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Abstract 38 

Some listeners exhibit higher sensitivity to subphonemic acoustic differences (i.e., higher speech 39 

gradiency). Here, we asked whether higher L1 gradiency facilitates foreign language learning 40 

and explored the possible sources of individual differences in L1 gradiency. To address these 41 

questions, we tested 164 native Spanish speakers with different linguistic profiles. Speech 42 

gradiency was assessed via a Visual Analogue Scale task and foreign language proficiency was 43 

assessed via an English vocabulary test. Possible sources of gradiency included domain-general 44 

auditory acuity, overall exposure to spoken language (indexed by age), and exposure to 45 

phonological diversity. Control measures were collected to account for factors such as phoneme 46 

categorization consistency, working memory, and musical training. The results revealed a 47 

positive link between L1 speech gradiency and vocabulary acquisition in a foreign language over 48 

and above all other factors. L1 speech gradiency itself was predicted by domain-general auditory 49 

acuity and overall exposure to spoken language. 50 

 51 

Keywords:  speech perception, individual differences, foreign language learning, auditory 52 

processing, second language learning  53 
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Introduction 54 

Becoming proficient in a new language requires learning its phonology. This task is not 55 

always easy; individuals often struggle to discriminate non-native speech sounds, even after 56 

years of experience with a language (Sebastián-Gallés et al., 2005; Sebastián-Gallés & Baus, 57 

2005). Mastering an unfamiliar phonological system can be challenging because of the 58 

perceptual tuning to one’s native (L1) phonology. As early as 6-8 months of age, infants learn to 59 

discriminate between different phonemes of their native language (between-category differences) 60 

and ignore differences within phoneme categories (Kuhl et al., 1992). This tuning reflects a 61 

perceptual distortion (i.e., perceptual warping) of speech segments to better match L1 categories. 62 

Focusing on meaningful phonetic differences is beneficial for learning one’s native language, but 63 

it may hinder the learning of other languages that use subphonemic differences that one learned 64 

to ignore (Best & Tyler, 2007; Kuhl et al., 2008).  65 

Even though speech perception is shaped by one’s native phonology, there is evidence that 66 

listeners are sensitive to within-category differences (Andruski et al., 1994; McMurray et al., 67 

2002; Miller, 1997; Samuel, 1977, 1982; Sarrett et al., 2020; Toscano et al., 2010). That is, 68 

tuning to L1 phonology creates some category-driven perceptual warping, but listeners still track 69 

acoustic differences within a category – this sensitivity to within-category differences is what we 70 

refer to as gradiency. Critically for our study, the degree of L1-driven perceptual warping seems 71 

to be idiosyncratic to each listener (Kapnoula et al., 2017; Kapnoula & McMurray, 2021), which 72 

may affect learning a new phonology and, eventually, a new language. As perceptual warping 73 

may impede the perception of subphonemic differences, listeners with more warping may 74 

experience greater difficulty learning non-native phonemic contrasts that rely on these 75 

subphonemic differences. Here, we tested whether gradiency in L1 speech perception predicts an 76 
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individual’s success in learning a foreign language and explored several possible sources of 77 

individual differences in gradiency. 78 

The role of L1 in non-native speech perception 79 

It is widely agreed that the perception of non-native speech sounds is affected by one’s 80 

native phonology. According to the Native Language Magnet Model (Kuhl, 1993; Kuhl et al., 81 

2008), L1 phonological categories act as “magnets”: unfamiliar speech sounds are perceptually 82 

“drawn to”, and eventually categorized as, similar-sounding L1 categories. Similarly, in the 83 

Perceptual Assimilation Model (Best et al., 2001; Best & Tyler, 2007), non-native speech sounds 84 

are perceptually assimilated to similar-sounding L1 categories, with consequences for perceiving 85 

and acquiring non-native contrasts. That is, if two non-native speech sounds assimilate to the 86 

same L1 category, discriminating between them should be difficult. In contrast, if each new 87 

sound assimilates to a different L1 category, discrimination should be easier. Lastly, according to 88 

the Speech Learning Model (Flege, 1995), the perception of non-native speech sounds depends 89 

on their similarity to native categories; new categories are established only when new sounds 90 

clearly differ from familiar categories. 91 

The common idea among these models is that speech input is often perceptually distorted 92 

in the sense that speech segments are warped to map onto existing L1 categories. This warping is 93 

thought to facilitate recognition of L1 categories. Support for this view comes mainly from work 94 

on individuals with dyslexia, who appear to have higher sensitivity to subphonemic (allophonic) 95 

differences (Serniclaes et al., 2001, 2004). However, warping may also conceal subphonemic 96 

differences that are meaningful in a foreign language. Given that L1-driven warping may impede 97 

perceiving and consequently learning non-native speech contrasts, stronger warping could lead to 98 

greater difficulty in learning an L2.  99 
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Individual differences in gradiency and their role in L1 and L2 speech perception 100 

It is broadly accepted that listeners differ in how they process L1 speech, including how 101 

sensitive they are to subphonemic information (for a review, see Yu & Zellou, 2019). Examining 102 

how these differences are linked to other linguistic and non-linguistic processes can shed light on 103 

the functional role of gradiency
1
 in learning and processing spoken language. 104 

One of the first studies to find robust individual differences in listeners’ speech gradiency 105 

was by Kong and Edwards (2016). They used a visual analogue scaling (VAS) task, which 106 

allows listeners to rate speech sounds on a continuous scale (see also Massaro & Cohen, 1983, 107 

and Munson et al., 2010). VAS participants hear speech sounds from a continuum (e.g., ba to pa) 108 

and click on a line to rate each sound (e.g., how ba-like versus pa-like it is). Kong and Edwards 109 

found that listeners vary in how they perform the VAS; some used the entire scale for their 110 

ratings, whereas others used mainly the endpoints, following a step-like response pattern. This 111 

demonstration of individual differences in L1 speech perception provides a foundation to explore 112 

the source of these differences and their consequences for comprehension and L2 learning. 113 

Kapnoula et al. (2017) used a VAS task to ask how gradiency relates to other aspects of 114 

speech perception and to non-linguistic cognitive processes. Their results revealed a positive 115 

relationship between gradiency and secondary cue use (see also Kim et al., 2020; Kong & 116 

Edwards, 2016). Specifically, individuals with higher gradiency exhibited greater use of a 117 

secondary voicing cue, F0, when rating stimuli in terms of voicing (e.g., from /b/ to /p/). Even 118 

though this correlation does not reveal the causal nature of the relationship between gradiency 119 

and secondary cue use, it suggests a functional role of gradiency in speech perception. This 120 

interpretation was supported by a follow-up study; Kapnoula et al. (2021) measured listeners’ 121 

gradiency, along with their ability to recover from misinterpretations of the speech input (lexical 122 
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garden-paths) using a task modeled after McMurray et al. (2009).. Higher gradiency predicted 123 

higher likelihood of recovering from errors, especially when there was high acoustic discrepancy 124 

between the stimulus and the intended target word (i.e., when mispronunciations were larger). 125 

This pattern suggests that gradient information about the speech signal can be useful in L1 126 

speech processing. 127 

Having established a functional consequence of gradiency, Kapnoula and McMurray 128 

(2021) asked whether differences in gradiency stem from differences in acoustic cue encoding. 129 

They focused on voice onset time (VOT), the delay between the release of the articulators and 130 

the onset of voicing. VOT is the primary cue distinguishing voiced and unvoiced sounds (e.g., /b/ 131 

and /p/) in many languages, including English and Spanish. To quantify differences in VOT 132 

encoding, they used an ERP paradigm introduced by Toscano et al. (2010). In this paradigm, 133 

participants listen to stimuli along a range of VOT values (e.g., beach-to-peach). The critical 134 

finding in this paradigm is that VOT is linearly reflected in the amplitude of the auditory N1 (a 135 

negative ERP component that appears ~100 ms post stimulus onset; see Sharma et al., 2000; 136 

Sharma & Dorman, 1999): lower VOT values trigger larger N1 responses (see also Sarrett et al., 137 

2020; see Getz & Toscano, 2021, for a review). Kapnoula and McMurray (2021) found that 138 

individual differences in speech gradiency are linked to differences in acoustic cue encoding. 139 

Specifically, for participants with lower gradiency (i.e., stronger category-driven perceptual 140 

warping), the link between VOT and N1 was best explained by a model combining both a linear 141 

and a step-function. Given that the step-function was centered at each listener’s category 142 

boundary, this finding points to robust category-driven warping for those listeners. In contrast, 143 

for high-gradiency listeners, adding a step-function did not improve the model fit, suggesting a 144 

minimal effect of categorical information in cue encoding. Thus, this study showed that the 145 
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degree to which L1 categories affect speech perception varies across listeners and that these 146 

differences depend on the early encoding of acoustic cues.  147 

The findings by Kapnoula and McMurray (2021) identify the early encoding of acoustic 148 

cues as a source of gradiency, with some listeners experiencing stronger L1-driven perceptual 149 

warping around the category boundary than others. Expanding on this idea, differences in 150 

perceptual warping may not only affect L1 speech perception, but also perception of non-native 151 

contrasts. Specifically, higher gradiency (i.e., weaker category-driven perceptual warping) in L1 152 

may allow listeners to better encode meaningful subphonemic differences in a new language. 153 

Thus, gradiency in L1 speech perception may facilitate learning a new phonology, and 154 

consequently a foreign language. This was the first hypothesis we aimed to test. 155 

Sources of individual differences in gradiency 156 

Although individual differences in L1 speech perception are well documented, it is unclear 157 

how these differences come to be. Here, we explored three possible factors: (a) domain-general 158 

auditory acuity, (b) overall experience with language, and (c) exposure to high phonological 159 

diversity.  160 

The idea that domain-general auditory acuity is important in speech perception is not only 161 

intuitive, it also has empirical support. Studies have shown that sensitivity to fine-grained 162 

acoustic information that is relevant for L1 speech processing is developed in early infancy 163 

(Cutler & Butterfield, 1992; Joanisse & Seidenberg, 1998; Kuhl, 2000). Importantly for our 164 

focus, there are substantial individual differences in auditory processing acuity, and these 165 

differences have been linked to L1 learning difficulty (Goswami et al., 2011), and to listeners’ 166 

ability to learn a foreign language (Kachlicka et al., 2019; Kempe et al., 2014; Saito et al., 2022). 167 
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Thus, it would not be surprising if speech perception gradiency is linked to general auditory 168 

processing acuity.  169 

Another possible predictor of speech gradiency is overall experience with spoken 170 

language. As mentioned above, sensitivity to acoustic information that is relevant for L1 speech 171 

processing develops in early infancy. However, there is also evidence that this kind of sensitivity 172 

is still being fine-tuned years later. Taking the example of VOT, adult listeners can track acoustic 173 

differences as small as 5ms when recognizing spoken words (McMurray et al., 2002). Crucially, 174 

sensitivity to VOT differences changes through childhood and into late adolescence. McMurray 175 

et al. (2018) tested children from three age groups (7-8, 12-13, and 17-18 years) using the Visual 176 

World Paradigm (VWP; Allopenna et al., 1998). Participants heard speech continua 177 

corresponding to minimal pairs (e.g., beach/peach), while seeing pictures of those items, and 178 

were asked to click on the correct referent. Explicit responses were used to assess category 179 

sharpness, whereas eye-movements to the non-clicked picture (i.e., competitor) were used as an 180 

index of gradiency. The results showed that gradiency slowly increased over development. At 181 

the same time, sharpening of speech categories was seen during the same period, suggesting that 182 

increasing sensitivity to acoustic detail (higher gradiency) is linked to better (more discrete) 183 

categorization. It is difficult to specify the exact nature of this link; higher gradiency could lead 184 

to higher category sharpness, the two could be driven by a third factor, or there could be parallel 185 

maturation of two independent processes. The important point here is that speech gradiency 186 

continues to increase during adulthood as a natural consequence of higher exposure to spoken 187 

language. 188 

A third potential contributing factor to gradiency is systematic exposure to different 189 

distributions of speech sounds over long time periods. This idea is consistent with the Speech 190 
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Learning Model (SLM-r; Flege & Bohn, 2021), according to which the learning of phonetic 191 

categories is based on the distributions of speech sounds listeners are exposed to across their 192 

lifespan. This idea also aligns with research on second language acquisition and bilingualism that 193 

highlights the role of exposure to different phonologies. For example, Ramon-Casas et al. (2009) 194 

showed that Catalan-Spanish infants’ ability to discriminate Catalan vowel contrasts was linked 195 

to the ratio of Catalan–to–Spanish exposure they received at home. In sum, linguistic exposure 196 

seems to shape the way listeners process speech in a fundamental way (see also Samuel & 197 

Larraza, 2015; Sebastián-Gallés et al., 2005; Sebastián-Gallés & Bosch, 2009). Following this 198 

rationale, here we tested the hypothesis that exposure to broad distributions of speech sounds 199 

(i.e., diverse phonologies) leads to higher gradiency.  200 

Present study 201 

 Our first goal was to test the idea that higher gradiency in L1 speech perception 202 

facilitates the learning of non-native phonemic contrasts and ultimately foreign language 203 

learning. Specifically, we were interested in the accumulated, long-term effects of L1 gradiency 204 

on an individual’s success in learning a foreign language. We operationalized this as the 205 

participants’ English proficiency at the time of testing, quantified in terms of vocabulary size. 206 

Our second goal was to explore three possible predictors of gradiency. The first factor was 207 

domain-general auditory acuity. Our measure of speech gradiency was based on a temporally-208 

defined contrast (VOT); thus, we focused on temporal rather than spectral acuity. Specifically, 209 

we measured each listener’s threshold when judging the temporal order of two tones presented in 210 

rapid succession. Our prediction was that better auditory acuity would predict higher speech 211 

gradiency. Second, previous work shows that the fine-tuning of gradiency continues through late 212 

adolescence (McMurray et al., 2018). Building on this work, we hypothesized that accumulated 213 
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exposure to spoken language (indexed by listeners’ age) may predict gradiency. Therefore, we 214 

expected that relatively older adults would exhibit higher speech gradiency compared to younger 215 

adults (because our participants were between 18-40, even our oldest participants were much 216 

younger than people often referred to as “older adults”). Lastly, we examined the link between 217 

speech gradiency and exposure to diverse phonologies, while controlling for the effect of 218 

exposure to multiple languages that are not phonologically diverse. We took advantage of the 219 

unique phonological landscape of the Basque Country, where inhabitants are exposed to Spanish, 220 

Basque, and English. Importantly, Spanish and Basque have very similar phonological systems 221 

(Hualde, 2015), whereas Spanish and English are phonologically quite distinct (Velázquez 222 

López, 2015). Thus, the diverse-phonologies prediction was that native Spanish speakers with 223 

higher exposure to English (i.e., highly dissimilar phonology) should exhibit higher speech 224 

gradiency in their L1, whereas exposure to Basque should not have the same effect.  225 

To complement our primary questions, we collected additional measures to validate our 226 

measure of gradiency, as well as measures of participants’ linguistic history and other 227 

characteristics of interest such as working memory and musical education.  228 

Method 229 

Participants  230 

One hundred sixty-four (114 females; mean age = 25.6 years) native Spanish speakers 231 

participated in this study. Because participants resided in the Basque Country, they were also 232 

familiar with Basque, which was taken into account in the experimental design, participant 233 

recruitment, and data analyses. All but four participants reported Spanish as their dominant 234 

language – one did not report dominance and three reported Basque as their dominant language. 235 
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Despite not self-identifying as Spanish-dominant, none of these four participants reported 236 

learning another language before Spanish and all achieved 100% in our primary measure of 237 

Spanish proficiency. These participants were thus included in the analyses. Participants’ 238 

characteristics are reported in Table 1. 239 

Table 1 240 

Participant characteristics 241 

 Source Min Max Mean SD 

Age BCBL database 18 40 25.6 5.9 

AoA Basque BCBL database 0 29 4.6 6.1 

AoA English BCBL database 2 14 6.3 2.5 

Auditory exposure 

to English 
Questionnaire 0% 97% 42% 25% 

English picture 

naming [BEST] 
BCBL database 23% 100% 70% 18% 

Musical training     

(in # of months) 
Questionnaire 0 276 28 49 

 242 

All participants self-reported normal/corrected-to-normal vision, no known hearing or 243 

neurological impairments, and all successfully completed a hearing screening at four octave-244 

spaced frequencies for each ear. Participants underwent informed consent and were remunerated 245 

for their participation. All experimental procedures were approved by the BCBL ethics 246 

committee.  247 

Overview of hypotheses and tasks 248 

Hypothesis 1: Higher subphonemic sensitivity facilitates foreign language learning. To 249 

test this hypothesis, we examined the link between gradiency and proficiency in a foreign 250 
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language (English) taking into account several control variables. Gradiency was assessed via a 251 

VAS task (see below). English proficiency was indexed by participants’ performance on a 252 

vocabulary test routinely administered at the BCBL for this purpose (see below). In examining 253 

this link, one can use different measures of L2 learning such as second language speech 254 

perception, or conduct a training experiment. The goal of our study, however, was to assess 255 

longer-term and/or broader effects of L1 gradiency on L2 language learning. Hence, we use L2 256 

vocabulary as a more generic (but also objective) measure of L2 proficiency. 257 

Hypothesis 2a: Auditory acuity predicts higher gradiency. To test this, we measured 258 

participants’ temporal auditory acuity, which we linked to their gradiency score. We used a 259 

staircase procedure to assess listeners’ perceptual thresholds when judging the temporal order of 260 

brief tones (see below).  261 

Hypothesis 2b: Overall exposure to spoken language leads to higher gradiency. 262 

Participants’ age at the time of testing was used as an index of their overall exposure to spoken 263 

language. We acknowledge that age encompasses a wide variety of life experiences, not all of 264 

which are related to language exposure. We return to this point in the Discussion. 265 

Hypothesis 2c: Phonological diversity leads to higher gradiency. We tested this 266 

hypothesis while controlling for overall exposure to different languages by testing trilinguals 267 

with two languages (Spanish-Basque) that are phonologically similar to each other and a third 268 

language (English) that is phonologically different from the first two. We extracted a gradiency 269 

measure using the contrast between voiced and unvoiced bilabial stops (/b/ and /p/). These two 270 

sounds have indistinguishable VOT values across Spanish and Basque (/b/ ≈ -65 ms; /p/ ≈ 20 ms; 271 

Souganidis, 2023), whereas in English, both stops differ significantly from the Spanish/Basque 272 

values (/b/ ≈ 0 ms; /p/ ≈ 60 ms; Lisker & Abramson, 1964; see Fig. 1). The diverse-phonologies 273 
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hypothesis predicts that higher exposure to English VOTs would lead to higher sensitivity to 274 

within-category differences in the perception of Spanish (L1) bilabial stops, whereas differences 275 

in exposure to Basque should not have the same effect. Information about auditory exposure to 276 

English and Basque was collected via a questionnaire (see Questionnaire). 277 

Figure 1 278 

The relationship between English and Spanish bilabial stops (adapted from Llama et al., 2010) 279 

 280 

 281 

Secondary/control measures. In addition to the main measures listed above, we collected 282 

several secondary and control measures. First, we used VAS responses to extract a measure of 283 

response consistency (i.e., the degree to which listeners give similar ratings to the same stimuli). 284 

This allowed us to validate our measure of gradiency by ensuring it does in fact reflect 285 

subphonemic sensitivity rather than response inconsistency. Previous work has shown that 286 

response consistency is largely independent of gradiency (Kapnoula et al., 2017), however the 287 

measures could in principle be related: A shallow slope could also reflect highly inconsistent 288 

VAS ratings (for a review of measures that can be extracted from the VAS task, see (Apfelbaum 289 

et al., 2022). We disentangled the effects of subphonemic sensitivity and response consistency a) 290 

by making sure the two measures are not correlated and b) by accounting for the variance in 291 

response consistency before inserting subphonemic sensitivity in the regression analysis. Lastly, 292 

prevoiced /b/     voiceless /p/

lead voicing                     short lag (unasp.)

voiced /b/              voiceless /p/

short lag (unaspirated)          long lag (aspirated)

-60 -40 -20 0 20 40 60

VOT CONTINUUM (ms)
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Fuhrmeister et al. (2023) showed that higher consistency predicts better learning of non-native 293 

contrasts which we directly tested by including consistency as a predictor in the regression. 294 

Second, we extracted a measure of listeners’ use of F0 as a secondary voicing cue. In 295 

English there is a well-documented relationship between gradiency and F0 use (Kapnoula et al., 296 

2017; Kim et al., 2020; Kong & Edwards, 2016). In Spanish, F0 co-varies with VOT (Dmitrieva 297 

et al., 2015), but it does not seem to play an equally important role in listeners’ judgements of 298 

voicing (Llanos et al., 2013). Therefore, it was unclear whether we would observe this link here.  299 

Third, participants performed two additional VAS tasks – one visual and one non-speech 300 

auditory VAS task. These control tasks allow us to measure the degree to which differences in 301 

the Speech-VAS task are due to response-style differences in using a visual scale and account for 302 

that, if necessary. 303 

Fourth, there is some evidence that higher working memory may be linked to gradient 304 

VAS responses, possibly by allowing listeners to maintain gradient activation of speech sounds 305 

long enough to affect responses (Kapnoula et al., 2017). However, the task used in that work was 306 

partly linguistic (NBack), making it unclear whether the (weak) effect was driven by this 307 

linguistic component, or modality-independent working memory. We therefore used the visual 308 

Corsi task (Berch et al., 1998; Corsi, 1972) here to assess participants’ working memory. 309 

Lastly, it has been suggested that musical training may be linked to speech processing 310 

(e.g., Kempe et al., 2014). We therefore collected a measure of musical experience (see 311 

Appendix S4). 312 

Participants came to the lab for a 1-hr session that included a hearing screening followed 313 

by the experimental tasks. The order of administration and primary purpose of each task are 314 

presented in Table 2.  315 
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 316 

Visual analogue scaling tasks (VAS): Gradiency, response consistency, and F0 use 317 

Speech-VAS. A VAS task with speech stimuli assessed participants’ gradiency, response 318 

consistency, and secondary cue use. Participants rated tokens from a ba-to-pa continuum using a 319 

continuous scale. Stimuli were based on natural speech recordings spoken by a female native 320 

Spanish speaker, which were used to construct five 9-step VOT continua that differed in their F0 321 

values. 322 

We first extracted the pitch contour of the voiced endpoint (ba) and used that to construct 323 

two contours of identical shape that were shifted downwards and upwards so that the mean onset 324 

pitch would be 179 Hz and 193 Hz
2
 respectively. These two contours were used as endpoints to 325 

create three intermediate F0 steps, resulting in five steps in total. The resulting pitch contours 326 

were approximately 3.34 Hz apart. We then replaced the original contours of /ba/ and /pa/ using 327 

the pitch-synchronous overlap-add (PSOLA) algorithm in Praat (Boersma & Weenink, 2016).  328 

Table 2 

Order and description of tasks 

Order Task Measure(s) Duration (mins) 

1 Speech-VAS 

a. Phoneme categorization gradiency   

b. Response consistency 

c. Secondary cue (F0) use 

10 

2 2AFC 
a. Response consistency  

b. Secondary cue (F0) use 
6 

3 Visual-VAS Visual categorization gradiency 10 

4 Audio-VAS Auditory categorization gradiency 4 

5 Corsi Working memory 3 

6 TOJ 
Auditory acuity/ 

Temporal integration threshold 
4 

7 Questionnaire 
Linguistic history, linguistic exposure, 

and musical training 
5 
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Next, we constructed five voicing continua using the progressive cross-splicing method 329 

described by Andruski et al. (1994) and McMurray et al. (2008), adapted to incorporate 330 

prevoicing. For the prevoiced steps we started at -55 ms VOT and cut progressively longer 331 

portions of prevoicing until reaching -5 ms VOT. Then, we stripped all prevoicing from the 332 

voiced sound and replaced progressively longer portions of its onset with equivalent durations 333 

taken from the short-lag sound, up to 25 ms VOT. VOT steps varied in principle from -55 ms to 334 

25
3
 ms and were 10 ms apart; however, small adjustments were made to respect zero crossings 335 

(actual VOT values are presented in Table 3). Each stimulus was presented three times, resulting 336 

in 135 trials (9 VOTs × 5 F0s × 3 reps).  337 

 338 

Visual-VAS. Visual gradiency was assessed with a two-dimensional apple-to-pear 339 

continuum spanning color and shape in a 7×5 matrix using the stimuli from Kapnoula et al., 340 

(2021). Two pictures (an apple and a pear) were edited to intensify prototypical characteristics 341 

and manipulated using Fantamorph (ver. 5) software to create a 7-step shape continuum. These 342 

Table 3 

VOT values of stimuli used in the Speech-VAS task 

Step Original VOT values VOT value adjusted for zero-crossings 

1 -55 -58 

2 -45 -44 

3 -35 -37 

4 -25 -24 

5 -15 -17 

6 -5 -5 

7 5 5 

8 15 15 

9 25 25 
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were recolored in a five step continuum from yellow-ish (prototypical pear) to red (prototypical 343 

apple). Each picture was presented five times, resulting in 175 trials (7 shapes × 5 colors × 5 344 

repetitions). 345 

Audio-VAS. Non-linguistic auditory gradiency was assessed using a trumpet-to-piano 346 

continuum. Stimuli were a subset of those used in Pitt (1995). In the original study, an 11-step 347 

trumpet-piano continuum was created by digitally mixing a trumpet and a piano tone in different 348 

proportions. For this study, we used the six odd-numbered continuum steps. Each step was 349 

presented eight times, resulting in 48 trials. In contrast to the other VAS tasks, there was only 350 

one dimension. However, the rotated logistic (described below) needs two-dimensional data. We 351 

therefore entered the data in the form of a 6×3 structure, in which the values of the first 352 

dimension were repeated for each of the values of the second dimension. 353 

Procedure. Participants saw a line with a label/picture at each endpoint (see Appendix S1). 354 

They listened to or saw each stimulus and clicked on the line to indicate the corresponding 355 

position of the stimulus. When they clicked, a rectangular bar appeared at that location; they 356 

could change their response (by clicking elsewhere) or press the space bar to verify it.  357 

Quantifying gradiency, response consistency, and secondary cue use. The VAS task 358 

allows us to extract multiple measures, each tapping different aspects of speech perception and 359 

categorization processes. Here, we used it to quantify each listener’s gradiency, response 360 

consistency, and secondary cue use.  361 

As in previous work (Kapnoula, 2016; Kapnoula et al., 2017, 2021; Kapnoula & 362 

McMurray, 2021), we used the rotated logistic function (Eq. 1) to fit participants’ VAS 363 
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responses in all VAS tasks. This function is particularly useful for multidimensional 364 

categorization as it provides orthogonal measures of gradiency and secondary cue use.  365 
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Here, b1 and b2 are the lower and upper asymptotes. For the category boundary, the rotated 367 

logistic assumes a diagonal boundary in a two-dimensional space that is described as a line with 368 

a crossover point along the primary cue and an angle, θ; a θ of 90
o
 indicates exclusive use of the 369 

primary cue (the x axis) and a θ of 45
o
 reflects relatively equal use of both cues. Once the 370 

boundary vector is identified, this equation rotates the coordinate space to be orthogonal to this 371 

boundary –the tan(θ) term– and the slope (s) of the function is thus perpendicular to the diagonal 372 

boundary. Lastly, () switches the direction of the function, if  is less than 90, to keep the 373 

function continuous. Unlike the standard logistic, this function allows for asymptotes other than 374 

0/1, it avoids conflating the boundary along each dimension and the slope, and, finally, it allows 375 

a single estimate of slope that pools across both dimensions.  376 

We used this function to quantify: 1) phoneme categorization gradiency, reflected by the 377 

slope parameter, with steeper slopes indicating more step-like responses, and 2) secondary cue 378 

use, reflected by the θ angle. The equation was fit to each participant’s VAS responses using a 379 

constrained gradient descent method implemented in Matlab that minimized the least squared 380 

error (software available at McMurray, 2017). Fits were good (R
2
 = .98, R

2
 = .97, and R

2
 = .74 381 

for the Speech-, Visual, and Audio-VAS task respectively
4
). 382 
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Kapnoula et al. (2021) showed that individual differences in speech gradiency are due to 383 

differences in the degree of category-driven perceptual warping around the boundary. This 384 

suggests that individual differences in gradiency are likely to be more prominent close to the 385 

boundary, i.e., listeners should differ mainly in how they perceive ambiguous speech stimuli: 386 

Gradient listeners should be able to maintain the ambiguity, giving ratings close to the scale 387 

midpoint, while categorical listeners should be more affected by category-driven perceptual 388 

warping, giving ratings far from the midpoint (i.e., stronger category-driven warping should pull 389 

ratings towards the endpoints). We therefore computed a measure of the strength of this warping 390 

specifically for the most ambiguous VOT for a given participant (i.e., closest to their b/p 391 

boundary). The location of each participant’s VOT boundary was determined based on their 392 

VAS responses; it was the VOT step for which the equation-predicted response was closest to 393 

the midpoint of the scale. Using only trials in which the VOT of the stimulus corresponded to the 394 

participant’s boundary, we quantified warping as the absolute distance between each VAS rating 395 

(ranging from 0 to 100) and the scale midpoint (50). We call this measure boundary warping, 396 

with higher scores reflecting higher perceptual warping (i.e., lower gradiency).  397 

Finally, we used the VAS ratings to extract a measure of response consistency using the 398 

same procedure as in Kapnoula et al. (2017). We first computed the difference between each 399 

VAS rating and the predicted value based on that participant’s fitted curve and then computed 400 

the standard deviation of these residuals for each participant. The reverse of this measure (i.e., -1 401 

× [raw_value]) was our main measure of response consistency.  402 

Two-alternative forced choice task (2AFC): Response consistency and F0 use 403 

In addition to the response consistency measure extracted from the VAS ratings, we 404 

extracted a measure of response consistency from a 2AFC speech categorization task. Previous 405 
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work in English has shown that (1) the steepness of the slope in this task reflects mainly response 406 

consistency and (2) this measure is not correlated with gradiency as measured by the VAS slope 407 

(Apfelbaum et al., 2022; Kapnoula et al., 2017). Thus, if Spanish-speaking listeners perform the 408 

Speech-VAS similarly to English-speaking listeners, the two slopes should be uncorrelated.  409 

Participants performed the 2AFC task immediately after the Speech-VAS task. A subset 410 

of the VAS stimuli was used in the 2AFC task: all nine VOT steps, but only the two extreme F0 411 

values. Each of the 18 stimuli was presented 10 times (180 trials).  412 

Procedure. On each trial participants saw a square on each side of the screen (see 413 

Appendix S2). Each square contained one of two printed syllables (ba/pa), with ba always 414 

appearing on the left. Participants were asked to click in the box with the syllable that best 415 

matched what they heard.  416 

Data Pre-processing. To assess 2AFC categorization slopes, we fit each participant’s 417 

response curve using a four parameter logistic function (see McMurray et al., 2010; see Eq. 2).  418 
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In this equation, b1 is the lower asymptote, b2 is the upper asymptote, s is the slope, and 420 

co is the x-intercept. This function was fit to each participant’s responses separately for each F0 421 

and the average slope across F0 values was used in the analyses. In addition, the difference 422 

between the two intercepts provided a measure of F0 use. Curves were fit using a constrained 423 

gradient descent method implemented with FMINCON in Matlab. Fits were good (R
2
 > .99). 424 

Corsi task: Working memory 425 

The backwards version of the Corsi block-tapping task was used to measure working 426 

memory (Corsi, 1972). On each trial, participants saw nine blue squares randomly placed on the 427 
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screen (see Appendix S3). A sequence of squares would turn green for one second, one at a time, 428 

and then the participant had to click on each of them in the reverse order. Participants started 429 

with two practice trials with a sequence of two squares in each trial to make sure they understood 430 

the task. After that, the number of squares that changed color in each trial increased by one on 431 

each round. Participants had to successfully complete at least one of the two trials at each 432 

difficulty level to continue to the next round, with a maximum of nine squares. The highest 433 

difficulty level in which a participant clicked on all squares accurately in at least one of the two 434 

trials was used as a measure of working memory capacity.  435 

Temporal order judgment (TOJ) task: Auditory acuity/temporal integration threshold 436 

This task provided a measure of participants’ auditory acuity. We focused on temporal 437 

acuity because time is particularly relevant in the perception of voicing; accurate perception of 438 

voicing largely depends on distinguishing between VOT segments that differ by a few 439 

milliseconds. To extract a measure of temporal auditory acuity, we used the temporal order 440 

judgment task (TOJ) following the same procedure as Simon and Winkler (2018; who used a 441 

paradigm derived from Fink et al., 2005; Fostick & Babkoff, 2013). 442 

Stimuli and procedure. Stimuli were pairs of 10-ms long 800-Hz pure tones delivered at 443 

70 dB. Between the two tones there was a variable silent interval (inter-stimulus interval; ISI) 444 

between 5 and 150 ms. Each tone in a pair was delivered to a different ear. The participants’ task 445 

was to press the left arrow on a standard keyboard if the first sound was played in their left ear 446 

and the right arrow if the first sound was played in their right ear. The inter-trial interval was 447 

between 600 and 900 ms (jittered). Each participant’s temporal threshold was measured with a 448 

three-down one-up staircase procedure: The initial ISI was 150 ms and after three correct 449 

responses the ISI was shortened by a step size. After an incorrect response, the ISI increased by 450 
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the same step size. The step size was initially 20 ms; it was halved after each downward step 451 

until reaching 5 ms. The task ended if the participant gave eight incorrect responses in total, or if 452 

they gave three incorrect responses in a row. A participant’s threshold was the average ISI across 453 

the last six incorrect trials.  454 

Questionnaire: Exposure to English and musical training 455 

At the end of the session, participants filled out a short questionnaire to assess their 456 

auditory exposure to English in a variety of settings (e.g., watching movies/videos, listening to 457 

music, playing videogames; see Appendix S4). Exposure to English phonology was quantified as 458 

proportion of auditory exposure to English over exposure to all languages.  459 

Participants also reported their music background, quantified as the number of months of 460 

musical training.  461 

Information in the BCBL database: English proficiency and other data 462 

Upon registration in the BCBL database, participants perform a series of tasks and fill out 463 

a set of questionnaires. Thus, in addition to the data collected during the experimental session, 464 

we had access to information in the database.  465 

Participants’ English proficiency is assessed via the Basque, English, and Spanish Tests 466 

(BEST) battery (de Bruin et al., 2017). In this battery, participants see 65 pictures of common 467 

entities (e.g., animals, tools, body parts, taken from the MultiPic database, Duñabeitia et al., 468 

2017), and name each in the three languages. The number of correctly named pictures is used as 469 

the participant’s proficiency score in the corresponding language. The database provided 470 

participants’ age (used as an index of exposure to spoken language) and age of acquisition (AoA) 471 

for English and Basque. English AoA indexed exposure to diverse phonologies (together with 472 
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the self-reported measure of auditory exposure to English collected from the questionnaire), and 473 

Basque AoA was a control measure.  474 

Results 475 

We start with a descriptive overview of the data, proceed to the validation/selection of our 476 

main gradiency measure, and finally present the results related to our theoretical questions.  477 

Descriptive results 478 

VAS and 2AFC tasks. Participants performed the VAS tasks as instructed. As expected, 479 

participants rated stimuli with higher VOT as more /p/-like (Fig. 2). In contrast to previous 480 

results from English (Kapnoula et al., 2017; Kim et al., 2020; Kong & Edwards, 2016), 481 

participants did not appear to use F0 as a secondary cue for voicing judgments (see Llanos et al., 482 

2013, for related Spanish results). 483 
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Figure 2 484 

VAS ratings in the Speech-VAS (top), Audio-VAS (middle), and Visual-VAS (bottom) 485 

       486 

 487 

 488 

Note. Error bars show standard deviations (SDs). In the top and bottom plots, error bars 489 

correspond to the average SDs across secondary cue values and are centered at the middle value. 490 

0

10

20

30

40

50

60

70

80

90

100

-58 -44 -37 -24 -17 -5 5 15 25

V
A

S
 r

a
ti

n
g

VOT

179

183

186

189

193

F0 value

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5 6

V
A

S
 r

a
ti

n
g

Trumpet-to-piano sound step

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5 6 7

V
A

S
 r

a
ti

n
g

Apple-to-pear shape step

1

2

3

4

5

Color step



L1 Speech Gradiency Helps Foreign Language Learning 

26 

 

The 2AFC results also show that participants used only VOT (and not F0) to categorize 491 

stimuli as /ba/ versus /pa/ (see Fig. 3).  492 

Figure 3 493 

Proportion of /p/ responses in the 2AFC task as a function of VOT 494 

 495 

Note. Error bars show average SDs per VOT step and are centered at F0 value 179. 496 

We fitted participants’ 2AFC responses using Eq.2 and extracted the function intercepts 497 

separately for each F0. To statistically assess the F0 effect we compared the difference between 498 

the two intercepts against zero using a one-sample t-test. The difference (.029) was not 499 

significantly different from zero, t(164)=.872, p=.385. Given the absence of an effect of F0, we 500 

excluded this factor from further analyses. 501 

 Auditory acuity and working memory tasks. Participants performed the Auditory acuity 502 

and Working memory (Corsi) tasks without problems (see Fig.4), except four participants whose 503 

Auditory acuity data were excluded from the analyses due to a technical error. 504 
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Figure 4 505 

Histograms of responses in Auditory acuity and Working memory (Corsi) tasks 506 

  507 

Validation of gradiency measures extracted from the VAS task 508 

VAS slope. The VAS slope has been validated as a measure of speech gradiency in 509 

English (Kapnoula et al., 2017, 2021; Kapnoula & McMurray, 2021). However, because this is 510 

the first use of the VAS task with Spanish stimuli and Spanish listeners, we begin by examining 511 

the Spanish VAS data.  512 

We started by directly comparing the Spanish VAS slopes from the rotated logistic 513 

function (Eq. 1) against English VAS slopes extracted using the same procedures in three 514 

previous experiments (Kapnoula et al., 2017, 2021; Kapnoula & McMurray, 2021). We 515 

conducted a one-way ANOVA with (log-transformed) VAS slope as the dependent measure and 516 

Experiment as the independent factor with four levels (Spanish; KWKEM-2017; KEM-2021; 517 

KM-2021). The average VAS slope values were lower in the KWKEM-2017 (1.75), KEM-2021 518 

(1.75), and KM-2021 (1.78) studies compared to the current study (2.00), yielding a significant 519 

effect of Experiment, F(3,411) =12.160, p<.001. Bonferroni-corrected comparisons showed that 520 

the Spanish experiment VAS slopes were significantly higher than the VAS slopes in all three 521 

English experiments (all p<.001), whereas no significant differences were found among the 522 

English experiments (all p>.999). This pattern suggests that Spanish listeners performed the task 523 
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differently than English listeners, with the former exhibiting a stronger preference towards the 524 

scale endpoints (see Fig. 5), leading to steeper VAS slopes. 525 

Figure 5 526 

Proportion of responses per rating bin in present study versus KWKEM-2017 527 

 528 

Spanish-speaking participants might use the VAS endpoints more than English-speaking 529 

participants because the difference between Spanish /b/ and /p/ is more qualitative – it is based 530 

on the presence/absence of pre-voicing. In contrast, in English both endpoints typically have a 531 

positive VOT, making the corresponding contrast quantitative. Also, the VOT step size was 532 

larger here (~10ms) compared to the experiments in English (~7ms). Larger step sizes near the 533 

boundary make it more difficult to detect individual differences in gradiency. In sum, the 534 

Spanish participants may have treated the VAS task more like a 2AFC task.  535 

To test this possibility, we correlated the speech VAS slopes with the 2AFC categorization 536 

slopes and the two non-linguistic (visual and auditory) VAS slopes. Previous work in English 537 

found that VAS and 2AFC slopes were not correlated (Kapnoula et al., 2017), suggesting that the 538 

two measures tap different processes (for a discussion on what the two measures may tap, see 539 
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Apfelbaum et al., 2022). Previous work has also shown that VAS slopes for speech stimuli were 540 

not correlated with VAS slopes for a visual continuum (Kapnoula, 2016). 541 

As in the English studies, Spanish speech VAS slopes were not correlated with either the 542 

visual, r(159)=.081, p=.307, or the auditory, r(155)=.058, p=.474, VAS slopes. These results 543 

indicate that the VAS patterns are not simply a function of general response styles. However, in 544 

contrast to the English studies, the Spanish speech VAS slopes were significantly correlated with 545 

2AFC slopes, r(159)=.434, p<.001, further confirming the divergence of the Spanish speech 546 

VAS pattern from the English pattern. This unexpected finding suggests that, unlike English 547 

natives, Spanish participants performed the VAS similarly to a 2AFC task. If so, the VAS slope 548 

may reflect response consistency rather than speech gradiency, leading to a correlation between 549 

VAS slope and our main measure of response consistency. Indeed, in contrast to Kapnoula et al. 550 

(2017), the two measures were significantly correlated, r(159)=.400, p<.001, suggesting that in 551 

the present study shallow VAS slopes reflect response inconsistency. This surprising result may 552 

reflect a discrepancy between Spanish and English native listeners either in terms of L1 553 

gradiency, or in how they perform the VAS task. As mentioned above, this discrepancy could 554 

stem from differences in the specific contrast used (e.g., the qualitative difference between 555 

Spanish /b/ and /p/, based on the presence/absence of pre-voicing), or it could reflect differences 556 

in the VOT step size used. 557 

Boundary warping. The boundary warping measure indexed the degree to which 558 

participants’ ratings diverged from the scale midpoint when rating ambiguous stimuli. We again 559 

directly compared the Spanish results to the results of the three English experiments (Kapnoula 560 

et al., 2017, 2021; Kapnoula & McMurray, 2021). We did not expect to find a difference in 561 

warping between languages and indeed there was none; the lowest degree of warping was 562 
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observed in KM-2021 (M=27), followed by KWKEM-2017 (M=28), the present study (M=29), 563 

and lastly KEM-2021 (M=33). In a one-way ANOVA with warping measure as the dependent 564 

measure and Experiment as the independent factor with four levels (Spanish; KWKEM-2017; 565 

KEM-2021; KM-2021), there was a significant effect of Experiment, F(3,416) =6.905, p<.001. 566 

Bonferroni-corrected comparisons revealed a significant difference between KM-2021 and 567 

KEM-2021 (p=.002), KM-2021 and Spanish (p=.020), and between KWKEM-2017 and KEM-568 

2021 (p=.003). Thus, any differences between experiments were not driven by language 569 

differences. Importantly, unlike the VAS slope, boundary warping was not significantly 570 

correlated with response consistency, r(164)=.008, p=.917. Thus, for this dataset, boundary 571 

warping appears to be a better measure of gradiency than VAS slope. Therefore, we use 572 

boundary warping as our main measure of gradiency.  573 

Does higher gradiency facilitate foreign language learning? 574 

To address this question, we conducted a step-wise regression with English vocabulary as 575 

the dependent variable. In the first step, we accounted for the variance explained by a set of base 576 

variables that were not the focus of our study and were not likely to be affected by factors 577 

entered in subsequent steps: age, auditory acuity, working memory (Corsi) scores, and music 578 

training. As shown in Table 4, age and working memory were significant predictors of English 579 

vocabulary; older participants (or, as we interpret this, ones with longer language experience) 580 

and individuals with higher working memory had higher English vocabulary scores.  581 

  582 
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Table 4 583 

Hierarchical  regression analysis predicting English vocabulary score 584 

Step Variable β ΔR
2
 p 

1 Age .226  .005 

 Auditory acuity −.071  .389 

 Working memory (Corsi) .167  .037 

 Music training .043  .601 

   .090 .007 

2 AoA English .082  .311 

 AoA Basque −.017  .824 

 Exposure English .469 
 

< .001 

   .223 < .001 

3 VAS response consistency −.034 .001 .702 

4 Boundary warping −.220 .042 .003 

 585 

In the second step, we added a set of factors that were likely to be significant predictors, 586 

but were still not the focus of our study: AoA for English and Basque, and auditory exposure to 587 

English. As expected, auditory exposure to English was a significant predictor of English 588 

vocabulary. In the third step, we added VAS response consistency, which was our first predictor 589 

of interest. In contrast to previous work (Fuhrmeister et al., 2023), response consistency was not 590 

a significant predictor of English vocabulary. In the fourth and final step, we added our main 591 

measure of interest: boundary warping. As expected, boundary warping was a significant 592 

predictor of English vocabulary: Individuals with lower warping (higher gradiency) had higher 593 

English vocabulary scores (see Fig. 6) 594 

  595 
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Figure 6 596 

Scatterplot showing English proficiency as a function of boundary warping 597 

  598 

What predicts higher gradiency? 599 

To address this question, we conducted a hierarchical regression with boundary warping 600 

(i.e., the reverse of gradiency) as the dependent variable. In the first step, we again accounted for 601 

the variance explained by a set of base variables that were not the focus of our study: working 602 

memory (Corsi) scores, music training, VAS response consistency, and AoA for Basque. As 603 

shown in Table 5, none of these factors were significant predictors of gradiency. 604 

  605 



L1 Speech Gradiency Helps Foreign Language Learning 

33 

 

Table 5 606 

Hierarchical regression analysis predicting boundary warping (reverse of gradiency) 607 

Step Variable β ΔR
2
 p 

1 Working memory (Corsi) −.071  .378 

 Music training −.125  .124 

 VAS response consistency −.045  .576 

 AoA Basque −.001  .991 

   .024 .460 

2 Auditory acuity .187  .025 

 Age (exposure to spoken language) −.266  .004 

 AoA English .001  .989 

 Exposure English .008  .921 

   .104 .002 

 608 

In the second step, we added our main measures of interest: auditory acuity, overall 609 

experience with spoken language (indexed by age), and our two measures of exposure to 610 

phonological diversity: AoA for English and auditory exposure to English. In line with the 611 

outlined hypotheses, age and auditory acuity were significant predictors of boundary warping; 612 

older participants (i.e., with more accumulated exposure to spoken language) and individuals 613 

with higher auditory acuity showed less warping (i.e., higher gradiency; see Fig.7). However, in 614 

contrast to the diverse-phonologies hypothesis, neither the AoA of English nor its current level 615 

of exposure was a significant predictor of boundary warping. 616 

  617 
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Figure 7 618 

Scatterplots showing boundary warping as a function of Acoustic acuity (left), Exposure to 619 

spoken language/Age (middle), and Exposure to English (right) 620 

   621 

Discussion 622 

Our main goal was to test the hypothesis that gradiency in L1 speech perception helps 623 

listeners learn non-native phonemic contrasts – leading to better foreign language learning. 624 

Indeed, we found evidence that it does.  After accounting for potentially important factors such 625 

as general auditory acuity, working memory, and exposure to the target language, an individual’s 626 

sensitivity to subphonemic differences (i.e., speech perception gradiency) accounts for a 627 

significant portion of the remaining variance in foreign language proficiency (indexed by English 628 

vocabulary scores).  629 

We propose that higher gradiency in L1 allows listeners to better perceive fine 630 

subphonemic differences that are meaningful in a foreign language. There are at least two ways 631 

in which this sensitivity could help foreign language learning. First, gradiency in L1 speech 632 

perception may facilitate the formation of new categories for non-native contrasts, e.g., by 633 

creating a new category boundary within the perceptual space of a native phoneme category. 634 

Second, L1 gradiency may allow listeners to maintain their sensitivity to within-category 635 
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differences in real time, thus facilitating L2 spoken word recognition. Such a positive link 636 

between speech perception gradiency and spoken word recognition would be expected 637 

particularly in L2 speech perception, because L2 speech input does not always neatly map onto 638 

L1 phonological categories, which may cause misperceptions. Maintaining sensitivity to 639 

subphonemic information –instead of strongly committing to one phoneme category– should 640 

facilitate recovery from misperceptions (Kapnoula et al., 2021). In contrast, in L1 speech 641 

perception, stronger top-down/lexical reliance effects have been linked to weaker reliance on 642 

low-level acoustic-phonetic information (see Colby et al., 2018; Giovannone & Theodore, 2023). 643 

Regardless of the specific mechanism, gradiency can be broadly thought of as a “shield” against 644 

the assimilation of non-native sounds by native categories, either at a structural level, or in real-645 

time processing. This interpretation is consistent with established accounts of non-native speech 646 

perception, such as the Native Language Magnet Model (Kuhl, 1993; Kuhl et al., 2008), and the 647 

Perceptual Assimilation Model (Best et al., 2001; Best & Tyler, 2007). Importantly, our findings 648 

expand these models by showing that there are individual differences in the degree of perceptual 649 

assimilation, driven by differences in L1 speech perception. 650 

Our second goal was to examine the potential role of three factors as possible sources of 651 

gradiency: general auditory acuity, overall exposure to language (as indexed by age), and 652 

exposure to phonological diversity. We found evidence that two of these factors are linked to 653 

gradiency. First, we found a positive relationship between auditory acuity and gradiency. It is 654 

reasonable to expect that auditory acuity would help a listener perceive fine acoustic differences 655 

between speech sounds. However, the theoretical value of this finding goes beyond this 656 

assumption. Recent work has provided substantial evidence that domain-general auditory 657 

processing is linked to second language learning outcomes (Kachlicka et al., 2019; Kempe et al., 658 
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2014; Saito et al., 2021, 2022), but the exact mechanism underlying this relationship has been 659 

unclear. Our findings provide preliminary evidence that the missing link between auditory acuity 660 

and foreign language learning may be speech perception gradiency. 661 

We also found evidence that gradiency increases with age. At first sight, this result might 662 

seem surprising, given that aging typically comes with hearing loss. However, we only tested 663 

adults up to 40 years old and our hearing screening assured that all participants had normal 664 

hearing. This finding extends the results reported by McMurray et al. (2018), who found that 665 

sensitivity to within-category differences slowly increases during childhood and adolescence. 666 

Together, these results show that speech perception improves with age; listeners get better at 667 

perceiving small VOT differences, and at the same time they get better at ignoring these 668 

differences when they are irrelevant for the task. Of course, we acknowledge that age 669 

encompasses many different experiences beyond exposure to language. Thus, the idea that it is 670 

specifically exposure to spoken language that drives this increase in L1 gradiency should be 671 

tested in future studies. 672 

More broadly, the positive link between age and gradiency suggests that experience shapes 673 

the speech perception system so that it slowly becomes increasingly sensitive to fine-grained 674 

acoustics. An open question is whether the driving force behind this change is exposure to 675 

language in general, or exposure to a specific kind of linguistic input. Here, we tested one 676 

possible kind of input that may be particularly beneficial in increasing gradiency: phonologically 677 

diverse input. Evidence that phonological diversity affects gradiency would be consistent with 678 

distributional accounts of phonological learning (e.g., SLM-r; Flege & Bohn, 2021), as well as 679 

with empirical work showing that the speech perception system is shaped by linguistic exposure 680 

(Kutlu et al., 2022; Ramon-Casas et al., 2009; Samuel & Larraza, 2015; Sebastián-Gallés et al., 681 
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2005; Sebastián-Gallés & Bosch, 2009). Despite this, our results did not support this hypothesis. 682 

It is possible that there might not be enough variability among our participants in terms of their 683 

exposure to phonological diversity. All participants reside in a multicultural/multilingual 684 

environment (Spanish/Basque as official languages with some exposure to English and to 685 

French, given the nearby Spanish-French border). Thus, all participants might be close to ceiling 686 

in terms of phonological diversity. Perhaps future work can better test this hypothesis by 687 

including participants from a larger range of phonological diversity exposure (e.g., see 688 

preliminary evidence reported by Kutlu et al., 2022). 689 

 690 

In sum, our results show that (1) speech perception gradiency is a significant predictor of 691 

foreign language proficiency and (2) gradiency increases with age and is linked to higher 692 

domain-general auditory acuity. At a theoretical level, these results provide important insights 693 

into the role of gradiency in speech processing and inform our understanding of how L1 speech 694 

perception is linked to foreign language learning. In addition, there are potentially broader 695 

implications, e.g., for foreign language educators, as our results can be used as a starting point 696 

for future research on the role of individual differences in L1 speech processing and the ways 697 

that these differences can be leveraged to facilitate second language learning. 698 

Footnotes 699 

1
 Throughout the manuscript, the term “gradiency” is meant to refer to gradiency in L1 speech 700 

perception; however, this should not be interpreted as a theoretical claim that L1 gradiency is 701 

distinct from L2 gradiency. Indeed, gradiency may very well be an individual trait that applies to 702 

different languages an individual knows. Whether gradiency is a crosslinguistic trait is a (very 703 

interesting) question that falls outside the scope of this study. 704 
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2
 Work by Dmitrieva et al. (2015) showed that in Spanish F0 differs between /b/ and /p/ during 705 

the first 53 ms into the vowel, with a typical difference of 1.24 semitones. In our recordings, the 706 

mean F0 value across the /ba/ and /pa/ steps during the first 53 ms was 186 Hz, which was the 707 

value set as the midpoint point for our pitch continuum. We set the two extreme points to 179 Hz 708 

and 193 Hz, a difference of 1.24 semitones. 709 

3
 Pilot work showed that our participants’ boundary was around -15 VOT, which is why we used 710 

this as the midpoint for our continuum. 711 

4
 Eight fits (4 from the Speech-VAS and 4 from the Audio-VAS) were excluded due to 712 

problematic fits. We speculate that the fits of Audio-VAS curves were not as good as those of the 713 

other two VAS tasks because the trumpet-piano continuum was not as well centered as the other 714 

two continua, making it difficult for the fitter to find good fits. 715 
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