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Non-native consonant acquisition in noise

Listeners manage to acquire the sounds of their native language in spite of experienc-1

ing a range of acoustic conditions during acquisition, including the presence of noise.2

Is the same true for non-native sound acquisition? This study investigates whether3

the presence of masking noise during consonant training is a barrier to improvement,4

or, conversely, whether noise can be beneficial. Spanish learners identified English5

consonants with and without noise, before and after undergoing one of four extensive6

training regimes in which they were exposed to either consonants or vowels in the7

presence or absence of speech-shaped noise. The consonant-trained cohorts showed8

substantially larger gains than the vowel-trained groups, regardless of whether they9

were trained in noise or quiet. A small matched-condition benefit was evident, with10

noise-training resulting in larger improvements when testing in noise, and vice versa11

for training in quiet. No evidence for habituation to noise was observed: the cohort12

trained on vowels in noise showed no transference to consonants in noise. These13

findings demonstrate that noise exposure does not impede the acquisition of second14

language sounds.15

a)m.cooke@ikerbasque.org
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Non-native consonant acquisition in noise

I. INTRODUCTION16

Acquiring the sounds of a first language is typically achieved in uncontrolled and at17

times noisy settings. In contrast, most formal training in the acquisition of a foreign lan-18

guage occurs in quieter conditions with fewer sources of interference than found in natural19

environments. Since the value of increasing input diversity has been demonstrated by high20

variability training regimes (Clopper and Pisoni, 2004; Logan et al., 1991), it is natural to21

ask whether exposing language learners to noise might also be beneficial.22

Noise is a real problem in non-native listening. While all listeners suffer in adverse noise23

conditions, non-native listeners are significantly challenged and can exhibit a disproportion-24

ate fall in intelligibility (Florentine et al., 1984; Garćıa Lecumberri and Cooke, 2006; Takata25

and Nabelek, 1990); for a review, see Garćıa Lecumberri et al. (2010). While some of the26

native listener advantage in noise comes from their superior native language knowledge,27

it remains even in tasks such as consonant identification in vowel-consonant-vowel (VCV)28

tokens where semantic, syntactic and lexical information is not available, as long as some29

contextual information exists for native listeners to exploit (Cutler et al., 2008).30

There are a number of ways in which the presence of noise during the acquisition of non-31

native categories might be expected to benefit learners. One is by helping in the formation32

of robust sound categories. Non-native listeners are known to use cues and cue-weightings33

different from those used by native listeners (e.g., Bohn and Flege, 1990; Cebrian, 2006).34

Noise-based training might highlight those cues that are more resistant to masking (Lovitt35

and Allen, 2006; Miller and Nicely, 1955; Van Dommelen and Hazan, 2010; Wright, 2004),36
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helping to weight their value in adverse conditions (c.f. weighting of speech segmentation37

cues in noise; Mattys et al., 2005).38

Another possibility is that listeners form exemplars which contain traces of both speech39

and noise, as suggested by studies with native listeners (Cooper et al., 2015; Creel et al.,40

2012; Pufahl and Samuel, 2014). This stance is analogous to the so-called ‘multi-style’41

training shown to be effective in robust automatic speech recognition (e.g., Lippmann et al.,42

1987). Alternatively, listeners who hear speech tokens in noise may learn to better handle43

the masker, or become more adept at the speech-in-noise task. Task effects could arise as a44

form of procedural learning (Koziol and Budding, 2012; Robinson and Summerfield, 2006) in45

which learners become familiarised with the properties of the masker (Wilson et al., 2003).46

Alternatively, listeners might learn to tune out the masker through improved attentional47

focus.48

On the other hand, training in noise might lead to a decrease in intelligibility. One49

effect of masking is to partially or completely obscure speech cues, so the quantity of useful50

speech information received during training can be expected to be lower than would be the51

case in the absence of noise. Noise may also increase attentional load, leading to fatigue or52

a reduction in resources available to process the incoming signal. It is therefore an open53

question as to whether masked presentation of tokens is an effective strategy for training54

non-native learners.55

Speech in noise training has been explored in the past with native listeners, mainly for56

older adults with hearing deficits (e.g., Burk et al., 2006; Humes et al., 2009; Oba et al.,57

2011; Stecker et al., 2006; Woods et al., 2015). The mean participant age in these studies58
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ranged from 66.0 to 72.8 years. Most studies used words as training tokens. Training with59

words in noise has been shown to improve perception of trained tokens with the same or60

novel voices, but with limited generalisation to new materials or listening conditions. Indeed,61

Humes et al. (2009) argue that lack of generalisation to new words is due to the fact that62

training in noise is mainly a lexical process which helps to re-establish connections between63

the impoverished input and listeners’ phonological representations in the lexicon. However,64

when using a closed set of digits in babble noise, Oba et al. (2011) found that improvements65

did generalise to another noise background and to other sentence materials.66

The benefit of training in noise using nonsense syllables has also been found to generalise67

to other token types. Stecker et al. (2006) trained hearing impaired listeners on CV and VC68

nonsense tokens and obtained continuous improvements over an extensive number of training69

sessions. Initial gains were attributed to procedural learning (Robinson and Summerfield,70

2006), but the fact that subsequent improvements extended to untrained voices and were71

retained in later post-testing was considered to be an indication of perceptual learning.72

In a similar vein, Woods et al. (2015) found substantial training benefits in listeners with73

mild to moderate hearing loss for consonant identification in noise in CVC syllables, with74

generalisation to novel speakers. While rapid initial gains were considered to be the result of75

procedural learning, improvements continued throughout the later stages of training. The76

authors ascribe these benefits to the use of a large corpus of varied stimuli, presented over77

a considerable period of time, and argue that the approach promotes perceptual learning.78

A study with young normal hearing adults (mean age: 24.7) by Song et al. (2012) mea-79

sured the effects of training in noise on two standard speech-in-noise tests (Killion et al.,80
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2004; Nilsson et al., 1994), employing a sequence of 20 training sessions, each of 30 minutes81

duration. Training involved a range of adverse conditions including fast speech, simultane-82

ous tasks, and two masking noise conditions where listeners heard speech in a multitalker83

babble or competing speech background. Relative to a control group, listeners improved sig-84

nificantly after training. Of relevance to the current study, Song et al. (2012) used a mixed85

cohort of native and non-native listeners, but unfortunately the results for the non-native86

group are not presented separately. As far as we are aware, there have been no studies of87

noise-based acquisition specifically focusing on non-native listeners.88

The absence of data on the effect of noise exposure during second language acquisition89

motivates the current study, as a means to explore the wider issue of whether there are90

beneficial effects of acquiring speech sounds in less-than-pristine acoustic conditions. We91

address the question of whether exposing non-native listeners to noise during an extensive92

training period is an effective strategy for acquiring the consonants of a second language.93

Our design also allows us to determine whether learners are able to transfer any benefits of94

noise exposure to an untrained type of masker or speech token type.95

In the current study, four homogeneous cohorts of Spanish learners of English underwent96

one of four training regimes, bracketed by an identical pre-test and post-test involving forced-97

choice identification of consonants in quiet, in speech-shaped noise, and in a babble masker.98

During 10 training sessions, two of the groups undertook forced-choice consonant identifica-99

tion in VCV tokens with feedback on incorrect responses. One of these groups performed the100

task without noise, while the other heard the same tokens mixed with a speech-shaped noise101

masker. Two further groups identified vowels in CVC tokens, one group in quiet, the other102
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with noise. The vowel-trained groups served as controls, allowing an estimate of the effect103

of external factors such as concurrent exposure to English from other sources, or the effect104

of task familiarity. Comparison between the two vowel groups enables any noise-exposure105

transfer effect to be quantified. The use of an untrained masker (babble) also reveals any106

transfer of noise-training benefits to a novel masker.107

In summary, this study tests the following hypotheses:108

(i) Speech-in-noise training is an effective strategy for non-native consonant acquisition.109

This would be substantiated by a finding that the group trained on consonants in noise110

exhibits greater pre-to-post test gains than the groups trained on vowels. Additionally,111

comparing any gains with those of the group trained on consonants in quiet serves to quantify112

the degree of effectiveness of noise-based training.113

(ii) Habituation to the presence of noise is responsible for some of the beneficial effects114

of noise-based training. This hypothesis would be supported if gains for consonants for the115

group trained on vowels in noise are seen to exceed those of the group trained on vowels in116

quiet.117

(iii) Noise helps via the formation of robust cues or cue-weightings. This notion would be118

supported by finding any transfer of benefit to either the quiet or un-trained babble masker119

condition for the noise-trained consonant group.120
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II. METHODS121

A. Listeners122

A group of 88 native Spanish listeners (67 female; mean age 19.5 years, std. dev. 2.3) in123

the second year of study on a degree in English Philology at the University of the Basque124

Country took part in the experiment in return for course credit. Participants were either125

Spanish monolinguals or Spanish/Basque bilinguals. Apart from the presence in Basque126

of a palato-alveolar fricative akin to English /S/, there are no relevant differences between127

Basque and Spanish for consonants in intervocalic positions. Listeners reported no hearing128

problems. In parallel with the training procedure, participants pursued a module in English129

Phonetics which included practice in the analysis and transcription of English vowels and130

consonants. Participants were familiar with the International Phonetic Alphabet (IPA)131

symbols for vowels and consonants at the outset of the training procedure.132

B. Speech materials133

Training and test materials were drawn from an existing source of British English con-134

sonant data, the Consonant Challenge Corpus (Cooke et al., 2010; Cooke and Scharenborg,135

2008). A subset of the corpus consisting of nonsense VCV tokens spoken by 12 male and 12136

female talkers was selected for use in the current study. The subset contains tokens formed137

from all 24 consonants of British English (/p, b, t, d, k, g, tS, dZ, f, v, T, D, s, z, S, Z, h, m, n,138

N, l, r, j, w/) in the context of all nine combinations of the vowels /i:, u:, æ/ for both front139

and end stress (e.g., /"æbi:/ versus /æ"bi:/), leading to a possible 10368 tokens. VCVs used140
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in the testing phases came from four male and four female talkers, while those employed141

during training were derived from the remaining eight male and eight female talkers. VCVs142

ranged in duration from 290-1002 ms, with a mean duration of 602 ms.143

Speech material used during the training phase for the vowel-trained groups consisted144

of monosyllabic CVC words (e.g.,“look”, “hid”, “sup”) spoken by 7 British English talkers.145

Each word contained one of 11 English vowels / i:, ı, e, æ, 2, A:, 6, O:, 3:, Ú, u:/.146

C. Maskers147

Two maskers were used in the current study. During the training phase, listeners in148

noise-trained groups heard tokens mixed with speech-shaped noise (SSN). In the pre- and149

post-tests, listeners in all experimental groups identified consonants masked by SSN and by150

an 8-talker babble masker (BAB) in separate condition blocks. Noisy tokens were generated151

by mixing speech with randomly-chosen masker fragments of 1.2 s duration. The onset of the152

speech relative to the noise was varied, taking on a value in the range 0-400 ms. The masker153

was scaled to produce the target signal-to-noise ratio (SNR) in the region containing the154

speech signal i.e., discounting the leading and lagging noise-only sections of the waveform.155

The noisy test sets correspond to test sets 3 (BAB) and 4 (SSN) of Cooke and Scharenborg156

(2008).157

D. Consonant identification: pre- and post-tests158

During the pre- and post-tests, which were identical in all respects, listeners first identified159

VCVs in quiet, followed by VCVs mixed with SSN at a token-wise SNR of -6 dB, and160
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subsequently VCVs mixed with babble at a token-wise SNR of -2 dB. These SNR values161

were chosen in Cooke and Scharenborg (2008) to produce identification rates of around 70%162

for native listeners. Note that throughout the paper we refer to the three conditions as163

‘masking conditions’ even though in the quiet condition the masker is absent.164

In each of the three blocks listeners undertook a 24-alternative forced choice identification165

task under computer control by selecting a consonant from an onscreen keyboard containing166

IPA symbols for each consonant. Sixteen examples of each of the 24 consonants were used in167

each test block, made up of a front-stressed and an end-stressed exemplar from each of the168

eight talkers, leading to a total of 384 stimuli per block, some 1152 tokens across the three169

test blocks. All stimuli were distinct, with vowel contexts chosen at random. To familiarise170

themselves with the upcoming masker condition, listeners underwent a short practice session171

containing 16 stimuli prior to each of the two blocks containing noisy tokens. On average172

listeners required approximately 18 minutes to complete each block in the pre-test and 14173

minutes for the post-test.174

E. Assignment to experimental groups175

Following the pre-test, listeners were assigned to one of four experimental groups. The176

CONS-Q group were trained on consonants in quiet, while the CONS-N group heard the177

same tokens mixed with the SSN masker. Similarly, the VOW-Q and VOW-N cohorts were178

trained on vowels in quiet and noise respectively. Twenty-two participants were assigned179

pseudo-randomly to each of the four groups following a group score balancing procedure180
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in such a way as to satisfy the criterion that the four group mean scores were within 1181

percentage point of each other in each of the three pre-test conditions.182

F. Training procedure183

All groups received perceptual training during 10 separate sessions over the course of 5184

consecutive weeks. Training began in the week following the pre-test, and ended the week185

preceding the post-test. Each training session consisted of five equal-length blocks.186

Listeners belonging to the CONS-Q and CONS-N groups identified four VCV tokens for187

each of the 24 English consonants in each block, i.e., 20 exemplars per consonant per session.188

The procedure was identical to the test phases except that listeners received feedback on189

incorrect responses and had to listen exactly once again to the stimulus before moving on to190

the next token. For the CONS-N group, each of the five blocks per session was presented191

at one of five SNRs: -2, 0, -2, -4 and -6 dB. Note that the most adverse SNR corresponded192

to that of the test phase, and the remaining SNRs were somewhat more favourable. A range193

of SNR values was chosen in order to promote variability in the availability of speech cues194

following masking, corresponding to acquisition in everyday noisy environments. Across the195

10 training sessions listeners responded to a total of 4800 distinct tokens, 200 per consonant.196

The two vowel groups also heard five blocks of vowel stimuli per session. Within each197

block, vowels came from the same talker. No talker was repeated in any individual session.198

Listeners received feedback as for the consonant-trained groups. Stimuli for the VOW-199

N group consisted of vowels mixed with SSN at an SNR of -6 dB. This value was chosen to200

match to the SNR used in the consonant test material.201
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All training sessions took place in a quiet language laboratory. Listeners heard stimuli202

through Plantronics Audio-90 headphones at a comfortable listening level that they were203

able to set individually.204

G. Post-processing205

Of the 88 participants, one member of the VOW-N group did not complete the training206

sessions and was excluded from the analysis. Another member of the VOW-N group showed207

a drop of 25 percentage points in one masked condition in the post-test relative to the pre-208

test, and was also removed from further analysis.209

Listener performance was measured as the percentage of consonants identified correctly210

in each condition. Percentage correct scores were transformed to rationalised arcsine units211

(RAUs; Studebaker, 1985) for statistical testing. Since statistical outcomes with RAU scores212

were identical to those based on raw percentages, for ease of interpretation raw percentages213

are used in the text and in the results figures.214

III. RESULTS215

A. Consonant identification216

Figure 1 depicts the percentage of correctly-identified consonants as a function of exper-217

imental group and test phase. Since the four experimental groups were assigned in such a218

way as to equate group mean scores for each of the three masking conditions, a single mean219

per condition is shown for the pre-test. Also shown for comparison are identification rates220
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based on precisely the same speech-in-noise stimuli for the native English listener sample221

tested by Cooke and Scharenborg (2008). At the pre-test stage, non-native listener accuracy222

is 85% of that of natives in quiet (79.7% versus 93.8%) while for the masked conditions the223

equivalent figures are 79% for BAB (60.8% versus 76.5%) and 75% for SSN (54.1% versus224

72.2%). All four groups showed an improvement by the time of the post-test, with gains225

ranging from 2.3 to 14.1 percentage points. To put these changes into perspective, the high-226

est scoring group in quiet reached over 98% of the native score, while in BAB and SSN the227

highest-scoring groups obtained 94% and 95% of native performance. These figures attest to228

the impact of the training period, and suggest limited room for further improvement given229

a longer period of exposure (see also section III B below).230

An analysis of variance (ANOVA) of RAU-transformed scores with within-subjects fac-231

tors of masker type (quiet, SSN, BAB) and test time (pre, post), with experimental group232

as a between-subjects factor, indicated significant interactions between the three factors233

[F (6, 164) = 4.8, p < .001, η2 = 0.007], between masker type and test time [F (2, 164) =234

21.5, p < .001, η2 = 0.01] and between group and test time [F (3, 82) = 62.6, p < .001, η2 =235

0.11], alongside significant main effects of group [F (3, 82) = 4.83, p < .001, η2 = 0.12],236

masker type [F (2, 164) = 2441, p < .001, η2 = 0.76] and test time [F (1, 82) = 583, p <237

.001, η2 = 0.29]. These outcomes are explored in more detail below.238

1. Vowel-trained groups239

Gains for the vowel-trained groups allow for a quantification of any effects other than240

specific consonant training (for instance, gains due to procedural learning, exposure to noisy241

13



Non-native consonant acquisition in noise

pre post native
50

55

60

65

70

75

80

85

90

95

100

C
on

so
na

nt
s 

co
rr

ec
t (

%
)

VOW-Q VOW-N CONS-Q CONS-N

Q
BAB
SSN

FIG. 1. Consonant identification rates. Column ‘pre’ denotes the mean score across all four groups

in the pre-test while ‘native’ shows scores for native listeners taken from Cooke and Scharenborg

(2008). The remaining columns correspond to the four experimental groups in the post-test. Error

bars here and in subsequent figures denote ±1 standard error.
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tokens during the pre-test or familiarisation with IPA symbols for response categories).242

Across noise conditions, gains ranged from 2.2 to 4.3 percentage points. Post-test scores243

were significantly higher than in the pre-test [F (1, 40) = 10.00, p < .001, η2 = 0.05], with244

the smallest gain of 2.2 in the BAB condition for the VOW-N group exceeding a Fisher’s245

Least Significant Difference (FLSD) of 1.2. However, there was no evidence of a transfer246

of benefits from exposure to noise during training from vowels to consonants. The two247

vowel groups did not differ in their post-test scores in any of the masker conditions, with no248

significant effect of group [p = 0.86] and no interaction with masker type [p = 0.57].249

2. Consonant-trained groups250

A clear effect of explicit consonant training is evident in the results: groups trained251

on consonants made substantially larger gains than the vowel-trained groups [p(1, 84) =252

63.5, p < .001; η2 = 0.39] overall. Consonant-trained groups out-performed vowel-trained253

groups by 8.1, 8.5 and 9.8 percentage points in the quiet, BAB and SSN conditions respec-254

tively, relative to a FLSD of 1.00 percentage point.255

Considering the two consonant-trained groups, a two-factor ANOVA on RAU-transformed256

post-test scores with a between-subjects factor of group (quiet vs. noise training) and257

a within-subjects factor of masking condition revealed an interaction between group and258

masker [F (2, 84) = 16.7, p < .001, η2 = 0.06] as well as the expected masking condition effect259

[F (2, 84) = 1895, p < .001, η2 = 0.89]. The interaction is due to differences in the quiet and260

SSN conditions. The CONS-N group had higher scores than the CONS-Q cohort in the261

matched SSN condition (68.8% vs. 66.3%), a difference significantly larger than the FLSD262
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FIG. 2. Consonant identification rates in each training session for the quiet-trained (CONS-Q;

listening in quiet) and noise-trained (CONS-N; listening in noise) groups. Identification rates in

the quiet condition of the pre- and post-test for the quiet-trained group are also shown.

of 1.1. Conversely, the group trained in quiet identified a higher proportion of consonants in263

quiet compared to the noise-trained group (92.4% vs. 90.3%). Thus, each group showed a264

modest but statistically-significant matched-training benefit. In contrast, scores in the BAB265

condition were almost identical – 71.9% and 72.0% for the quiet and noise-trained groups266

respectively.267

16



Non-native consonant acquisition in noise

B. Evolution of consonant identification during training268

Figure 2 depicts scores for the two consonant-trained groups during each of the 10 train-269

ing sessions, along with the pre- and post-test scores for the CONS-Q group. Since the270

SNRs in test and training were not fully matched (see section II F) it is not meaningful271

to compare scores for the CONS-N group with their pre-test scores in the SSN masking272

condition. Of particular note is the difference of around four percentage points between the273

pre-test and initial training session of this group, which suggests that while no feedback was274

provided during training, familiarity with the task played a role in the initial improvement.275

Both cohorts exhibited a steady improvement over the first six sessions, with little or no276

improvement thereafter.277

C. Identification rates and gains for individual consonants278

Figure 3 displays mean identification scores in the pre-test for each consonant in the quiet279

and SSN conditions. Based on their location relative to the upper diagonal, which indicates280

equal scores in quiet and noise, and the lower diagonal, which denotes the mean reduction281

in noise, it is possible to identify three groups of consonants. One group consisting of the282

sibilants /S, Z, z/) and the plosive /t/ shows no adverse effect of masking, most likely due283

to the quasi-low-pass spectrum of the speech-shaped masker which allows the intense high284

frequencies of sibilants and the aspiration noise of /t/ to escape masking (Hayward, 2002;285

Kent et al., 1996; Kent and Read, 1992). Another group, notably /p, m, n, l, k/ and to a286

lesser extent /b, N, f, h, g, r/, contains consonants that are well-identified in quiet but show287
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FIG. 3. Mean consonant scores in the quiet and SSN conditions of the pre-test. The vertical and

horizontal lines indicate the mean identification rates in quiet and noise respectively. The upper

diagonal line denotes equal identification scores in the two conditions, while the lower diagonal line

separates consonants whose score reduction in noise lies above or below the average reduction.

above-average reductions in SSN. Most of the remaining consonants fall between these two288

extremes, with poor-to-moderate scores in quiet and small-to-moderate reductions in noise.289

The weak fricative /D/ is something of an outlier, possibly because of the combined effects290

of low intensity and native language influences: orthographically, the equivalent sound in291

Spanish is written as “d”.292

Figure 4 shows the changes in identification rates after training for each of the four293

experimental groups in the quiet and SSN testing conditions. Most sounds show gains in all294

four training groups although the improvements are generally much smaller for the two vowel-295

trained groups. Categories that were well-identified in the pre-test have reduced potential296
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FIG. 4. Changes in consonant scores from pre- to post-test.

for further improvement in quiet. It is among the 8 consonants /z, j, v, dZ, s, T, D, Z/ that297

have identification rates below 70% in the pre-test that we observe most of the substantial298

post-training gains for the CONS-Q group relative to the CONS-N group in the quiet299

testing condition. The sound /v/ is an exception: while identification of /v/ deteriorates300

in noise for all groups, there is no improvement in quiet for the consonant-trained groups301

and even a slight reduction in quiet for the vowel-trained cohorts. This may be due to its302

inherent maskability and confusability with /D/ in noise, its similarity to Spanish /b/, which303
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is often realised as a frictionless continuant, and it being orthographically-merged with “b”304

in Spanish spelling.305

The origin of the matched-benefit of CONS-N training is spread across several conso-306

nants, but those that show the largest gains relative to CONS-Q training are the nasals /n,307

m, N/ and the plosive /p/. These categories are well-identified in quiet but were seen to be308

highly vulnerable to masking (fig. 3) prior to training. The effect of CONS-N training on309

the nasals is mainly to reduce their manner confusions (e.g., /n/ and /l/ with /d, /m/ with310

/b/), while place confusions are more resistant to training.311

In support of these observations, figure 5 displays the percentage of transmitted infor-312

mation (Miller and Nicely, 1955) for manner, place and voicing for the two consonant-313

trained groups. Transmitted information provides an idea of the influence of specific pho-314

netic features on consonant identification in noise, measured as the proportion of infor-315

mation for a given feature that is available to the listener (see Ch. 10 of Loizou, 2007,316

for an example). All three features show significant group by condition interactions [man-317

ner: F (2, 84) = 6.44, p < .01, η2 = 0.03; place: F = 8.7, p < .001, η2 = 0.05; voicing:318

F = 10.5, p < .001, η2 = 0.05]. Cohort CONS-Q exceeded CONS-N for place and voicing319

in the quiet condition, while CONS-N showed a higher transmission of manner and voicing320

in the SSN condition [FLSDs: manner = 1.7, place = 1.8, voicing = 2.8]. No significant321

differences between the groups were evident in the BAB condition for any feature.322
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FIG. 5. Transmitted information for manner, place and voicing in the post-test for the consonant-

trained groups.

D. Response times323

Response times decreased for all groups and masking conditions between pre- and post-324

test, with post-test responses requiring between 70% and 86% of the time in the pre-test.325

However, no clear effect of differential training is evident in these results. A 3-factor ANOVA326

confirmed the lack of group effect [p = 0.9] and no two-way interactions of group with327

test phase nor masking condition (a marginally-significant 3-way interaction [F (6, 164) =328

2.28, p < .05; η2 = 0.01] can be ascribed to minor differences between the two consonant-329

trained groups on the BAB masker in the pre-test). The ANOVA confirms main effects of330

test phase [F (1, 82] = 371; p < .001; η2 = 0.40] and masker condition [F (2, 164) = 80.4; p <331
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.001; η2 = 0.13]. In the pre-test, listeners responded most rapidly to tokens presented in quiet332

and most slowly in SSN (quiet: 2664 ms; BAB: 2768 ms; SSN: 2911 ms; FLSD = 59 ms),333

with a similar ranking in the post-test (quiet: 1966 ms; BAB: 2297 ms; SSN: 2372 ms).334

IV. DISCUSSION335

Noise is present in many everyday speech communication scenarios, yet is a factor rarely336

considered in second language acquisition. The main goal of this study was to ascertain337

whether noise represents a barrier to non-native consonant acquisition. We considered the338

possibility that maskers might have a detrimental effect on acquisition due to the reduction339

in availability of cues to the identity of foreign language speech segments.340

Four cohorts of Spanish learners underwent training regimes which differed in both the341

types of segments presented (vowels or consonants) and the presence or absence of mask-342

ing noise, and their pre-to-post test improvements in English consonant identification were343

analysed. All listener groups showed improvements in the post-test. Gains for the groups344

trained on vowels provide a control measure of the perceptual benefits due to other factors345

such as vowel and consonant analysis and transcription practice which formed part of the346

module in English Phonetics that the participants were pursuing during the period of the347

experiment. Some incidental in-course learning effect was anticipated. Additionally, some348

of the identification gains may have been due to task habituation. In fact, the vowel-trained349

group gains from pre- to post-test are quite similar to the rapid gains observed between350

the pre-test and the first training session for the consonant-trained groups (fig. 2). The351

fact that such improvements occurred very early suggests that they were due to in-task352
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accommodation, a form of procedural learning which is often observed in similar training353

paradigms (Robinson and Summerfield, 2006; Woods et al., 2015), rather than resulting354

from exposure to the parallel course material, which would be expected to produce more355

gradual improvements.356

In comparison to the modest improvements of around 2 to 4 percentage points exhibited357

by the vowel-trained groups, the two groups trained on consonants showed gains of between358

10 and 14 percentage points. This outcome provides a clear demonstration that exposure to359

target consonants in noise during training is beneficial rather than harmful, relative to no360

exposure, since the cohort trained on consonants in noise showed significantly larger gains361

than either of the cohorts trained on vowel sounds. A comparison of the two consonant-362

trained groups also revealed a small but significant benefit worth around 2-3 percentage363

points when the training and test conditions matched: the cohort trained in quiet performed364

slightly better than the noise-trained group when tested in quiet, and conversely the group365

trained in speech-shaped noise showed larger gains when tested in that condition.366

We found no evidence that habituation to specific details of the masker (cf. Wilson et al.,367

2003) was responsible for some or all of the benefits of noise-based training. Exposure to368

masking noise during training on vowels did not lead to significantly larger gains for con-369

sonants presented in noise in comparison to a group trained on vowels in quiet conditions,370

suggesting that listeners were not merely learning to tune out the background or becom-371

ing familiar with the spectral properties of speech-shaped noise. However, on the basis of372

the current study we cannot entirely rule out the possibility of noise habituation since the373

level of masking noise required to have a significant impact on vowel identification is typi-374
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cally higher than that needed to reduce consonant categorisation accuracy, and although the375

vowel SNR was lower than the majority of the consonant SNRs during training, it is possible376

that listeners had no need to handle the masker in order to achieve good vowel recognition377

performance. Cognitive load measures (e.g., Gagné et al., 2017; McGarrigle et al., 2014)378

might reveal differences in the degree to which a given masking noise affects listeners even379

when intelligibility is near ceiling. While the current study did not measure cognitive load380

explicitly, we found no evidence of noise-training benefits in terms of faster response times,381

a measure which has been used as a proxy for listening effort (Pals et al., 2015). A further382

limitation of the current study is the use of a single SNR during vowels-in-noise training. Al-383

though the SNR matched that of the consonant test SNR, the question of whether variation384

in the SNR might promote noise habituation merits further investigation.385

We also hypothesised that exposure to a masker would benefit listeners by favouring386

the discovery of noise-robust cues, complemented by learning appropriate cue-weightings.387

This possibility is supported by the finding that the cohort trained on speech-shaped noise388

showed large gains when tested in 8-talker babble. However, gains in the babble condition389

were almost identical to those from the group trained on consonants in quiet. One inter-390

pretation of this outcome is that while both quiet and noise-based training are effective in391

handling a novel masker, the basis for the transfer is different in the two cases. In particular,392

masking leads to some loss of information, as demonstrated by the reduction in identifica-393

tion performance in noise, so those listeners who underwent noise-based training would have394

received incomplete spectro-temporal data as a consequence of masking, relative to those395

listeners who heard consonants in quiet conditions. However, the noise-trained group may396
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have been able to compensate for the net loss of exposure by determining which information397

was reliable in the presence of a masker, something that those trained in quiet were unable398

to do. It is possible that the discovery of robust information compensated for the benefits of399

receiving intact spectro-temporal cues to consonants in the current study, but further work400

is required to investigate the mechanisms of transfer in the quiet and noise-trained cases.401

We note that the highest levels attained by the consonant-trained groups are not far402

from native listener scores, which naturally represent a limit on performance. Indeed, gains403

asymptoted after around six training sessions, corresponding to around 120 exemplars per404

consonant. It is tempting to consider that further exposure would be irrelevant. However,405

longer training procedures have been seen as important for learning retention (e.g., Bradlow406

et al., 1997; Woods et al., 2015), something that we did not test in the current study.407

V. CONCLUSIONS408

Learning the sounds of a foreign language in the presence of noise is no barrier to their409

acquisition. Overall, listeners exposed to consonants in masking noise during an extensive410

training period exhibited improvements in identification rates similar to those for a group411

trained in quiet conditions. Both groups outperformed listeners trained on vowels in quiet or412

noise. A small matched-condition benefit was observed: noise exposure during training led413

to greater gains in noise than training in quiet, while conversely training in quiet produced414

larger gains in a noise-free test condition. We found no evidence that noise-habituation was415

responsible for these gains.416
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