured, which may result in the 
truncated observation of the link. The current state of perception-production research has 
been informed by a large number of cross-sectional studies, which are not well-suited to 
capture the time-varying nature of the link (Nagle, 2021). Future research on the percep-
tion-production link then may require a more developmental/longitudinal approach that 
takes into consideration the stage, strength, and duration of the relationship. 

Limitations and Future Directions 
The current study has several limitations. The primary limitation relates to the brief 

period of the training program which provided the trainees with only 60-90 minutes of 
seven training sessions. Other studies of L2 phonetic learning have involved more intense 
training, typically 10 to 15 hours of training (e.g., Lively et al., 1994; Nishi & Kewley-Port, 
2007; Zhang et al., 2009). The limited benefit of multiple-talker speech observed in our 
study thus may reflect the brevity of our training program rather than the stimulus con-
ditions per se, given recent evidence suggesting that learners may require more exposure 
to multiple talkers before talker-specific learning can be observed (Luthra et al., 2021). A 
second limitation concerns the measure of cognitive abilities. It is clear from the literature 
that working memory is not a unitary construct, while we used only one single working 
memory score per participant. Since previous studies suggest that the subcomponent, the 
Phonological Loop or more specifically phonological short-term memory, may be more 
related to language learning (e.g., Baddeley et al., 1998; Speciale et al., 2004), the use of 
more sophisticated or a wider range of measures may provide a much more nuanced un-
derstanding of the role of working memory capacity in L2 learning. A third limitation is 
that our participants exhibited a relatively high level of working memory and selective 
attention. Future studies can be conducted to take into account a wider range of individual 
L2 cognitive abilities to avoid influences from potential ceiling effects. 

Even with these caveats, our data unequivocally confirmed the importance of input 
variability for generalization and retention of perceptual learning, and provided evidence 
that the benefit of input variability interacts with other variables such as task difficulty 
and individual learner’s cognitive abilities. The ultimate goal of this line of research is to 
pull together and optimize resources on training conditions that are most conducive to 
yielding robust learning outcomes. Our results provide insights into the specific hypoth-
eses that can be tested in future studies. For example, how much acoustic variability is 
necessary or sufficient for successful learning is still an open question. Particularly, the 
use of talker numbers as a measure of the amount of talker variability may prevent a pre-
cise exploration of why some studies show a talker variability effect while others do not. 
That said, knowing how many talkers are in the input does not necessarily indicate how 
many distinct talkers a listener actually hears, and it does not inform the acoustic varia-
bility provided by these talkers (Bulgarelli et al., 2021). It is thus of significance to specify 
this operationalization of talker variability in acoustic and perceptual spaces in future re-
search. Moreover, given that acoustic variability can be characterized by relative varia-
tions in primary and secondary cues to the contrast being learned, exploring what prop-
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erties underlie acoustic variability has great implications for ways to systematically ma-
nipulate this variability in cases where it may be beneficial to learning. It will also be nec-
essary to distinguish between different roles that various sources of acoustic variability 
may play, together or separately, for the learner with different language experiences. 

Conclusions 
Taken together, we found evidence that phonetically-irrelevant acoustic variability 

in single-talker speech is conducive to L2 speech learning in terms of generalization and 
retention of trained knowledge. We did not observe an additional benefit of multiple-
talker speech in this modified HVPT program, and crucially, we did not find the long-
term benefit to natural word identification under the multiple-talker training condition. 
Given the brevity of our training protocol, we attribute the null results to the additional 
processing cost incurred by the enhanced variability in the multiple-talker training stimuli 
as the trainees with varying levels of cognitive abilities benefited to a different extent from 
the multiple-talker training measured in terms of their gains in natural word identifica-
tion. Importantly, our findings reveal a clear interaction between learners’ cognitive abil-
ities, task difficulty, and the amount of input variability, highlighting the need for careful 
considerations of how specific combinations of input type and amount, task difficulty, 
and learner cognitive profile may lead to efficient and robust learning outcomes. 
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