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Abstract: The current study extends traditional perceptual high-variability
phonetic training (HVPT) in a foreign language learning context by implement-
ing a comprehensive training paradigm that combines perception (discrimina-
tion and identification) and production (immediate repetition) training tasks and
by exploring two potentially enhancing training conditions: the use of non-
lexical training stimuli and the presence of masking noise during production
training. We assessed training effects on L1-Spanish/Catalan bilingual EFL
learners’ production of a difficult English vowel contrast (/æ/-/ʌ/). The partici-
pants (N = 62) were randomly assigned to either non-lexical (N = 24) or lexical
(N = 24) training and were further subdivided into two groups, one trained in
noise (N = 12) and one in silence (N = 12). An untrained control group (N = 14)
was also tested. Training gains, measured through spectral distance scores
(Euclidean distances) with respect to native speakers’ productions of /æ/ and /ʌ/,
were assessed through delayed word and sentence repetition tasks. The results
showed an advantage of non-lexical training over lexical training, detrimental
effects of noise for participants trained with nonwords, but not for those trained
with words, and less accurate production of vowels elicited in isolated words
than inwords embedded in sentences, where training gainswere only observable
for participants trained with nonwords.
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1 Introduction

Whenacquiring a second language (L2), learners are facedwith the challenging task
of learning the foreign language (FL) phonology,which entails the acquisition of the
L2 segmental inventory, as well as the constraints that govern the distribution of L2
phonemes and the phonological processes of the FL. This is an arduous task for L2
learners, since their perceptual systems have become attuned to their L1 sound
inventory (Kuhl et al. 2008), which can bias categorical perception, speech seg-
mentationand lexical activation and retrieval processes in theL2 (Ramuset al. 2010).

According to L2 speech learningmodels such as PAM-L2 (Best and Tyler 2007),
SLM (Flege 1995), or SLM-r (Flege and Bohn 2021), L1-based perception causes
difficulties in phonetic learning, especially when phonetically similar L2 sounds
are perceptuallymapped onto single L1 sound categories. For example, the English
phonemes /æ/-/ʌ/-/ɑː/ (cat, cut, cart) perceptually assimilate to the Spanish single
low vowel category /a/, making it difficult for Spanish learners of English to
develop distinctive L2 sound categories for these English vowels. According to
these models, the likelihood of developing segmental L2 categories for L2 sounds
depends, among other contextual and experience-related factors, on the degree of
cross-language perceptual similarity between L2 sounds and L1 categories, such
that more perceptually dissimilar L2 sounds are easier to acquire than those that
are perceptually closer to the L1 sound. This has consequences for processing at
both L2 phonetic and lexical levels. At the phonetic processing level, perceiving
the qualitative distinction in the L2 vowels /æ/-/ʌ/ (e.g. cat – cut) is difficult
because the Spanish learners’ perceptual system maps both vowels to their native
single low vowel category /a/ (Rallo Fabra and Romero 2012). In addition, given
their difficulty in the perception of a quality distinction between /æ/, /ʌ/ and /ɑː/,
Spanish learnersmight rely on thewrong perceptual cue (e.g. duration) to perceive
and produce the distinction, just as theymay not attend to VOT duration butwould
attend to the presence of closure voicing (as they would in Spanish) to distinguish
voiced from voiceless stops word-initially.

At the lexical processing level, numerous priming studies (e.g. Broersma 2012)
and lexical competition eye-tracking studies that used the visual world paradigm
(e.g. Cutler et al. 2006; Escudero et al. 2008; Weber and Cutler 2004) have shown
that L2 learners activate phonemically distinct L2 words (e.g. cap and cup) when
exposed to a L2 contrast (/æ/-/ʌ/) that assimilates perceptually to one L1 sound.
Difficulty in distinguishing perceptually similar L2 sounds would increase the
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activation of unintended lexical items, generating “phantom” lexical competition
(Broersma and Cutler 2008), making word recognition difficult and potentially
leading to confusion of L2minimal-pair words when processing L2 input. Accurate
categorization of L2 contrasting sounds (e.g. /æ/-/ʌ/), however, does not guar-
antee accurate discrimination at the lexical level. Words containing them (e.g. cap
and cup) may still be perceived to be homophonous if the target contrast has not
been accurately encoded in the lexicon (Darcy et al. 2012). The implications of this
for phonetic training is that training L2 learners to perceive /æ/-/ʌ/ through con-
fusable lexical minimal-pair words that would become co-activated during
training (cap-cup) may be less effective inmaking themperceive the contrast at the
phonetic level thanusing nonword items forwhich they have not developed lexical
representations.

The task of learning how to accurately perceive andproduce sounds in the L2 is
even more challenging in instructed second language acquisition (SLA) contexts
(e.g. Cooke and García-Lecumberri 2018; Gomez Lacabex et al. 2008). In this
setting, the opportunities for acquiring L2 sounds are more limited than in a L2
context (Tyler 2019), as L2 input is frequently restricted to a few hours of weekly
instruction of teacher-centred and grammar-oriented lessons, which might be
partially delivered in the learners’ native language (Muñoz 2014). Some learners,
however, may be exposed to out-of-classroom activities in the L2. Therefore,
differences in quality of exposure range from being exposed to a single-input
source (a non-native teacher) to a wider range of native speech (García-Lecumberri
and García-Mayo 2003). When the teaching approach is communicative and
meaning-oriented, even when difficulties at integrating pronunciation instruction
in the communicative class are overcome (Sicola and Darcy 2015), learners are
likely to be exposed to foreign-accented speech from their teachers and peers, who
may not maintain the phonological distinctions of the L2. As a result, irrespective
of amount of formal instruction received or age of onset of L2 learning (Gallardo del
Puerto et al. 2006), instructed learners develop large vocabularies (mostly through
written input) before being explicitly taught about L2 sound pronunciation and
phonetic differences between contrasting L2 sounds. This would not only increase
the number of inaccurate word form representations stored in the mental lexicon,
but it might also practically hinder the discrimination of L2 sounds in perception
andproduction (Tyler 2019). The extent towhich phonetic trainingmay be effective
at correcting already established phonological word forms in instructed foreign
language learning contexts remains an empirical question.

High-variability phonetic training (HVPT), which typically trains L2 learners to
perceive L2 sounds in a variety of phonetic environments produced by multiple
speakers, is an effectivemethod for improving the perception and production of L2
sounds (Barriuso and Hayes-Harb 2018; Thomson 2018), leading to training gains
that generalize learning to new voices and words (Aliaga-García and Mora 2009;
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Carlet and Cebrian 2019; Cebrian and Carlet 2014) as well as non-target sounds
(Carlet 2017; Rato and Rauber 2015). However, generalization of accuracy gains
obtained for L2 sounds in words to sounds in words elicited in sentences has rarely
been attested for perception (Gomez Lacabex et al. 2008; Hirata 2004), and to the
best of our knowledge never for production. For example, Thomson and Derwing
(2016) elicited the production ofwords in sentences by asking participants to create
a sentence using a noun (containing the target vowel) elicited through a picture
shown on the screen. Perceptual judgements revealed no training gains on vowel
accuracy for words elicited in such contexts, whereas vowel intelligibility
improved for words elicited in carrier phrases (i.e. They heard “The next word is
___,” and they responded by repeating the word they had just heard in the carrier
phrase, “Now I say ___.”). Vowel productions elicited in meaning-focused sen-
tences learners retrieve from memory are more likely to reflect vowel quality as
produced in extemporaneous speech than vowels produced through a task
involving the repetition of isolated words after a native speaker model, which
would foster conscious attention to the phonetic form of individual items (Bradlow
et al. 1999). We are unaware of any research showing generalization of phonetic
training gains towords produced in extemporaneous speech or providing evidence
of which training procedures might best promote such generalization effects. This
type of generalization effects would indicate that the benefits of HVPT would
extend to the phonological representations of words in the L2 mental lexicon,
effectively leading to L2 pronunciation improvement (Darcy and Holliday 2019).

The effectiveness of HVPT in improving L2 vowel production accuracy may be
enhanced by using nonwords instead of words, demonstrating that focusing on
distinctive phonetic features becomes much more feasible by eliminating inter-
ference from meaning (Thomson and Derwing 2016). In addition, training the
production of the target vowels in noise may also enhance HVPT outcomes in
production through the elicitation of clear speech, which might enhance the
full realization of articulatory targets (Hazan and Baker 2011) and lead to vowel
productions of increased duration and intensity (Leung et al. 2016; Smiljanić and
Bradlow 2011). The present study therefore investigates the potential benefits of
using nonwords (vs. words) as training stimuli, and the use of noise (vs. silence)
during production training for L2 learners’ production of English /æ/ and /ᴧ/ in
isolated words and in sentences.

2 Acquisition of L2 sound contrasts

In order to produce L2 sounds accurately (in isolation and/or in words), the pho-
netic differences that serve to distinguish L2 soundsmust be learned. The degree of

4 Mora et al.



difficulty in L2 speech sound production has been attributed to a perceptual origin.
For example,when apair of L2 vowels fallwithin the perceptual space of a single L1
vowel category, learners fail to perceive the phonetic differences that distinguish
them. This prevents learners from forming distinct perceptual categories for the L2
vowels, which consequently prevents them from distinguishing between them in
production. This is the case of the English vowel contrast /ε/-/æ/ (pen vs. pan) for
Dutch learners of English, who perceive these vowels as instances of their L1 vowel
category /ε/ (Escudero et al. 2008). Similarly, Spanish learners of English have
difficulties in the perception and production of the English contrast /æ/-/ʌ/ (cap
vs. cup), which they perceptually map onto their low L1 vowel category /a/ (Rallo
Fabra and Romero 2012).

Acquiring L2 sound contrasts is linked to vocabulary development from the
very early stages of the L2 acquisition process. The acquisition of L2words involves
storing their morphological, syntactic, semantic, phonological and orthographic
properties in themental lexicon (Hayes-Harb andMasuda 2008). The phonological
form in which words are stored in the mental lexicon (i.e. their phono-lexical
representations) is the basis of the psycholinguistic mechanisms of lexical acti-
vation and retrieval involved in spoken word recognition processes (Broersma
2012), but it is also crucial for further phonological development. Storing English
words like cap and cupwith a single non-native phonological form (e.g. /kap/ with
Spanish /a/) may hinder L2 learners’ ability to perceive and produce the vowel
quality difference between other words involving the same contrast (e.g. pan vs.
pun; Darcy and Holliday 2019; Darcy and Thomas 2019; John and Cardoso 2017). At
the same time, empirical evidence has accumulated suggesting that L2 learners
may accurately distinguish L2 sounds phonetically while failing to encode them
accurately in the lexicon (e.g. Amengual 2016; Darcy et al. 2012, 2013; Hayes-Harb
and Masuda 2008; Llompart and Reinisch 2018; Simonchyk and Darcy 2017).

The strength of the link between phonetic learning and vocabulary develop-
ment may differ as a function of learning context. For example, vocabulary size
and phonological acquisition have been found to be positively related in immer-
sion settings (Bundgaard-Nielsen et al. 2011, 2012), where learners’ vocabularies
and pronunciation develop under conditions of rich L2 exposure and use. In
contrast, this relationship does not necessarily hold in foreign language learning
environments, where conditions include very limited L2 exposure and use, as well
as the pervasive influence of accented speech (Mairano and Santiago 2020). For
example, vocabulary size has been shown to predict the lexical encoding of a
difficult L2 phonological contrast in advanced learners, but not in intermediate
learners for whom phonological categorization skills do so (Llompart 2021).
Vocabulary growth over time may eventually lead to L2 learners’ inability to
accurately encode phonological contrasts in the mental lexicon, which may affect
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L2 pronunciation development (Tyler 2019). For example, L1 French learners of
English might develop identical phonological representations for the words three
/θriː/ and tree /triː/, both having the form /θriː/ (Trofimovich and John 2011), which
will make the perception of the acoustic difference between three and tree difficult
for them. Likewise, L1-Spanish learners’ perceptual difficulties with the English
vowel contrast /æ/-/ᴧ/ (Cebrian et al. 2011; Rallo Fabra andRomero 2012)may have
led them to encode it inaccurately and to develop homophonous L1-like phono-
logical representations for pairs of words such as cap */kap/ and cup */kap/ that
are minimally contrastive in English. They may have also developed “fuzzy”
phonological representations for other words (e.g. sun as /sæn/ rather than /sᴧn/)
containing these vowels in the mental lexicon despite having achieved the ability
to distinguish them phonetically in perception (Darcy et al. 2013). Evidence for the
effectiveness of phonetic training at improving the encoding of difficult L2 sound
contrasts and at updating the phonological representations containing them
is scarce (but see Melnik-Leroy and Peperkamp 2021). Still, both pronunciation
instruction (Lee et al. 2015; Saito and Plonsky 2019; Thomson and Derwing 2014)
and phonetic training (Sakai and Moorman 2018) have demonstrated to be effec-
tive at improving the perception and production of L2 sounds, and there is evi-
dence that learners can update inaccurate phonological representations as their
pronunciation develops (Darcy and Holliday 2019).

3 Phonetic training techniques

A vast number of studies have shown that HVPT can increase learners’ sensitivity
to difficult L2 phonological contrasts, facilitating in this way L2 phonological
acquisition (e.g. high-variability identification training: Iverson et al. 2012) and
enhancing efficient phonological processing in the recognition and production of
L2 vowels (e.g. high-variability discrimination training: Bradlow 2008). In other
words, auditory HVPT helps learners improve the perception and production of
difficult L2 phonological contrasts among learners with different L1s (Iverson and
Evans 2009) and among learners with different L2 proficiency levels (Wong 2015).
However, novice learners might only benefit from variability in training if they
have high perceptual abilities, whereas low perceptual ability learners might not
benefit from perceptual HVPT (Antoniou et al. 2015; Perrachione et al. 2011;
Sadakata andMcQueen 2013). Phonetic variability has been shown to lead tomore
stable realizations of L2 sounds, as shown by an increased compactness of vowel
categories after production training (Kartushina and Martin 2018), and to lead to
long-term perception training effects (Bradlow et al. 1999). HVPT gains have also
generalized to new lexical items and speakers as well as across perception
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(Hazan et al. 2005; Iverson et al. 2012; Lengeris 2008; Thomson 2011; Thomson and
Derwing 2014) and production (Kartushina et al. 2015) training modalities.

HVPT studies have also concluded that gains obtained through perception-
based training can be further enhanced under certain training conditions and
using different types of training stimuli. For instance, Iverson et al. (2005) showed
the effectiveness of input manipulation techniques to direct learners’ attention to
certain acoustic features, such as directing Japanese learners’ attention to F3
frequencies in English (through All Enhancement, Perceptual Fading and Sec-
ondary Cue Variability techniques) when training them to distinguish English /r/
and /l/. Training gains can also be promoted by instructing learners to pay
attention to specific aspects of the speech input, such as asking them to pay
attention to consonants rather than vowels (Guion and Pederson 2007). Other
studies have found audiovisual training to be superior to auditory-only training
(Hardison 2018; Hazan et al. 2005, 2006). More recently, the use of nonword
training stimuli (Thomson and Derwing 2016) and the use of noise during
perceptual training (e.g. Cooke and García-Lecumberri 2018) have been empiri-
cally investigated as methods to enhance training benefits.

3.1 Training with words versus training with nonwords

One method to increase the benefits of HVPT is by modifying the properties of the
training stimuli. For example, initial sensitivity to pitch patterns in a non-lexical
context have been found to predict learning outcomes in the acquisition of tonal
lexical contrasts (Wong and Perrachione 2007), and including non-lexical
training, compared to including lexical pitch-pattern training alone, has been
found to lead to enhanced sensitivity to pitch patterns and tone learning
(Ingvalson et al. 2013). However, whether these findings hold for training L2
segmental contrasts remains an under-researched question, especially for learners
who have failed to encode a target segmental contrast at the lexical level and do
not distinguish cap (/kæp/) from cup (/kʌp/) in production, reflecting the use of
L1-based representations for L2 words (e.g. cap and cup represented both as
Spanish-like /kap/).

Training sensitivity to difficult segmental contrasts through non-lexical
stimuli may lead to greater gains in the perception and production of segmental
contrasts than using lexical stimuli. Thomson and Derwing (2016), for example,
compared the use of nonword stimuli (i.e. phonetically-oriented training) with the
use of word stimuli (i.e. lexically-oriented training) by perceptually training
English learners with mixed L1 backgrounds to identify 10 English monophthong
vowels. In this study, while some learners were trained on the vowels presented in
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isolated open syllables, others were trained on the same vowels presented in real
words. Both groups were tested on the same 70 words used in the training elicited
in a carrier phrase through a repetition task. A subset of 20 of thesewordswere also
elicited through a picture-based sentence production task. Accuracy of production
was assessed by two phonetically trained judges, who classified the target words
as good or poor exemplars. Data analyses revealed that the group trained on
nonword syllables (but not the lexically trained group) improved significantly in
the pronunciation of English vowels. Interestingly, none of the groups improved
significantly in the production of vowels elicited through the picture-based sen-
tence production task, which might indicate that production gains for the group
trained in nonwords did not generalize to trained words elicited in an extempo-
raneous speech production task. The authors interpreted the advantage of
nonword training over lexical training as being due to the former promoting a
focus on phonetic-level information induced by the nature of the training stimuli
and the latter encouraging a focus on meaning. In addition, we suggest that the
use of lexical materials might activate L2 lexical representations that could be
misrepresented phonologically (L1-accented), which might interfere with the
perception of L2-specific phonetic features characterizing the target contrast.

3.2 Training in noise versus training in silence

Natural exposure to speech often involves listening in adverse conditions (e.g.
noise), which may have a negative effect on speech intelligibility, but the use of
noise during phonetic training may enhance production accuracy by promoting
the full realization of articulatory targets in the production of sounds to counteract
the degraded perception of the signal (Cooke and Lu 2010; Hazan and Baker 2011).
Training in noise has been shown to enhance the formation of robust sound cat-
egories (Cooke and García-Lecumberri 2018) by forcing adjustments in the speech
perception and production system leading to L2 speech learning (Mattys et al.
2012). Previous studies on perceptual HPVT in adaptive adverse conditions
(HVPT-AAC) have shown that this training regime is highly effective at improving
speech perception (Burk et al. 2006) and that it is particularly useful at helping
learners acquire native-like selective attention strategies in non-native perception
(Leong et al. 2018). HVPT-AAC has then been reported to make it more difficult for
learners to identify the spoken words so that more attention had to be used to
detect the relevant acoustic cues in speech perception. However, the effectiveness
of HVPT-AAC in improving speech production is still under-researched.

In addition to enhancing perceptual learning, the presence of noise modifies
normal speech production, leading to an increase in learners’ vocal effort (Lu and

8 Mora et al.



Cooke 2008), which in turn might result in intelligibility gains (Pittman and Wiley
2001). Speakers hyper-articulate speech in adverse listening conditions in order to
enhance intelligibility, a phenomenon known as ‘clear speech’ (Leung et al. 2016;
Smiljanić and Bradlow 2011). In noisy conditions, speakers modify the acoustic-
phonetic properties of vowels by increasing duration and intensity and changing
first and second formant frequencies (Leung et al. 2016). Studies have also shown
that listeners find clear speech more intelligible than regular, conversational
speech (Bradlow and Bent 2002).

4 The current study

In light of the existing studies on phonetic training, in the present studywe explore
the extent to which HVPT is effective at improving the pronunciation of the target
L2-English vowels /æ/ and /ᴧ/ in untrained words elicited in two contexts: (a) a
delayed word repetition task that allowed learners to focus their attention on the
individual target words when repeating them after a native speaker; and (b) a
delayed sentence repetition task that had to be processed and produced from
memory. Testing learners’ ability to identify /æ/ as distinct from /ᴧ/ in a lexical
context (i.e. testing the lexical encoding of the /æ/-/ᴧ/ contrast) is beyond the
scope of the present study, but eliciting /æ/ and /ᴧ/ words in sentences was
deemed to closely reflect learners’ vowel production accuracy in extemporaneous
speech, which would reflect how well the contrast is encoded in the lexicon. We
were expecting vowel production to be less accurate and show HVPT gains of a
smaller magnitude for words elicited in a sentence- than in a word-repetition task.
We would interpret vowel production gains obtained in sentences to indicate
improvement in the lexical encoding of the target vowels.

In the current study we compare the effectiveness of non-lexical (nonwords)
and lexical (word) HVPT of the target English vowel contrast (/æ/ and /ʌ/) in a
homogeneous L1-Spanish/Catalan population for whom this contrast is particu-
larly difficult to acquire. We predict non-lexical training to be conducive to overall
larger gains than lexical training, as it would enhance a focus on phonetic form
while avoiding the activation of lexical forms for which learners might have
developed inaccurate phonological representations.

Additionally, we manipulated (between subjects) the listening conditions
during the production training portion of the HVPT paradigm by randomly
assigning trainees (both within the non-lexical and the lexical training groups) to
either a +noise or a −noise condition. In this way, we hoped to show that eliciting
clear speech (by training production in masking noise) could enhance the benefits
of perceptual HVPT for the production accuracy of a difficult L2 vowel contrast. We
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expected the potential benefits of masking noise during production training to
differ in magnitude across training conditions. Repeating words in noise during
lexical production training might be more likely to elicit clear speech and enhance
vowel production accuracy than repeating nonwords in noise during non-lexical
training because trainees would have developed lexical representations for
minimal-pair words being trained (e.g. cap-cup), but not for nonwords being
trained (e.g. fash-fush). Enhancing the target vowel quality distinction through
clear speech in noise might thus be easier for lexically- than for non-lexically
trained learners. Should this be the case, wemight recommend includingmasking
noise during production training in HVPT paradigms only when training is lexi-
cally oriented, whereas non-lexical HVPTmay bemore effective than lexical HVPT
only when training does not include a production component, or it includes a
production component administered under regular quiet conditions.

The present study, therefore, examined the benefits of two HVPT conditions,
the use of non-lexical training stimuli and the presence of masking noise during
production training, on L1-Spanish/Catalan bilingual EFL learners’ production of
English /æ/ and /ʌ/, embedded inwords elicited in isolation aswell as inmeaning-
focused sentences. We addressed the following research questions:

RQ1: Is phonetic training effective at improving the production of /æ/ and /ʌ/? Are
there differential training gains on /æ/ and /ʌ/?

RQ2: Do vowel production gains on trained items generalize to new items?

RQ3: Are there differential training gains as a function of the lexical status of the
training stimuli (words vs. nonwords) in the production of /æ/ and /ʌ/ in isolated
words and in words elicited in sentences?

RQ4: Does the use of masking noise during production training improve /æ/ and
/ʌ/ production accuracy in isolated words and in words elicited in sentences?

RQ5: Is phonetic training equally effective at improving the production of /æ/ and
/ʌ/ in isolated words and in words elicited in sentences?

We hypothesized that the training procedure implemented would be effective at
improving the perception and production of /æ/ and /ʌ/ (RQ1), leading to gains in
production accuracy that would generalize to untrained items (RQ2). However,
based on perceptual assimilation studies (Cebrian 2019), we predicted English /ʌ/
to be produced less accurately and to present more room for improvement than /æ/.
Based on previous research (Thomson and Derwing 2016), we hypothesized
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non-lexical training to be more effective than lexical training (RQ3), as nonwords
would avoid the activation of learners’ phonological forms thatmay be inaccurate.
In addition, production training in noise was expected to lead to larger benefits in
learners’ ability to distinguish /æ/ from /ʌ/ in production (RQ4), as producing
speech in noise might lead to hyper-articulation and more peripheral vowel pro-
duction (Bradlow and Bent 2002; Hazan and Baker 2011). However, we would
expect an interaction between training conditions: noisemight elicit a clear speech
mode leading to production benefits only for those training items learners had a
representation for (i.e. words), but not for nonword training items, for which
learners had no representation. Specifically, lexical production training in noise
would allow learners to activate a representation (despite the noise) to generate an
articulatory plan intended to overcome the adverse listening conditions (hyper-
articulation), whereas noise may be detrimental during non-lexical production
training, as it would interfere with learners’ ability to focus on the target phonetic
forms. Finally, we hypothesized any training effects obtained under the various
training conditions to lead to larger gains when assessed through words in
isolation thanwhen assessed throughwords elicited in sentences (RQ3, RQ4, RQ5).
Eliciting words in isolation in the DWR task would likely allow learners to focus
their attentionmore on the acoustic features that distinguish the target vowels and
to achieve higher levels of articulatory control than when the target words are
embedded in sentences.

5 Methods

The participants (L1 Spanish-Catalan EFL learners) were tested on their ability
to produce English /æ/ and /ʌ/ before and after four 30-min phonetic training
sessions that took place on two separate days per week during two consecutive
weeks (see Table 1). The pre-test and post-test included anABXdiscrimination task
to assess training gains in perception (not reported in the current study), and
delayedword (DWR) and sentence (DSR) repetition tasks to assess training gains in
production. We implemented a comprehensive training paradigm that used both
perception and production training within every session. The training consisted of
AX discrimination (AX), identification (ID), and immediate repetition (IR) tasks
and a short word learning task (WL). There are very fewHVPT studies that combine
perception and production training within the same training procedure. Baese-
Berk and Samuel (2016) implemented a procedure whereby production of target
items was required before perceptually categorizing them, which led to disruptive
effects on perceptual learning. Other studies combining perception and produc-
tion training, with feedback (Herd et al. 2013) or without feedback (Lu et al. 2015;
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Thorin et al. 2018) on production accuracy, have found the inclusion of a pro-
duction component to be neither advantageous nor detrimental compared to a
perception-only training procedure. To the best of our knowledge, this is the first
HVPT study to include a training procedure that combines AX discrimination,
taping pre-lexical processing (acoustic-phonetic differences between sound
categories), identification, taping a phonological processing level (identification of
category representations for the target sounds) and immediate repetition, to allow
learners to monitor and execute changes in production previously induced by
perceptual learning. We expected the production component of the training
procedure to enhance training gains in production, but it was beyond the scope of
the current study to experimentally assess its effectiveness and contribution
separately from that of perceptual training.

A language background questionnaire and a word familiarity questionnaire
were administered online before the first training session. In the word familiarity
questionnaire, we asked learners to indicate how familiar theywerewith thewords
presented by choosing “0” if they had never seen the word and did not know what
it meant; and “7” if they were very familiar with it, could use it when speaking/
writing, and knew what it meant.

In session 3, participants’ L2 proficiency and vocabulary size were assessed
through an elicited imitation (EI) task (Ortega et al. 2002) consisting of 30 sentences
varying in length (7–19 syllables) and grammatical complexity, and a receptive
vocabulary size test (X/Y Lex; Meara and Milton 2003; Meara and Miralpeix 2006).

5.1 Target vowel contrast

The vowel contrast targeted in the present study is English /æ/- /ᴧ/ (cap vs. cup).
Even though these two vowels differ acoustically in duration (/æ/ is longer) and F1

Table : Research design.

Week  Week 

Session  Session  Session  Session 

Pre-Test ABX, DWR, DSR (EI, X/Y_Lex)
Training WL, AX, ID, IR WL, AX, ID, IR WL, AX, ID, IR WL, AX, ID, IR
Post-Test ABX, DWR, DSR

ABX = ABX discrimination; AX = AX discrimination; DSR = delayed sentence repetition; DWR = delayed word
repetition; EI = elicited imitation; ID= Identification; IR = immediate repetition; WL = word learning;
X/Y_Lex = vocabulary size test.

12 Mora et al.



and F2 frequency (/æ/ is produced with a lower and more advanced tongue
position than /ᴧ/), and visually in degree of lip aperture (/æ/ is opener), even
advanced Spanish learners of English struggle to distinguish these vowels in
perception and production (Aliaga-García and Mora 2009). In addition, cross-
language perception studies suggest that /æ/ and /ᴧ/ differ in degree of perceived
similarity with respect to the Catalan and Spanish /a/, with the English /ᴧ/ being
more acoustically dissimilar to the Spanish /a/ than to the English /æ/ (Cebrian
2019; Cebrian et al. 2011). Therefore, whereas wewould expect L1-Spanish learners
to produce English /æ/ with more target-like quality than English /ᴧ/ based on its
closer acoustic similarity to Spanish /a/, English /ᴧ/ (acoustically more dissimilar
to Spanish /a/), might be easier to improve through L2 exposure, production
practice and phonetic training than English /æ/. Learning to distinguish English
/æ/ from /ᴧ/ in production is important for L2 learners as this will help them
distinguish a large number of words based on this vowel contrast effectively and
will help them enhance the comprehensibility of their speech due to its high
functional load (Munro and Derwing 2006; Suzukida and Saito 2021). In addition,
learning to produce this contrast accurately as L2 vocabulary develops is important
because it can contribute to the establishment of contrastive lexical representa-
tions for minimal word pairs (e.g. cap vs. cup) and enhance the encoding of the
/æ/-/ᴧ/ phonological contrast in the lexicon (Bundgaard-Nielsen et al. 2012).

5.2 Participants

Sixty-two Spanish-Catalan bilingual learners of English participated in the study.
Participants, whose ages ranged from 18 to 56 (M = 22.8, SD = 7.2), had an
intermediate/upper-intermediate level of English as they were all enrolled in
English studies at the time the data was collected. Theywere randomly assigned to
experimental training groups (N = 48) or to an untrained control group (N = 14) (see
Table 2). One-way ANOVAswithGroup as the independent variable confirmed that
experimental (M = 6.9, SD = 1.1) and control groups (M = 6.4, SD = 2.1) were
comparable in self-estimated L2 proficiency (F[1,60] = 1.086, p = 0.302) as
measured through a 9-point Likert scale where 1 meant “very poor” and 9 “native-
like”. Participants had learnt English mainly through formal instruction at school
and reported limited weekly exposure to English. They varied in degree of Spanish
and Catalan dominance (14.3% were Catalan-dominant, 35.7% were Spanish-
dominant, 50% were balanced), but this was not expected to affect training out-
comes, as English /æ/ and /ʌ/ are mapped onto a similar /a/ low vowel category in
L1-Catalan and L1-Spanish (Cebrian et al. 2011). Participants reported no history of
speech or hearing impairment and were given course credit for participation.
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As shown in Table 2, experimental participants were randomly assigned to a
nonword (NWD) training group (N = 24) or a word (WD) training group (N = 24).
Both training groups were further sub-divided into two equal groups according to
whether production training was provided in noise (N = 12) or in silence (N = 12).
Experimental and control groups performed pre-test and post-test production
tests, but only the experimental groups were trained in the perception and pro-
duction of English /æ/ and /ʌ/. One-way ANOVAs showed that the control and
training groups were comparable in terms of all demographic variables (all p
values >0.05), and the 4 experimental groups were comparable in terms of L2
proficiency (F[3,44] = 1.299, p = 0.311) as measured through the EI task and
vocabulary size (F[3,40] = 0.457, p = 0.714) as measured through X/Y_Lex.

5.3 Speech materials

The testing and training stimuli (see Appendix A) were elicited twice and recorded
in a soundproof booth by 6 British English speakers (3 males, 3 females). Four of

Table : Participants’ demographics.

Measure Experimental group N = 

WD training NWD training

Control
group
N = 

noise
N = 

silence
N = 

noise
N = 

silence
N = 

M SD M SD M SD M SD M SD

Age at testing (years) . . . . . . . . . .
Age of onset of L
learning (years)

. . . . . . . . . .

L instruction (years) . . . . . . . . . .
Spoken L input . . . . . . . . . .
L use . . . . . . . . . .
Vocabulary size
(–, words)

– –        

L proficiency
(– points)

– – . . . . . . . .

Self-estimated proficiency
( = very poor- = native-
like)

. . . . . . . . . .

L use with native and non-native speakers in hours per week. Obtained through the X/Y Lex. The control
group did not take this test. Obtained through the Elicited Imitation task (Ortega et al. ). The control group
did not take this test. Averaged self-estimated ability to speak spontaneously, understand, read, write, and
pronounce English.
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the 6 speakers’ voices were used in the training, the other two (1 male, 1 female)
were used in the testing, so that improvement in vowel production accuracy would
be indicative of generalization to new voices. Nonword and word stimuli were
elicited from a randomized reading list in carrier phrases (I say X, I say X again)
from which they were excised, low-pass filtered (50 Hz) and normalized for mean
amplitude in Praat (Boersma and Weenink 2020). Sentence stimuli were recorded
froma reading list andfiltered andnormalized in the sameway as the nonword and
word stimuli.

The training stimuli consisted of 16 high-variability monosyllabic CVC nonword
(8) andword (8)minimal pairs produced by 4 different speakers (2 females, 2males),
with the target vowels in 8 different CVC phonetic environments (e.g. chang /ʧæŋ/-
chung /ʧʌŋ/, mad /mæd/-mud /mʌd/). High stimulus variability was achieved by
exposing learners to a variety of exemplars of the vowel contrast to be learned in 8
different phonetic environments and by including talker variability in the training
set (4 speakers, 2 females, 2 males), in order to enhance learning of the trained
stimulus set and improve generalization tonovel stimuli. Testing stimuli consistedof
12 monosyllabic CVC minimal pair nonwords (6 trained, 6 untrained) and 18
monosyllabic CVC minimal pair words (6 trained, 12 untrained). In addition, 16 CVC
non-minimal pair words (8 for /æ/, and 8 for /ʌ/) were elicited in isolation (e.g.map)
in a delayedword repetition task and in context in a delayed sentence repetition task
(e.g. He looked at the map to find his way).

5.4 Phonetic training

Training was administered in 4 30-min separate sessions with at least a day in
between over a period of 2 weeks (see Table 1). Therefore, each participant
attended two sessions per week, which could be either Monday andWednesday or
Tuesday and Thursday. The length of the training was consistent across partici-
pants. All training tasks started with 6 practice trials to ensure participants
understood the tasks. Test trials were presented in fully randomized order within
every training session. Training groups were exposed to a total of 8 minimal pairs
(words or nonwords, as a function of training group). In each one of the 4 training
sessions, learners were trained on 2 different word/nonwordminimal pairs spoken
by 4 different voices (2 females, 2 males). The same twominimal pairs were trained
in all three tasks in every training session (see Appendix A).

Learners in the non-lexical training groups were trained exclusively on non-
words whereas learners in the lexical training groups were trained exclusively on
words (see Appendix A-1); the procedures, interface, and feedback were identical
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for both lexical and non-lexical training groups, including the type of noise the
groups doing production training in noise were exposed to.

In the AX discrimination task participants decided, as fast and accurately as
possible, whether two words/nonwords presented auditorily contained the same
(AA, BB) or different (AB, BA) vowels. The task consisted of 96 trials × 4 sessions
(384 trials). In each trial, participants heard 2 words/nonwords with a 500-ms
inter-stimulus interval produced by 2 different voices as 2 response alternatives
appeared on the screen (‘same’ or ‘different’) corresponding to designated labelled
keys on the computer keyboard. Out of the 96 trials in every session (2 minimal
pairs × 4 orders × 12 voice combinations), half of the trials started with a female
voice and half with amale voice. Immediate feedback was provided in each trial so
that they could monitor both accuracy and the speed with which they took
decisions. In each trial, the words ‘Correct!’ or ‘Wrong!’ appeared in the middle of
the screen together with the response latency in milliseconds. The aim of the AX
task was to train learners’ sensitivity to the primary acoustic cues qualitatively
distinguishing /æ/ from /ᴧ/ (first and second formant frequencies) and to improve
learners’ processing of such cues (first and second formant frequencies and
duration).

In the identification task (ID) participants heard a singleword/nonword as two
response alternatives consisting of the words cap and cup, their phonetic tran-
scription (/kæp/ and /kʌp/) and pictures representing them, appeared on the left
and right sides of the screen, which corresponded to designated labelled keys on
the computer keyboard. The task consisted of 32 trials (4 minimal-pair words × 2
repetitions × 4 voices) × 4 sessions (128 trials). The aim of the task was to train the
identification of the category representations for /æ/ and /ᴧ/, enhance general-
ization across contexts and talkers, and improve the categorical processing of the
target vowels (Sadakata and McQueen 2013). Feedback on error and response
latency was provided as in the AX task.

In the immediate repetition task (IR), participants heard a target word/
nonword (e.g. /mæp/) twice and were asked to repeat it twice within 2000 ms
following each of the two presentations focusing on the articulation of the vowel.
The task consisted of the same 32 trials as in the ID task (4 minimal-pair words × 2
repetitions × 4 voices) × 4 sessions (128 trials). The purpose of the second pre-
sentation and repetition was to allow learners to compare their two attempts at
producing the same target item and auditorily monitor accuracy of vowel pro-
duction. The stimuli presentation conditions varied according to the training
group: nonwords in noise, nonwords in silence, words in noise, words in silence.
Particularly, two of the experimental groups were presented with the stimuli in
noise,while the other two in silence. The taskwas the same for all groups except for
the presence or absence of noise. The aim of the IR task was to train learners to
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monitor their own productions and to train them to implement articulatory
changes in the production of the target vowels they had just been perceptually
trained on. It should be noted that the presence of background noise was only
included in the production training. The AX discrimination and identification
training was performedwithout noise. The purpose of including a condition where
production was trained in noise was to explore the potential effect of noise in
generating clear speech during the repetition of the training stimuli. A continuous
stream of multi-talker English babble lasting the full duration of the immediate
repetition task was played to participants through both ears over headphones as
they performed the task, so that the background noise could be heard throughout
the task, even when the participant was waiting for the next item to be presented.
The background noise and the auditory stimuli for repetition were played and
mixed at the same intensity level (0 dBNSR) to simulate the situation of speaking in
adverse listening conditions (such as in a crowded cafeteria or a dinner party). In
all cases, as confirmed in previous piloting, the background noise did not prevent
learners from identifying the segmental composition of the nonwords and words
for repetition and was successful in eliciting perceptually louder, hyper-
articulated productions of the target items. The items in the immediate repeti-
tion task were the same as those previously trained in silence during the preceding
perceptual identification task, whichwas deemed to facilitate recognition in noise.
Full randomization of item presentation and repetition of target items twice
minimized the possibility of noise having detrimental effects on specific items.
Participants wore open headphones that allowed them to monitor their pro-
ductionswhile hearing them in noise. Their productionswere recorded for acoustic
analysis via a voice microphone that would only very minimally capture the faint
multi-talker babble noise that could escape the headphones. The authors of the
current study, experienced in L2 English, carried out the acoustic analyses of the
learners’ productions.

In the word learning task, learners first engaged in a self-paced memorization
phase with 12 unfamiliar minimal-pair words (e.g. gash vs. gush) through a pre-
sentation that showed images and sentences illustrating the meaning of the word
and its orthographic form, on which they could click to hear it as many times as
they wished. This was followed by a testing phase that asked learners to identify a
picture illustrating the meaning of auditorily presented words. By the end of the
training, all learners had learnt to identify all words in the word learning task.
Familiarity with the words embedded in the task was assessed by the online Word
Familiarity Questionnaire. Overall, learners reported being relatively unfamiliar
(M = 2.93, SD = 1.37) with the words presented in the word learning task.
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5.5 Testing

Training gains in the pronunciation /æ/ and /ʌ/ inwords produced in isolation and
in sentences were assessed at pre-test and post-test through a delayed word
repetition (DWR) task and a delayed sentence repetition (DSR) task, respectively.

In the DWR task, participants were instructed to repeat a total of 76 trials
(i.e. 36 pairs contrasting /æ/-/ʌ/) that included trained and untrained words and
nonwords produced by untrained voices: 6 trained pairs of nonwords, 6 untrained
pairs of nonwords, 6 trained pairs of words, 6 untrained pairs of words, and the 6
pairs of words used in the word learning task. Additionally, the DWR included 8
untrained pairs of words which were also used in the DSR task. We expected this
delayed elicitation procedure (1500 ms silent interval followed by a 200 ms tone),
previously used to investigate segmental production accuracy in L2 learners (Nagle
2021), to elicit target testing items within a phonological (rather than acoustic or
phonetic) processing mode (Werker and Logan 1985), thus avoiding direct imita-
tion from sensory memory, which ensured the elicited stimuli reflected partici-
pants’ vowel representations in isolated words. All pairs of words were minimal
pairs, except the 8 pairs used in the DSR task (see Appendix A).

In the DSR task, participants were instructed to read silently a sentence
appearing on the screen for 4 s (e.g. He looked at the map to find his way) targeting
an /æ/ or /ʌ/word (e.g.map; seeAppendixA). The sentence thendisappeared from
the screen and participants heard the sentence being pronounced by a native
speaker. They were asked to remember it and repeat it frommemory after 1500 ms
upon hearing a tone signal. Sixteen sentences in 2 untrained voices (1 female, 1
male) were repeated twice. This task included the 16 untrained words previously
used in the DWR test. Vowels in words elicited from memory in meaningful sen-
tences were deemed to more closely reflect learners’ vowel productions in
extemporaneous speech than the vowel productions in the DWR task, as repeating
sentences from memory would minimize the possibility of learners paying
conscious attention to the phonetic form of the target test words.

5.6 Procedures and data analyses

All the perception and production tasks were administered in DmDx (Forster and
Forster 2003) on laptop computers. Noise-cancelling headphones (Beyerdynamic
DT 770M) were used in the AX and ID tasks, and open headphones (Beyerdynamic
DT 990PRO) in the IR andDWRandDSR tasks. Theword and sentence productions
were recorded on Marantz PMD-661 solid-state digital recorders with an external
Shure SM58 voice microphone at a sampling frequency of 44.1KHz. Improvement
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in vowel production accuracy for /æ/ and /ʌ/ was assessed by comparing pre-test
(T1) and post-test (T2) differences in quality between the vowels produced by L2
learners and those produced by the native speakers who provided the training and
testing stimuli (Rato and Rauber 2015). Vowel quality was measured manually by
the authors of the study in Praat.We extractedmean F0, F1 and F2measures from a
10mswindow centred at a cursor placed in the centre of the steady state portion of
the second formant of the vowel. In order to minimize age, gender and vocal tract
size differences among speakers and provide speaker-independent estimates of
vowel quality, we first converted frequency values in Hertz (Hz) to Bark (B) and
then applied a Bark-distance normalization procedure (Syrdal and Gopal 1986),
such that the difference in Bark between F1 and f0 (B1-B0) was used as an estimate
of vowel height, whereas the difference in Bark between F2 and F1 (B2-B1)was used
as an estimate of vowel frontness (Baker and Trofimovich 2005; Bohn and Flege
1990; Mora et al. 2015). Vowel quality differences between learners’ and native
speakers’ vowel productions in the DWR and DSR test items were then estimated
through normalized Bark-converted spectral distance scores (SDS, i.e. Euclidean
distances).

We carried out four sets of data analyses usingmixed-effects models. First, we
assessed training effects by comparing vowel production accuracy between testing
times for the experimental and control participant groups (Section 6.1). Then we
assessed generalization effects in the DWR task by testing training effects on
untrained items (relative to training effects on trained items) for the experimental
participant group only (Section 6.2). We compared training effects on trained and
untrained items separately by training group, as training items were different for
participants trained on nonwords and those trained on words. As the production
training task (immediate repetition) only involved repeating items in isolation, and
in the DSR task all the target items were untrained words, a significant effect of
training on the DSR items, was interpreted as learners having generalized training
gains from items trained and tested in isolation to different novel untrained items
tested in sentences.

Next, we tested for training condition effects, specifically, the effect of training
Group (nonword vs. word training) and listening Condition during production
training (in noise vs. in silence) on experimental participants (Section 6.3). These
analyses were performed separately for the test items in the DWR and DSR tasks
because test items in the DSR task consisted of a subsample of 16 items out of the
total of 76 test items included in the DWR task. Finally, we assessed potential
differential HVPT effects on vowel production accuracy between tasks (DWR, DSR)
by includingTask (DWR,DSR) as an independent variable in amixed-effectsmodel
that was performed on the 16 test items subset common to both tasks.
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Differences in spectral distance scores between testing times as a function of
training group were assessed by including all testing items (76 test items, 38 /æ/-
items 38 /ʌ/- items; see Appendix A), as the analysis of generalization effects
showed that vowel production accuracy improved both in trained and untrained
items.

6 Results

6.1 Training effects

The overall effectiveness of the training (RQ1) was assessed by fitting the spectral
distance scores of test items in the DWR task to a linear mixed-effects model with
Group (1 = Experimental: NWD+WD; 2 = Control), Testing Time (T1, T2), Vowel (/æ/,
/ʌ/), and their interactions as fixed effects, and random intercepts for Subject and
Item (see Table 3 for the model outcome and Appendix B for parameter estimates).
This analysis yielded a significantmain effect ofVowel (F[1, 9416] = 15.12, p < 0.001),
as for both experimental and control groups /æ/ presented significantly smaller
SDSs (i.e. more target-like productions) than /ʌ/ did (t[9568] = −5.408, p < 0.001 vs. t
[9568] = −3.257, p = 0.001, respectively). The main effects of Group and Testing Time
did not reach significance, but crucially, Group significantly interacted with Testing
Time (F[1, 9416] = 14.75, p < 0.001) because for experimental learners vowel accuracy
significantly improved between testing times (t[9416] = 2.64, p = 0.008), whereas for
the untrained control group vowel accuracy significantly worsened (t[9416] = −2.93,
p = 0.003). No other interactions reached significance.

The SDSs from the set of untrained words we used in the DSR task were also
fitted to a linear mixed-effects model, as described above (see Table 3 for the
model outcome and Appendix B for parameter estimates). None of the main
effects reached significance, but the Group × Vowel interaction was significant
(F[1, 1976] = 10.15, p = 0.001) because experimental participants produced /ʌ/
(but not /æ/) with significantly larger SDS (M = 0.62 Bark, SE = 0.266) than the
controls did (t[1976] = 2.32, p = 0.020). In the DSR task, the experimental par-
ticipants improved only slightly and not significantly on both vowels (0.015 Bark
in /æ/ and 0.146 Bark in /ʌ/). Thus, whereas training was effective at improving
vowel production accuracy in the DWR task, it did not lead to significant
changes in vowel accuracy when the vowels were embedded in words elicited in
a DSR task.
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6.2 Generalization to new items

Generalization effects (RQ2) were tested by comparing training effects on trained
and untrained items from the DWR task only, as all the words included in the DSR
task were untrained. These analyses were conducted separately for the two
training groups. Linear mixed-effects models were performed with Testing Time
(T1, T2), Vowel (/æ/, /ʌ/), Trial Type (trained nonwords, untrained nonwords,
untrained words), and their interactions as fixed effects, with Subject and Item
random intercepts (see Table 4 for the model outcome and Appendix B for
parameter estimates). For the NWD training group, we found significant main
effects of Testing Time (F[1, 3636] = 5.47, p < 0.019) and Vowel (F[1, 3636] = 7.38,
p < 0.007), but neither the main effect of Trial Type (p = 0.984) nor any of the
interactions reached significance. These main effects indicated shorter SDSs at
post-test than at pre-test for /æ/ than for /ʌ/ for all trial types (trained as well as
untrained). None of the pairwise contrasts involving trained and untrained trial
types reached significance (all p = 1.0), indicating that training gains (i.e. shorter
SDS at post-test than at pre-test) in untrained items (whether nonwords or words)
were of a similar magnitude to those obtained for trained items.

For the WD training group, we found a significant main effect of Vowel (F[1,
3636] = 4.91, p= 0.027), but neither themain effect ofTesting Time (F[1, 3636] = 0.212,
p = 0.645) or Trial Type (F[1, 3636] = 0.389, p = 0.678), nor any of the interactions,
reached significance, indicating an overall lack of improvement in vowel production
accuracy. Themain effect ofVowelwas driven by SDSs being shorter for /æ/ than for
/ʌ/ irrespective of testing time and trial type. Therefore, no generalization effects can
be said to have occurred for this group.

Table : Mixed-effects model outcome.

Fixed effects DWR DSR

F df df p F df df p

Group .   . .   .
Testing Time .   . .   .
Vowel .   <.* .   .
Group × Testing Time .   <.* .   .
Group × Vowel .   . .   .*
Testing Time × Vowel .   . .   .
Group × Testing Time × Vowel .   . .   .

Asterisks indicate significance.
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6.3 Effects of training material and listening conditions

After having established that our experimental participants (but not the control
group) had improved in vowel production accuracy (Section 6.1) and that
improvement took place both for trained and untrained test items (Section 6.2), we
next assessed the potential differential benefits of using non-lexical (nonwords)
versus lexical (words) training materials (RQ3) and using noise during production
training (RQ4) on the production accuracy of the target vowels. We conducted
these analyses separately for test words elicited in isolation (DWR) and in sen-
tences (DSR) and for the non-lexical and the lexical-training groups. Because no
significant differences in the magnitude of training gains had emerged between
trained and untrained testing nonwords and words (see 6.2 above), all test items
(trained and untrained) were included in this set of analyses.

As shown in Figure 1, participants in the WD training group obtained overall
smaller SDSs than those in the NWD training group did (also at pre-test), sug-
gesting an initial advantage of theWD training group in production accuracy of the
target vowels, which could be due to differences in L2 proficiency, or in learners’
ability to effectively distinguish between the target vowels in perception (Melnik-
Leroy et al. 2021). To discard potential differences in proficiency between training
groups we examined their L2 receptive vocabulary size and their elicited imitation
scores. The groups were found to be comparable for both measures (t[42] = 0.583,
p = 0.563; and t[46] = 0.230, p = 0.819, respectively). To discard potential differ-
ences in the perception of the target contrast we examined the outcome of an ABX
discrimination task (120 A(/æ/)-B(/ʌ/)-X (/æ/ or /ʌ/) test trials, e.g. cap-cup-cup in
four orders: ABA, ABB, BAB, BAA) administered at pre-test. T1 /æ/-/ʌ/ discrimi-
nation scores did not significantly predict gains in production for either group in
either production task (NWD-DWR: r = 0.007, p = 0.974; NWD-DSR: r = 0.245,

Table : Mixed-effects model outcome.

Fixed effects NWD training WD training

F df df p F df df p

Testing Time .   .* .   .
Vowel .   .* .   .*
Trial Type .   . .   .
Testing Time × Vowel .   . .   .
Testing Time × Trial Type .   . .   .
Vowel × Trial Type .   . .   .
Testing Time × Vowel × Trial Type .   . .   .

Asterisks indicate significance.
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p = 0.249; WD-DWR: r = 0.101, p = 0.640; WD-DSR: r = 0.048, p = 0.823). Thus, the
training group differences observed at pre-test, which did not reach significance
(see 6.3.1), could not be attributed to either L2 proficiency or their perceptual ability
in distinguishing the target vowels. In fact, reduction of SDSs, indicating
improvement in vowel production accuracy, only seems to have occurred for the
NWD training group. Such improvement appears to be of a comparable magnitude
for both vowels for those participants in this group trained in silence. However, for
those in this group trained in noise no improvement was observed for /æ/, and SDS
increased slightly for /ʌ/, suggesting that the presence of noise during production
training was detrimental, hindering the training benefits in accuracy observed for
both vowels for participants trained in silence. For the WD training group, the
presence of noise during production training appeared to be neither facilitatory
nor detrimental of accuracy gains. In general, SDSswere larger for /ʌ/ than for /æ/.

In order to test for these training condition effects, SDSs were submitted to a
linear mixed-effects model with Group (NWD training, WD training), listening
Condition (silence, noise), Testing Time (T1, T2), Vowel (/æ/, /ʌ/) and their
interactions involving Testing Time (Group × Testing Time, Condition × Testing
Time, Vowel × Testing Time, Group × Vowel × Testing Time, Condition × Vowel ×

Figure 1: Spectral distance scores (SDS) as a function of testing time, vowel, training group and
condition for the DWR task (error bars = ±1SE).
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Testing Time, Group × Condition × Testing Time) as fixed effects (with Subject and
Item random intercepts). The results of these analyses (seeAppendixB for parameter
estimates) are presented separately for the DWR (6.3.1) and DSR (6.3.2) tasks below.

6.3.1 Training effects on words elicited in isolation (DWR)

For DWR the analyses revealed significant main effects of Testing Time (F[1,
7280] = 6.84, p = 0.009) and Vowel (F[1, 7280] = 17.38, p < 0.001), and significant
Condition × Testing Time (F[1, 7280] = 7.18, p = 0.007) and Group × Condition ×
Testing Time (F[2, 7280] = 5.61, p = 0.004) and Group × Vowel × Testing Time (F[2,
7280] = 8.56, p < 0.001) interactions. None of the other main effects or interactions
reached significance (all p > 0.17). Bonferroni-adjusted pairwise contrasts showed
that the Condition × Testing Time interaction arose because overall participants
trained in silence (but not those trained in noise: T1: 1.47 B; T2: 1.48 B) significantly
shortened SDSs (i.e. becamemore accurate) between testing times (T1: 1.52 B vs. T2:
1.39 B; t[7280] = 3.74, p < 0.001). However, the significant Group × Condition ×
Testing Time interaction suggests that the advantage of production training in
silence over production training in noise might be driven by the type of training
received. This was in fact the case. Pairwise contrasts revealed that only learners
in the NWD training group significantly shortened SDSs between testing times
(T1: 1.66 B; T2: 1.41 B; t[7280] = 5.01, p < 0.001). For them noise appeared to be only
very slightly (non-significantly) detrimental (T1: 1.53 B; T2: 1.58 B; t[7280] = −1.03,
p = 0.304), whereas learners in the WD training group improved only very slightly
and non-significantly between testing times irrespective of whether production
training happened in noise (T1: 1.41 B; T2: 1.36 B; t[7280] = 0.966, p = 0.334) or in
silence (T1: 1.84 B; T2: 1.69 B; t[7280] = 0.295, p = 0.768). When we further explored
training condition effects in the NWD training group by vowel, we found production
training in silence to improve SDSs significantly for both /æ/ (t[3639] = 3.03,
p = 0.002) and /ʌ/ (t[3639] = 3.56, p < 0.001), whereas production training in noise
decreased accuracy significantly (see Figure 1 above) in the case of themore difficult
vowel /ʌ/ (t[3639] = −1.96, p = 0.049), but not in the case of /æ/ (t[3639] = 0.611,
p = 0.542).

The NWD andWD training group learners did not significantly differ from one
another at pre-test (T1) in either condition (noise: t[7280] = 0.604, p = 0.546;
silence: t[7280] = 2.73, p = 0.168), suggesting that group differences at T1 do not
interact with training gains. Finally, the Group × Vowel × Testing Time interaction
arose because although both training groups improved SDSs when both vowels
were taken together, theNWD training group did so significantly for /æ/ (T1: 1.43 B;
T2: 1.30 B; t[7280] = 2.76, p = 0.227), but not for /ʌ/ (T1: 1.75 B; T2: 1.69 B; t
[7280] = 1.21, p =0.227), whereas theWD training group improved only very slightly
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and not significantly in both /æ/ (T1: 1.31 B; T2: 1.30 B; t[7280] = 0.158, p = 0.874)
and /ʌ/ (T1: 1.49 B; T2: 1.43 B; t[7280] = 1.10, p =0.270). To summarize, the inclusion
of noise during production training affected the NWD and WD training groups
differentially. Whereas it was neither detrimental nor beneficial for the WD
training group, for the NWD training group it was found to be detrimental to /ʌ/
production accuracy.

6.3.2 Training effects on words elicited in sentences (DSR)

Differential effects of training conditions on target untrained words elicited in
sentences were similar to those found for words elicited in isolation (see Figure 2).

The statistical analysis revealed a significant main effect of Testing Time (F[1,
1520] = 8.27, p = 0.004) and Vowel (F[1, 1520] = 4.64, p = 0.031), and significant
Condition × Testing Time (F[1, 1520] = 9.24, p = 0.002) and Group × Condition ×
Testing Time (F[1, 1520] = 27.79, p < 0.001) interactions. None of the other main
effects or interactions reached significance. The Condition × Testing Time inter-
action arose because overall (both NWD- and WD-training groups together) SDSs
became significantly shorter at post-test by 0.38 Bark (t[1520] = 4.18, p < 0.001) for

Figure 2: Spectral distance scores (SDS) as a function of testing time, vowel, training group and
condition for the DSR task (error bars = ±1SE).
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learners in the production training in silence condition, whereas for those trained
in noise differences between pre-test and post-test SDS did not reach significance (t
[1520] = −0.115, p = 0.908). However, the significant Group × Condition × Testing
Time interaction suggests that the advantage of training production in silence, as
observed for the DWR results, may depend on whether learners’ training is based
on non-lexical or lexical materials. Indeed, whereas we found NWD-training
learners’ production accuracy to increase significantly when trained in silence (T1:
2.45 B; T2: 1.48 B; t[1520] = 7.47, p < 0.001) and to decrease significantly when
trained in noise (T1: 1.66 B; T2: 2.08 B; t[1520] = −2.78, p = 0.005), the WD-training
learners did not significantly improve production accuracywhen trained in silence
(T1: 1.39 B; T2: 1.59 B; t[1520] = −1.55, p = 0.120), but obtained significant gains in
production accuracy scores in the DSR task when they had trained production in
noise (T1: 2.07 B; T2: 1.73 B; t[1520] = 2.62, p = 0.009). Such effects were consistent
for both target vowels. These findings suggest that when training gains are
assessed in words elicited in sentences (unlike what we found for words elicited in
isolation) noise was detrimental for non-lexical training (i.e. for learners trained
with nonwords) and beneficial for lexical training (learners trained with words),
whereas training production in silence was beneficial in non-lexical training, but
not in lexical training (see discussion of these effects below).

6.4 Training gains for words in isolation and in sentences

Finally, we assessed whether gains in vowel production accuracy differed as a
function of elicitation task (DWR vs. DSR) by comparing the effects of training on
the sub-set of test items common to both tasks (see Appendix A.2) (RQ5). As
Figure 3 shows (averaged for both target vowels), SDSwere larger forwords elicited
in sentences (DSR) than for words elicited in isolation (DWR), especially for par-
ticipants in the NWD training group. Training gains for words elicited in sentences
were only observable for learners trained with nonwords and for learners trained
withwords in noise. Thus, the noise training condition appeared to benefit learners
trained with words (but not those trained with nonwords) when tested on words
elicited in sentences.

SDSs were fitted to a linear mixed-effects model with Task (DWR, DSR), Group
(NWD training, WD training), listening Condition (silence, noise) Testing Time (T1,
T2) and the following interactions as fixed effects (with Subject and Item as random
intercepts): Task Type × Testing Time, Task Type ×Group × Testing Time, Task Type
× Condition × Testing Time. These analyses revealed a significant main effect of
Task (F[1, 3059] = 33.11, p < 0.001), indicating that, as predicted, overall SDS were
significantly larger (less accurate vowel production) in the DSR than in the DWR
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test words at both testing times (T1: 1.53 B vs. 1.89 B, t[3060] = −3.63, p < 0.001; T2:
1.56 B vs. 1.71 B, t[3060] = −0.145, p = 0.020). A significant Task Type × Testing Time
interaction (F[1, 3059] = 6.08, p = 0.014) indicated that overall SDS shortened
significantly between testing times in DSR words (t[3059] = 2.97, p = 0.003) but not
in the DWR words (t[3059] = −0.516, p = 0.606), an effect driven by the fact that it
was only for learners in the non-lexical training groups that SDS significantly
shortened between testing times (t[3059] = 3.43, p = 0.001), as indicated by the
significant Task Type × Group × Testing Time interaction (F[3, 3059] = 3.00,
p = 0.029). In addition, the significant Task Type × Condition × Testing Time
interaction (F[1, 3059] = 4.49, p = 0.004) indicated that production training in
silence (but not in noise) shortened SDS between testing times (t[3059] = 4.33,
p < 0.001) and did so only for the DSR words. The main outcome of these analyses
confirmed that learners were overall less accurate on the production of the target
vowels in words embedded in sentences (DSR) than in words elicited in isolation
(DWR). Non-lexical training and production training in silence were found to
favour improvement in vowel accuracy for words embedded in sentences (DSR),
but not for words elicited in isolation (DWR). This is because the current analysis
was carried out on a subset of 16 test items common to the DWR and DSR tasks,

Figure 3: Spectral distance scores (SDS) as a function of testing time, listening condition,
training group and elicitation task (error bars = ±1SE).
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which is probably why we did not observe here the training condition effects
reported in 6.3.1 for the full set of 76 test items in the DWR task.

7 Discussion

The present study set out to examine the benefits of two phonetic training con-
ditions on the production of English /æ/-/ʌ/ by 48 advanced L1-Spanish learners of
English: the use of non-lexical versus lexical training stimuli (nonwords vs. words)
and the inclusion of noise (or not) during production training. Training benefits
were assessed in isolated and sentence-embedded words. Overall HVPT led to
phonetic learning, but training gains were larger for learners trained with non-
words than for those trained with words. Production training in noise did not lead
to gains, but training in silence did. In addition, the magnitude of the gains
obtained were larger for /ʌ/ than for /æ/ and for words elicited in isolation than for
words in sentences. Table 5 below summarizes the main findings across training
conditions.

The present study reveals that the high-variability phonetic training we
implemented, which combined perception and production training within every
session, was effective at improving the production accuracy of /æ/ and /ʌ/ (RQ1),
as indicated by generalization of gains to untrained nonwords and words (RQ2).
However, training gains did not occur across the board; when they did, they
differed in magnitude as a function of training conditions (lexical vs. non-lexical;
production training in silence vs. in noise) and elicitation context (in isolation vs.
in sentences). Training gains also differed as a function of the target vowel (/æ/ vs.
/ʌ/), which in general were larger for /ʌ/ than they were for /æ/, as /æ/ was
produced at higher accuracy rates than /ʌ/ due to its closer perceptual similarity to
the learners’ L1 low vowel /a/ (e.g. Cebrian 2019; Cebrian et al. 2011).

Table : Summary of main findings across conditions (√ indicates significant training gains).

Production training

silence noise silence noise

Training materials Nonwords √ – √ –

Words – – – √
Testing context in isolation in sentences

/æ/ was produced more accurately than /ʌ/, but training gains were larger for /ʌ/ than for /æ/. Noise was
detrimental for /ʌ/; noise was detrimental for /ʌ/ and /æ/.
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Training gainswere larger for learners trainedwith nonwords than for learners
trained with words (RQ3), confirming previous findings (Thomson and Derwing
2016). One explanation for non-lexical training materials being superior to lexical
training materials in affecting training gains is that they promote attention to
phonetic form by avoiding meaning processing. In addition, the use of non-lexical
forms avoids the lexical activation of word forms that might be L1-accented
(Broersma and Cutler 2008), which would hinder HVPT benefits by preventing
trainees to process critical quality differences between the contrasting vowels that
may have been inaccurately encoded at the lexical level.

Production training conditions appeared to differentially affect the benefits of
non-lexical training (RQ4). Production training in noise did not benefit vowel
learning when learners were trained with nonwords, suggesting that in the
absence of already established lexical representations, the presence of noise
interfered with learners’ ability to focus on the acoustic differences distinguishing
/æ/ from /ʌ/. For learners trained with words, the presence of noise during pro-
duction trainingwas neither detrimental nor beneficial for vowels inwords elicited
in isolation. Namely, already established lexical representations appeared to be
robust enough to be unaffected by the adverse noise condition. However, the
presence of noise during lexical production training did not lead to consistent
benefits in vowel production accuracy as one would expect from the elicitation of
hyperarticulated speech during production training, as such positive effects were
only found in sentences. This may be explained by the type of masking noise we
used (multi-talker babble) not being effective at maximizing learners’ attentional
focus on the critical acoustic and articulatory dimensions distinguishing /æ/ from
/ʌ/, as it has been shown that talkers modify their speech differently under
different types of background noise (Cooke and Lu 2010), or by the noise-to-sound
ratio level used not being effective at producing the expected level of spectral
change in vowel production that could have led to training gains in production
(Cooke and García-Lecumberri 2012; Hazan and Baker 2011). It is also worth noting
that vowel production was less accurate in words elicited in sentences than in
isolation and therefore there was more room for improvement in the former elic-
itation context. Other explanations for the effectiveness of lexical training in noise
in words elicited in sentences but not in isolation include isolated words being
more sensitive to perceptual degradation through noise (and therefore harder to
identify) than the samewords embedded inmeaningful sentences, where listeners
can rely on contextual cues, or hyper-articulation beingmore likely to occur during
repetition practice over sentence-long stretches of speech than word-sized units.
Further analyses would be needed to assess the validity of these tentative expla-
nations. For example, acoustic analyses on the training data would reveal whether
the background noise we used during production training was actually effective at
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modifying learners’ spectral distances between the contrasting vowels. In addi-
tion, further research on the use of masking noise during production training to
enhance L2 vowel production accuracy in HVPT is needed to determine its effec-
tiveness in this kind of phonetic training paradigm.

For vowels embedded in words elicited in sentences, vowel production
accuracy was less accurate than for words elicited in isolation (RQ5), suggesting
that meaning processing may have prevented learners from focusing on the
acoustic properties of the target vowels for accurate production (Trofimovich
2008). Although vowel productionwas less target-like in sentences than in isolated
words, training benefits did occur in this context for learners trained with non-
words in silence, suggesting that non-lexical training (unlike lexical training)
succeeded at improving production accuracy both in isolated words and in words
in sentences. In addition, irrespective of elicitation task, production training in
noise was found to be detrimental for learners trained with nonwords, whereas for
learners trained with words production training in noise led to benefits in vowel
accuracy in the most demanding sentence elicitation context. Thus, when pro-
duction training was in silence the NWD training group improved, but the WD
training group did not, whereas noise was detrimental to learners trained with
nonwords but not to those trained with words. These findings suggest that
(a) training learners with words may make their lexical representations more
resistant to adverse conditions than training them with non-lexical materials, and
(b) improving the pronunciation of words for which learners have already estab-
lished long-term phono-lexical representations is much easier if training allows
learners to focus on the phonetic properties of the target vowels, such aswhen they
are trained with non-lexical materials (nonwords) and in optimal listening
conditions.

8 Conclusion

Overall, the outcome of the present study suggests that the type of comprehensive
HVPT implemented in the present study, which included AX discrimination, iden-
tificationand immediate repetition tasks combiningboth perception andproduction
training, was effective at improving the pronunciation of English /æ/ and /ʌ/ for
L1-Spanish learners. However, production accuracy was more target-like for /æ/
than it was for /ʌ/ and phonetic training gains were overall larger for the more
difficult /ʌ/ than for /æ/. Future research should investigate whether and to what
extent the inclusion of a production component within every training session
significantly contributes to enhancingperceptual traininggains or, as some research
has shown, is ineffective (Herd et al. 2013; Lu et al. 2015; Thorin et al. 2018) or even
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detrimental (Baese-Berk and Samuel 2016) in training L2 sound perception and
production. However, training benefits in the present study appeared to be modu-
lated by the training conditions under which training took place: training materials
(non-lexical vs. lexical training) aswell as listening conditionsduringpronunciation
training (in noise vs. in silence) affected the training outcomes.

Nonword training using non-lexical materials (nonwords) was successful at
helping learners focus on the phonetic features necessary for improving the pro-
duction of the difficult L2 target vowels. Such training benefits in production did
not hold when production training was implemented in noise, as adverse listening
conditions may have prevented learners from focusing attention on the acoustic
and articulatory features that would allow them to improve the pronunciation
accuracy of the target vowels. The NWD training group was thus able to produce
the target vowels with significantly shorter SDS at post-test than at pre-test when
production training occurred under optimal listening conditions. On the other
hand, although lexical training was found to be less effective at improving L2
vowel production accuracy than non-lexical training, when lexical production
training was implemented in noise, it led to L2 vowel production improvement in
sentences. Thus, both training stimuli type (nonwords vs. words) and production
training conditions (noise vs. silence) appear to play a role in training the pro-
duction of L2 vowels and may do so differentially as a function of the elicitation
context in which vowels are tested. Although according to several recent research
syntheses (Sakai and Moorman 2018; Thomson 2018) our sample size (12 partici-
pants per training group) is comparable to that of many other HVPT studies, it is
relatively small given the number of training conditions investigated, which
suggests that our results need to be interpretedwith caution and further research is
needed to corroborate the present findings.

In sum, the findings of the present study support advocating for the use
of nonword training in silence within a HVPT paradigm because these are the
conditions that appeared to be the most capable of promoting a focus on the
phonetic properties of difficult L2 vowels while avoiding interference from pre-
existing lexical representations, a focus on lexical meaning or the detrimental
effect of noise.

To further investigate the effects of type of training stimuli on L2 phonetic
learning, a follow-up of the present study could examine whether phonetic
training effects on vowel production accuracy in words may vary as a function of
the lexical properties of the test words. It is possible that words varying in lexical
frequency, frequency of use or recency of use or acquisition might vary the extent
to which their phono-lexical representations are prone to change due to phonetic
training. Further avenues for future research in HVPT studies would include the
role of cognitive individual differences (e.g. auditory attention control and
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phonological short-term memory) and individual differences in auditory pro-
cessing skills, the combination of a variety of training conditions within a single
training paradigm (e.g. visual monitoring and audiovisual training combined with
masking noise) or the integration of HVPT in classroom instructional settings
through the development of training materials.
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Appendix A: Training and testing items

1. Training items

Nonwords Words

/æ/ /ʌ/ /æ/ /ʌ/
/dæt/ /dʌt/ cat cut
/fæʃ/ /fʌʃ/ match much
/θæt/ /θʌt/ mad mud
/tæz/ /tʌz/ ban bun
/mæb/ /mʌb/ cap cup
/tæm/ /tʌm/ sack suck
/θæk/ /θʌk/ bag bug
/ʧæŋ/ /ʧʌŋ/ mag mug
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2. Testing items

3. Sentences in the delayed sentence repetition task (Carlet
2017)

DWR DWR and DSR

Trained Untrained

Words /æ/ /ᴧ/ /æ/ /ᴧ/ /æ/ /ᴧ/ /æ/ /ᴧ/
cat cut hat hut gash gush map pub
mad mud back buck hatch hutch cash gun
cap cup fan fun mat mutt can bus
bag bug lack luck rag rug van sun
match much bad bud tab tub fat fuss
sack suck pan pun tag tug dad dull

jam numb
sad nut

Nonwords /fæʃ/ /fᴧʃ/ /ʃæd/ /ʃᴧd/
/θæt/ /θᴧt/ /tæʤ/ /tᴧʤ/
/mæb/ /mᴧb/ /θæp/ /θᴧp/
/ʧæŋ/ /ʧᴧŋ/ /gæb/ /gᴧb/
/tæm/ /tᴧm/ /sæz/ /sᴧz/
/θæk/ /θᴧk/ /væk/ /vᴧk/

minimal-pair words included in the word learning task.

Target words with /æ/:
He looked at the map to find his way.
I have no cash in my pocket.
I don’t want to open up that can of worms.
She bought a van to travel around the world.
He became so fat he could hardly walk.
She loves her dad more than anyone else.
She loves jam on her toast.
It’s very sad that she didn’t get the job.
Target words with /ʌ/:
We go to the pub on Saturdays.
Nobody saw the gun in his pocket.
I`ll get off the bus at the next stop.
He caught the sun at the beach.
Dont make such a fuss about it.
She finds it dull living in the country.
My fingers go numb in the cold.
To eat the nut first crack the shell.

HVPT with non-lexical stimuli and noise 33



Appendix B: Parameter estimates of linear mixed-
effects models

Training effects in the DWR task (Section 6.1)

Training effects in the DSR task (Section 6.1)

β SE t p % CI

Lower Upper

Intercept . . . <. . .
Group . . . . −. .
Testing Time −. . −. . −. .
Vowel . . . . −. .
Group × Testing Time . . . . −. .
Group × Vowel −. . −. . −. .
Testing Time × Vowel . . . . −. .
Group × Testing Time × Vowel −. . −. . −. .

β SE t p % CI

Lower Upper

Intercept . . . <. . .
Group −. . −. . −. .
Testing Time −. . −. . −. −.
Vowel −. . −. . −. −.
Group × Testing Time . . . . . .
Group × Vowel −. . −. . −. .
Testing Time × Vowel −. . −. . −. .
Group × Testing Time × Vowel . . . . −. .
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(c)Generalizationeffects for theNWDtraininggroup (Section6.2)

(d) Generalization effects for theWD traininggroup (Section6.2)

β SE t p % CI

Lower Upper

Intercept . . . <. . .
Testing Time . . . . −. .
Vowel −. . −. <. −. −.
Trial Type  (Trained Nonwords) −. . −. . −. .
Trial Type  (Untrained Nonwords) −. . −. . −. .
Testing Time × Vowel . . . . −. .
Testing Time × Trial Type  . . . . −. .
Testing Time × Trial Type  −. . −. . −. .
Vowel × Trial Type  . . . . −. .
Vowel × Trial Type  . . . . −. .
Testing Time × Vowel × Trial Type  . . . . −. .
Testing Time × Vowel × Trial Type  . . . . −. .

β SE t p % CI

Lower Upper

Intercept . . . <. . .
Testing Time . . . . −. .
Vowel −. . −. . −. .
Trial Type  (Trained Words) . . . . −. .
Trial Type  (Untrained Words) . . . . −. .
Testing Time × Vowel −. . −. . −. .
Testing Time × Trial Type  . . . . −. .
Testing Time × Trial Type  −. . −. . −. .
Vowel × Trial Type  −. . −. . −. .
Vowel × Trial Type  −. . −. . −. .
Testing Time × Vowel × Trial Type  −. . −. . −. .
Testing Time × Vowel × Trial Type  . . . . −. .
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(e) Training condition effects on words in isolation (DWR)
(Section 6.3.1)

(f) Training condition effects on words in sentences (DSR)
(Section 6.3.2)

β SE t p % CI

Lower Upper

Intercept .  <.  − 

Group (NWD) .  <.  − 

Group (WD) .  <.  − 

Condition −. . −. . −. .
Testing Time . . . . −. .
Vowel −. . −. . −. .
Group × Condition . . . . −. .
Group × Testing Time . . . . . .
Group × Vowel −. . −. . −. .
Condition × Testing Time . . . . −. .
Condition × Vowel . . . . −. .
Testing Time × Vowel −. . −. . −. .
Group × Condition × Testing Time −. . −. . −. −.
Group × Condition × Vowel −. . −. . −. .
Group × Testing Time × Vowel . . . . −. .
Condition × Testing Time × Vowel . . . . −. .
Group × Condition × Testing Time × Vowel . . . . −. .

β SE t p % CI

Lower Upper

Intercept . . . <. . .
Group −. . −. . −. .
Condition . . . . −. .
Testing Time −. . −. . −. .
Vowel −. . −. . −. .
Group × Testing Time . . . . . .
Condition × Testing Time . . . . . .
Vowel × Testing Time −. . −. . −. .
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(g) Training effects on words in isolation and in sentences
(Section 6.4)
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β SE t p % CI

Lower Upper

Intercept .  <. . − 
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Group (WD) −.  <. . − 

Condition . . . . . .
Testing Time . . . . . .
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Task × Condition × Testing Time (T) −. . −. . −. −.
Task × Condition × Testing Time (T) −. . −. . −. .
Task (DSR) × Condition × Testing Time −. . −. . −. −.

(continued)

β SE t p % CI

Lower Upper

Group × Condition × Testing Time (T) −. . −. . −. −.
Group × Condition × Testing Time (T) . . . . −. .
Group × Vowel × Testing Time (T) . . . . −. .
Group × Vowel × Testing Time (T) . . . . −. .
Condition × Vowel × Testing Time (T) −. . −. . −. .
Condition × Vowel × Testing Time (T) −. . −. . −. .
Group × Condition × Vowel × Testing
Time (T)

−. . −. . −. .

Group × Condition × Vowel × Testing
Time (T)

. . . . −. .
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