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Previous studies have yielded contradictory results on the relationship between perception and production in L2 phonological processing. We reexamine the relationship between the two modalities both within and across processing levels, addressing several issues regarding methodology and statistical analyses. We focus on the perception and production of the French contrast /u/-/y/ by proficient English-speaking late learners of French. In an experiment with a prelexical perception task (ABX discrimination) and both a prelexical and a lexical production task (pseudoword reading and picture naming), we observe a robust link between perception and production within but not across levels. Moreover, using a clustering analysis we provide evidence that good perception is a prerequisite for good production.

On the relationship between perception and production of L2 sounds: Evidence from

Anglophones' processing of the French /u/-/y/ contrast

Introduction

One of the difficulties for second language learners concerns phonological processing. It is well known that L2 sounds are often hard both to perceive and to produce. Yet, L2 learners can improve in both modalities, even though nativelike performance is very rarely achieved (for reviews, see [START_REF] Piske | Factors affecting degree of foreign accent in an L2: A review[END_REF][START_REF] Sebastián-Gallés | Cross-language speech perception[END_REF]. The possible interaction of perception and production in the acquisition of L2 sounds has been the topic of much research, yet no consensus has so far emerged. The aim of the present article is to shed new light on this issue by means of a study on the perception and production of the French vowel contrast /u/-/y/ by advanced English-speaking learners of French. We consider two questions:

First, is performance in perception related to performance in production? Second, is accurate perception a prerequisite for accurate production? As to the first question, we will provide evidence for the hypothesis that perception and production are linked within but not necessarily across processing levels. Indeed, we find that performance on ABX discrimination (a prelexical task) can be predicted by performance in pseudoword reading (also a prelexical task) but not by performance in picture naming (a lexical task). As to the second question, using a clustering analysis on the results of the perception and production tasks, we will show that good perception is indeed a prerequisite for good production. Before introducing the design and hypotheses of our study, we will review previous work and discuss methodological issues that might obscure the true relationship between perception and production in this type of research.

Previous research: theoretical frameworks

Some major theories of speech learning and processing postulate a relationship between perception and production, explained by the fact that both modalities rely on common underlying mechanisms or representations. For example, in their multicomponent model of working memory, [START_REF] Baddeley | Working memory[END_REF] introduced the concept of the phonological loop which tightly links perception and production. They defined the phonological loop as a component of working memory that consists of two elements: a phonological store (linked to perception) and an articulatory rehearsal mechanism (linked to production). According to the theory, incoming sequences of sounds are first briefly retained in phonological or acoustic form in the phonological store and are then subvocally repeated by an articulatory rehearsal mechanism, allowing one to refresh the sounds' decaying memory traces. Baddeley (1998) and [START_REF] Atkins | Working memory and distributed vocabulary learning[END_REF] propose that the cycling of information between the two elements of the phonological loop is used to learn novel phonological forms of new words in L1 or L2. Furthermore, [START_REF] Jacquemot | What is the relationship between phonological shortterm memory and speech processing[END_REF] subsequently adapted this theory to speech processing, arguing that the phonological loop arises from the cycling of information between the two buffers (phonological store and subvocal rehearsal mechanism), thus mediating between perception and production. Hence, whether seen as a device of word learning or as an element of the speech processing mechanism, the phonological loop presupposes a close link between perception and production.

A different theory, the Speech Learning Model (SLM; [START_REF] Flege | Second language speech learning: theory, findings, and problems[END_REF], proposes that perception and production are linked because they share common underlying representations.

In this theory, phonetic categories are long-term mental representations of acoustic features of speech sounds. Therefore, new phonetic categories for L2 sounds can be created by learners only once they are able to discriminate these sounds phonetically. L2 phonetic categories are acquired through the process of "equivalence classification", during which L1 and L2 segments are compared: identical sounds will be learned easily, new sounds will cause more difficulty, and similar sounds will create most perceptual problems and will be very hard to acquire. Importantly, the L2 phonetic categories the learner acquires through perception act as targets that further guide the production of these sounds. Hence, the SLM postulates a close connection between perception and production, relying on the use of common, acoustically based phonetic representations.

Although the above cited theories provide different explanations for the perceptionproduction link, they clearly emphasize that those modalities are not independent. Below we present an overview of psycholinguistic studies aimed at providing empirical evidence for the link between perception and production.

Previous research: psycholinguistic studies

Many studies investigating the relationship between perception and production focused on a possible correlation between the two modalities. Flege and colleagues thus conducted a series of studies on the perception and production of vowels and consonants in a variety of languages and with participants with various levels of L2 proficiency and a number of different L1s [START_REF] Flege | Production and perception of a novel, second-language phonetic contrast[END_REF][START_REF] Flege | The relation between L2 production and perception[END_REF][START_REF] Flege | Effects of experience on non-native speakers' production and perception of English vowels[END_REF]Flege & Eeftink, 1988;Flege & Schmidt, 1955;Schmidt & Flege, 1995). In all of these studies, as well as more recent ones by other researchers (Baker & Trofimovich, 2006;[START_REF] Bettoni-Techio | Perception and production of alveolar stops by Brazilian Portuguese learners of English[END_REF][START_REF] Hattori | English /r/-/l/ category assimilation by Japanese adults: Individual differences and the link to identification accuracy[END_REF], 2010;[START_REF] Jia | Perception and production of English vowels by Mandarin speakers: Age-related differences vary with amount of L2 exposure[END_REF][START_REF] Kluge | The relationship between the perception and production of English nasal codas by brazilian learners of English[END_REF][START_REF] Zhang | The relationship between the perception and production of non-native tones[END_REF], a positive correlation between the two modalities was found, most often of modest size. [START_REF] Flege | The relation between L2 production and perception[END_REF] argued that while the correlation between perception and production might not be strong, it might also be underestimated in these studies due to methodological factors, such as the specific perception and production measures used. However, even when perception and production are correlated, they do not necessarily involve the same representations. For instance, in their study of the perception and production of the English /r/-/l/ distinction by Japanese learners, [START_REF] Hattori | Examination of the relationship between L2 perception and production: an investigation of English /r/-/l/ perception and production by adult Japanese speakers[END_REF] found that production accuracy of the relevant acoustic cues does not correlate with perceptual sensitivity to these cues. Other studies, moreover, have failed to obtain a correlation between perception and production altogether. For instance, [START_REF] Peperkamp | The relation between perception and production in L2 phonological processing[END_REF] tested advanced French learners of English on the /i/-/ɪ/ contrast and found no signs of a correlation. [START_REF] Kartushina | On the effects of L2 perception and of individual differences in L1 production on L2 pronunciation[END_REF] also found no correlation between the perception and production of French vowels by intermediate Spanish learners. Other studies have yet reported a correlation between perception and production for only some nonnative sounds. For example, [START_REF] Levy | Language experience and consonantal context effects on perceptual assimilation of French vowels by American-English learners of French[END_REF] and [START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF] investigated the perception and production of three French vowel contrasts, /y/-/u/, /u/-/oe/ and /y/-/oe/, by three groups of American English learners of French, differing in L2 proficiency. Their results showed a correlation between perception and production across all proficiency groups for the /y/-/oe/ contrast, a correlation in all but the experienced learners for the /u/-/oe/ contrast, and no correlation in any of the groups for the /u/-/y/ contrast. Thus, it remains unclear which factors influence the strength and the very occurrence of a correlation between the two modalities.

A second set of studies investigated whether the development in one modality precedes the development in the other. Indeed, a common assumption regarding L2 phonological processing is that learners cannot produce L2 sounds accurately without perceiving them well. In [START_REF] Flege | The production of "new" and "similar" phones in a foreign language: evidence for the effect of equivalence classification[END_REF][START_REF] Flege | Second language speech learning: theory, findings, and problems[END_REF] SLM, the accurate production of L2 sounds depends on their accurate perception: L2 speakers can learn to produce a non-native sound only if they have established in perception a new phonological category for it. Several experimental studies have yielded evidence in favor of this model, in that production lags behind perception. For instance, [START_REF] Flege | Production and perception of a novel, second-language phonetic contrast[END_REF] found that experienced Taiwanese learners of English perceived the vowel duration cue to coda stop voicing in English as well as native speakers did, but failed to match the duration difference of native speakers in production.

Focusing on beginning learners, [START_REF] Nagle | Examining the temporal structure of the perception-production link in second language acquisition: A longitudinal study[END_REF] examined the development over the course of one year of the perception and production of the Spanish /p/-/b/ contrast by native English speakers. He found that improvement in perception preceded improvement in the production of Spanish-like VOT values for /p/ (but no relationship could be established with respect to the production of Spanish-like VOT values for /b/). [START_REF] Casillas | Phonetic Category Formation is Perceptually Driven During the Early Stages of Adult L2 Development[END_REF] examined the same question in a seven-week immersion program, and also observed that improvement in perception preceded that in production. 1 Some other studies, however, have reported an effect opposite to the one predicted by the SLM, namely that L2 speakers can have accurate production of a non-native contrast despite inaccurate perception. For example, [START_REF] Goto | Auditory perception by normal Japanese adults of the sounds "L" and "R[END_REF] tested Japanese learners of English on their perception and production of English words containing /r/ and /l/ sounds, and found that even participants who achieved relatively high production accuracy still exhibited poor discrimination. Similar results for the same test case were obtained by [START_REF] Sheldon | The acquisition of /r/ and /l/ by Japanese learners of English: Evidence that speech production can precede speech perception[END_REF]. Flege & Eeftink (1987) focused on Dutch learners of English, and observed a large increase in VOT during the production of English compared to Dutch voiceless stops but only a small shift in the perceptual boundary between English voiced and voiceless stops. Bohn & Flege (1997), in a study of German L2 speakers' processing of the English vowel /ae/, also observed better production than perception. Other studies yet have obtained mixed effects, with more accurate perception for some sounds and more accurate production for others. For example, Hao & de Jong (2016) found that Korean learners of English show better perception than production of fricatives, but better production than perception of stops, suggesting that the L2 perception-production link is not monolithic. 2 Finally, the link between perception and production has also been examined in training studies. In conformity with the SLM, several of these studies show that specific perception training can result in improvement not only of the perception of the trained contrast but also of its production [START_REF] Bradlow | Training Japanese listeners to identify English /r/ and /l/: IV. Some effects of perceptual learning on speech production[END_REF][START_REF] Huensch | Effects of perceptual phonetic training on the perception and production of second language syllable structure[END_REF][START_REF] Lee | Effects of different types of corrective feedback on receptive skills in a second language: A Speech Perception Training Study[END_REF][START_REF] Lengeris | The effect of native vowel processing ability and frequency discrimination acuity on the phonetic training of English vowels for native speakers of Greek[END_REF][START_REF] Motohashi-Saigo | Acquisition of L2 Japanese geminates: Training with waveform displays[END_REF][START_REF] Okuno | Perception-production link in L2 Japanese vowel duration: training with technology[END_REF][START_REF] Rato | effects of perceptual training on the production of English vowel contrasts by Portuguese learners[END_REF][START_REF] Wong | The effects of perceptual and or productive training on the perception and production of English vowels /I/ and /i:/ by Cantonese ESL learners[END_REF][START_REF] Wong | Comparing the perceptual training effects on the perception and production of English high-front and high-back vowel contrasts by Cantonese ESL Learners[END_REF]; see also the meta-analysis in [START_REF] Sakai | Can perception training improve the production of second language phonemes? A meta-analytic review of 25 years of perception training research[END_REF]. However, while studies using production training are overall rarer, the inverse carryover effect from production training to perception has been reported as well [START_REF] Akahane-Yamada | Computer-based second language production training by using spectrographic representation and HMM-based speech recognition scores[END_REF][START_REF] Kartushina | The effect of phonetic production training with visual feedback on the perception and production of foreign speech sounds[END_REF]. Moreover, an interference effect of production on perception training has also been observed: when participants overtly repeat the stimuli during perception training, the effect of training on their post-test perception performance is disrupted [START_REF] Baese-Berk | Listeners beware: speech production may be bad for learning speech sounds[END_REF].

To sum up, then, decades of research have not yielded a consensus concerning the relationship between perception and production in L2 speech sound processing. Some of this lack of consensus may be attributed to methodological issues in these studies. We turn to these issues now.

Methodological issues

The contradictory findings on the perception-production link might be explained to some extent by the methodological difficulty of assessing and comparing results from perception and production experiments [START_REF] Elvin | The relationship between perception and production of Brazilian Portuguese vowels in European Spanish monolinguals[END_REF][START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF]. For one thing, results might differ even within a given modality, depending on the task. For instance, [START_REF] Mack | Consonant and vowel perception and production: early English-French bilinguals and English monolinguals[END_REF] compared the perception and production accuracy of early English-French bilinguals and English monolinguals on the English /d-t/ and /i-ɪ/ contrasts. In perception, she found that bilinguals performed differently from monolinguals in identification but not in discrimination.

In a similar vein, [START_REF] Díaz | Individual differences in late bilinguals' L2 phonological processes: From acoustic-phonetic analysis to lexical access[END_REF] examined Dutch L2 learners' processing of the English /ae/-/ε/ contrast, and found that a larger performance gap between native and non-native listeners in lexical decision and word identification than in categorization. This is likely due to the fact that different perceptual tasks tap into different processing levels, and are therefore not equally difficult. More specifically, while prelexical processing (e.g., the categorization task) only involves a phonetic analysis, lexical processing (e.g., the lexical decision task) is more complex as it additionally requires mapping the incoming speech signal onto phonological representations stored in memory [START_REF] Pisoni | Acoustic-phonetic representations in word recognition[END_REF]. Thus, tasks that tap into different levels of processing require different skills and involve different amounts of cognitive load [START_REF] Werker | Cross-language evidence for three factors in speech perception[END_REF][START_REF] Werker | Phonemic and phonetic factors in adult cross-language speech perception[END_REF].

Furthermore, several tasks seem to involve both perception and production to some extent. On the one hand, as argued by [START_REF] Peperkamp | The relation between perception and production in L2 phonological processing[END_REF], certain perception tasks might be influenced by production, due to the automatic activation of a perception-production loop [START_REF] Baddeley | Exploring the articulatory loop[END_REF][START_REF] Jacquemot | What is the relationship between phonological shortterm memory and speech processing[END_REF]. For instance, discrimination tasks require participants to retain stimuli in phonological short-term memory; provided the interstimulus interval (ISI) is not too short, this yields automatic covert rehearsal of the stimuli that are subsequently processed by the speech perception module. Similarly, identification leaves enough time for participants to subvocally rehearse the stimuli and process these covert productions before making a decision. On the other hand, production is sometimes assessed in an imitation or a repetition task (e.g., [START_REF] Flege | Imitation of a VOT continuum by native speakers of English and Spanish: Evidence for phonetic category formation[END_REF][START_REF] Flege | Native Italian speakers' perception and production of English vowels[END_REF]Jia et al., 2016;[START_REF] Kartushina | On the effects of L2 perception and of individual differences in L1 production on L2 pronunciation[END_REF][START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF], both of which arguably contain a perception component. [START_REF] Hao | Imitation of second language sounds in relation to L2 perception and production[END_REF] specifically raised the question of whether imitation is a better reflection of production or perception skills. They argued that although at first sight imitation seems to be a production task based on auditory prompts, it can also be viewed as a perception task with a verbal response. Focusing on English learners of Mandarin and Korean learners of English, they found that accuracy in L2 imitation is not always constrained by accuracy in either identification or reading. They concluded that L2 imitation may not involve all the skills required by the perception and the production tasks and probably bypasses some aspect of phonological encoding. [START_REF] Llompart | Imitation in a second language relies on phonological categories but does not reflect the productive usage of difficult sound contrasts[END_REF] similarly examined the relationship between imitation and both perception and production in L2 learners. They showed that German learners of English' ability to imitate a difficult English contrast was related to their perception of this contrast as assessed by an identification task, but not to its production as assessed by a word reading task. These results were interpreted as being largely due to the fact that the imitation and perception tasks were both prelexical, whereas the production task was lexical. Specifically, the authors argued that L2 learners can have inaccurate lexical representations despite having accurate phonetic category representations.

Measuring accuracy in L2 remains problematic even after choosing the most appropriate tasks to test perception and production. Performance in perception typically depends not only on how well the target contrast is perceived, but also on factors such as cognitive control, memory, and attention. Adding a native control contrast provides an individual baseline for performance (e.g., [START_REF] Peperkamp | The relation between perception and production in L2 phonological processing[END_REF][START_REF] Sebastián-Gallés | On the relationship between perception and production in L2 categories[END_REF], but when an individual accuracy score needs to be computedas is the case for correlation studiesthe question arises as to how this baseline should be taken into account.

For example, [START_REF] Peperkamp | The relation between perception and production in L2 phonological processing[END_REF] carried out linear regressions between the perception and production scores of bilingual participants and included the scores on the control condition in perception as a covariate. They also carried out an additional analysis where they used individual difference scores for perception, defined as the error rate on the experimental contrast minus that on the control contrast. An alternative way to take into account the performance on the control contrast is to include the native participants' data in the modeling, with native language entered as a fixed effect.

For production tasks, the problem consists in deciding what the dependent measure should be. One possibility is to obtain nativelikeness scores from judgments made by native speakers. But what should these judges listen to? Individual target sounds excised from recordings are often too short to be judged by native speakers, while larger portions might induce a judgment of the overall accent rather than of the target sound's accuracy. Even when asked to focus only on the target sound, the judges could be biased by the global accent of the L2 speaker, depending on their capacity to abstract away from it (cf. discussion in [START_REF] Mccullough | Acoustic Correlates of Perceived Foreign Accent in Non Native English[END_REF]. In addition, providing full words as input might introduce a lexical bias in their judgments.

A different way of evaluating L2 production accuracy is by carrying out acoustic measurements of the recorded stimuli. A common assumption is that a greater acoustic distinctiveness of a non-native contrast implies a better command of L2 [START_REF] Kartushina | On the effects of L2 perception and of individual differences in L1 production on L2 pronunciation[END_REF][START_REF] Tsukada | A developmental study of English vowel production and perception by native Korean adults and children[END_REF]. The distinctiveness between two vowels is commonly measured as their acoustic distance in the F1 x F2 vowel space. However, the choice of a measure of acoustic distinctiveness is not straightforward. Many previous studies used the Euclidian distance to estimate the distance between the centroids (means) of the two category distributions in the F1 x F2 acoustic space (e.g. [START_REF] Chandrasekaran | Individual variability in cueweighting and lexical tone learning[END_REF][START_REF] Lengeris | Comparison of perception-production vowel spaces for speakers of Standard Modern Greek and two regional dialects[END_REF][START_REF] Tsukada | A developmental study of English vowel production and perception by native Korean adults and children[END_REF]. This method disregards both duration and formant dynamics, and has the further disadvantage that it does not take into account the shape of the distributions.

That is, it ignores information on category variance and overlap. Some recent studies have addressed this problem by using Mahalanobis distance, a unitless measure that captures the distance between a point and a distribution in terms of the number of standard deviations the point is from the distribution's mean [START_REF] Mahalanobis | On the generalized distance in statistics[END_REF]. This metric can be used to estimate the distance between two vowel distributions by summing the individual distances between each exemplar of each category and the distribution of the other category [START_REF] Kartushina | On the effects of L2 perception and of individual differences in L1 production on L2 pronunciation[END_REF][START_REF] Renwick | Phonetic distinctiveness vs. lexical contrastiveness in non-robust phonemic contrasts[END_REF]. Finally, one more methodological aspect of acoustic measurements concerns the scale used to represent formant frequencies. A simple linear frequency scale does not reflect human perception accurately, as the frequency response of the human ear is somewhat logarithmic [START_REF] Sawusch | Acoustic analysis and synthesis of speech[END_REF]. Moreover, F2 has been shown to contribute more to the identification of vowels than F1 [START_REF] Delattre | An experimental study of the acoustic determinants of vowel colour: observations on one-and two-formant vowels synthesized from spectrographic patterns[END_REF]. Transforming the Hertz scale into a psycho-acoustical scale such as the Bark or mel scale allows for a more accurate measurement of production accuracy. Thus, whether evaluating perception or production data, one must consider a range of issues and make non-trivial methodological decisions. This difficulty in assessing performance is even more striking for studies comparing perception and production, as the tasks used to assess each of them might not be of equivalent difficulty for L2 speakers. For instance, the task in one domain might be cognitively more demanding than the task in the other, as when different processing levels are involved. This is often the case, with perception being typically tested with a prelexical task and production with a lexical task. Similarly, target sounds are not always presented in the same phonetic contexts in the perception and production tasks, despite the fact that task difficulty can depend partly on the surrounding sounds (e.g., [START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF][START_REF] Strange | Effects of consonantal context on perceptual assimilation of American English vowels by Japanese listeners[END_REF].

Current study

We address some of the above-mentioned methodological issues in order to obtain more precise and comparable measures for perception and production accuracy, and further investigate the hypothesis that perception and production in L2 phonological processing are related. Our case study concerns the perception and production of the French /u/-/y/ contrast (as in pouce 'thumb' -puce 'flea') by highly proficient English-speaking late learners of French. The contrast between the vowels /u/ and /y/ has been reported to be one of the most difficult ones for (American) English speakers to perceive [START_REF] Levy | Perception of French vowels by American English adults with and without French language experience[END_REF] and produce [START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF].

To assess production, we use both a prelexical and a lexical task (pseudoword reading and picture naming, respectively). Since neither duration nor formant trajectories are important intrinsic aspects of the production of French oral vowels, we assess accuracy by measuring Mahalanobis distance between F1 and F2 midpoint measures in the Bark scale, comparing performance of the late learners to that of a control group of native French speakers. To assess perception, we use a prelexical task (ABX discrimination), and compare performance on the test contrast both to that of a series of control contrasts and to that of the control group of native French speakers. We also manipulate the ISI in this task in order to examine the role of the automatic activation of the perception-production loop when stimuli are coded in phonological short-term memory. That is, we use both a short and a long ISI, with only the latter allowing participants to subvocally rehearse the stimuli and process these covert productions before making a decision.

We evaluate the relation between perception and production both within and across processing levels. Specifically, using mixed-effects modeling, we examine the link between performance on the prelexical perception task and performance in the prelexical production task (within-level comparison) on the one hand, and that in the lexical production task (across-level comparison) on the other hand. We predict a relationship between perception and production for the within-level comparison in the long but not in the short ISI condition, but not necessarily for the across-level comparison.

Additionally, we address the question of whether good perception is a necessary condition for good production, as stated by the SLM. In particular, we use a clustering algorithm to divide the late learners into relatively good and bad perceivers and relatively good and bad producers, based on their performance on each of the tasks. This method allows us to assess the relative performance of the individual learners in perception and production compared to the overall group performance, thus avoiding the problem of task comparability.

Following the SLM, we predict that more participants will fall within the clusters of good perceivers and bad producers than within the clusters of bad perceivers and good producers.

Methods

The experiment consisted of one perception task, i.e. ABX discrimination, and two production tasks, i.e. pseudoword reading and picture naming. In the ABX discrimination task, we tested participants' perception of the French /u/-/y/ contrast and compared it to their perception of a series of control contrasts, i.e. /a/-/i/, /a/-/e/, /o/-/i/, and /e/-/o/. In order to ensure that the task would be hard enough for our target group of highly proficient L2 learners, we used relatively long, trisyllabic stimuli and made the syllabic position of the experimental contrast vary across trials, such that participants' attention would not be drawn to one particular syllable position over the course of the experiment.

In the pseudoword reading task, we used the same pseudowords as those in the perception task, thus making it directly comparable to the perception task. As this task used both the same items and tapped into the same, prelexical, processing level as the perception task, it provides the strongest case for testing the hypothesis that perception and production are linked in L2 speech sound processing. Finally, in the picture naming task, we used pictures of objects whose names contain /u/ or /y/ for the test items and pictures of objects whose names do not contain /u/ and /y/ for the filler items.

Participants

Nineteen English-speaking late learners of French, sixteen women and three men aged between 20 and 35, participated. They were native speakers of American or British English who had started to learn French between the ages of 4 and 27 (mean: 12.9 years). They were all proficient speakers of French, and had been living in France for at least one year (mean: 4.58 years). A questionnaire based on the bilingualism dominance scale [START_REF] Dunn | A quick, gradient Bilingual Dominance Scale*[END_REF] was used to quantify language dominance. This questionnaire examines frequency and domains of use, age of acquisition, and the age at which they felt comfortable speaking each language. The resulting dominance score can range from -30 to +30, with 0 indicating perfect balance and a score lower than -5 or higher than +5 being interpreted as dominance in French or English respectively. Individual dominance scores for these participants ranged from +5 to +23 (mean: +17.6); thus, all participants were English-dominant, most of them substantially so. Participants also completed a questionnaire to self-evaluate their speaking, listening, reading, vocabulary and grammar skills in both languages, on scales from 1 to 10. For all aspects, participants scored themselves higher for English (mean: 9.8) than for French (mean: 7.1).

In addition, 11 native French speakers from France, eight women and three men aged between 20 and 29, participated as controls. None of the participants reported a history of speech or language problems. They were all paid a small fee for their participation.

Stimuli

For the ABX discrimination task, we created forty-eight pairs of trisyllabic French CVCVCV pseudowords differing only in a vowel (e.g. /vepuba/-/vepyba/) (the full list of stimuli is provided in Appendix, part A). For half of the pairs (test), the vowel contrast was /u/-/y/, for the other half (control), it was one of /a/-/i/, /a/-/e/, /o/-/i/, and /e/-/o/. The vowel contrast appeared in either the first, the second, or the third syllable. For the test contrast, the crucial vowels were preceded by an alveolar consonant (/t/, /d/, /n/) in half of the pairs and by a bilabial consonant (/p/, /b/, /m/) in the other half. 3 Three native speakers of French, two women and one man, recorded the stimuli in a soundproof booth, at 16 bits mono with a sampling rate of 44.1 kHz. The mean duration of the stimuli was 686 ms.

For the pseudoword reading task, we used the test pairs from the perception task, i.e. the ones containing the /u/-/y/ contrast. Stimuli were written in appropriate French orthography, e.g. vépouba for /vepuba/ and vépuba for /vepyba/.

For the picture naming task, we selected 120 color pictures of objects, the French names of which were likely to be familiar to all participants. Thirty of these names contained /u/, 30 /y/, and 60 neither of these vowels (the full list of stimuli is provided in Appendix, part B). 4 The lists were matched in terms of number of syllables and frequency.

Procedure

ABX discrimination Participants were presented in each trial with three trisyllabic items, the first two produced by the two female speakers and the third one by the male speaker. 5 Their task was to determine whether the last item (X) was identical to the first (A) or to the second one (B). There were 192 trials divided over four blocks. In each block, half of the trials featured the test /u/-/y/ contrast, the other half one of the control contrasts (/a/-/i/, /a/-/e/, /o/-/i/, or /e/-/o/). The identity of X and the correct response (A or B) were counterbalanced, and the trials were presented in a pseudo-random order, such that no more than three trials of the same type (test or control) or with the same correct response (A or B) would appear in a row.

In each block the ISI was either 150 ms (henceforth: short ISI) or 1000 ms (long ISI). 6 The ISI block types alternated. Half of the participants started with a short ISI block, the other half with a long ISI block. Participants could take a short break in between blocks.

Each block started with a practice phase of five trials, during which participants received feedback as to whether their responses were correct. In the case of an incorrect response or no response within 2500 ms of the stimulus offset, the trial was repeated until the correct response was given. During the test phase, participants received no feedback and if they did not respond within 2500 ms the next trial was presented. A silent interval of 1000 ms separated the participant's response or the time-out from the presentation of the next stimulus.

Pseudoword reading The 48 items used in the test trials of the discrimination task (half containing /u/, the other half /y/) were embedded in a carrier sentence: Je dis __ deux fois, /ʒədi _ døfwa/ "I say __ twice". These sentences were presented on a computer screen in a pseudo-random order, such that no more than three sentences containing items with the same target vowel appeared in a row. Participants were asked to read them as naturally as possible, and to press a button to proceed from one sentence to the next. Picture naming 7 The 120 pictures were presented one by one on the screen in a pseudorandom order, such that no more than three objects with the same target vowel in their name appeared in a row. Participants were asked to name the object they saw and to press a button to proceed to the next picture.

Results and discussion

We first present the results for the production tasks. We then present together the results for perception and for the relationship between the two modalities, using a single regression model to analyze these aspects simultaneously. 8

Production

All recordings were checked for the absence of noise (e.g., coughs, sneezes, etc.), recording failures, and productions that differed from the target (i.e., names that did not correspond to the designated image in naming, and pseudowords produced with erroneous sounds in reading). A total of 1,5% of the recordings were thus discarded.

The waveform and the wideband spectrogram of the production data were visualized, and target vowels were segmented at zero crossings. After segmentation, the mean values of the first two formants (F1 and F2) at the acoustic midpoint of each token were automatically extracted using Praat (Boersma & Weenink, 2016). These formant values were then Barktransformed. Outliers more than 2.5 standard deviations from the by-talker by-vowel mean were discarded (3.9% of the datapoints). Vowel plot summaries for each participant are shown in Figure 1 9 .

[insert Figure 1 .] In order to measure the acoustic distance between the /u/ and /y/ categories we used the Mahalanobis distance metric, which measures the number of standard deviations from a point to the mean of a distribution. For each vowel contrast for each participant, we computed the mean Mahalanobis distance between each token and the distribution of the other category.

Thus, for every participant we obtained the mean Mahalanobis distance from each /u/ token to the entire /y/ category and from each /y/ token to the entire /u/ category. Finally, we summed these two distances to obtain an individual measure of the distance between the two categories. A larger distance is indicative of a better separation between the two vowels, and, by hypothesis, of a higher production accuracy. The mean individual distance scores are shown in Figure 2.

[insert Figure 2.] Mean Mahalanobis distance scores in the pseudoword reading task for late learners were not significantly different from scores for natives in a Welch t-test (learners: mean = 6.41, SD = 4.78; natives: mean = 7.9, SD = 3.32; t(26.90) = 1.00, p > 0.5, d = 0.34). In picture naming, the difference between the mean production scores of the two groups was not significant either (learners: mean = 5.57, SD = 2.22; natives: mean = 6.87, SD = 1.76; t(25.07) = 1.77, p > 0.5, d = 0.63).

These findings are unexpected, although the numerical trends accord with our expectation that the French participants have more distinct /u/ and /y/ categories than the late learners. One explanation for the lack of a significant difference between the groups might be that the late learners are close to native-like. Their relatively high score on the bilingual dominance scale and their self-evaluations mentioned above, however, suggest otherwise.

Alternatively, it might be attributed to differences in speech rate. In particular, if the native French speakers spoke faster than the late learners, this would have caused a reduction of their vowel space, i.e. the displacement of vowels towards the center of the acoustic F1xF2 space [START_REF] Lindblom | Spectrographic study of vowel reduction[END_REF][START_REF] Nadeu | Stress-and speech rate-induced vowel quality variation in Catalan and Spanish[END_REF], and hence a reduced distance between their /u/ and /y/ categories. In order to test this hypothesis, we measured the duration of each target vowel produced by the participants, and carried out Welch t-tests to compare the duration of tokens of native speakers to those of late learners. In both reading and naming, tokens of /u/ and /y/ produced by native speakers were significantly shorter than those produced by late learners (readingnatives: mean = 96 ms, SD = 44 ms; readinglearners: mean = 125 ms, SD = 55 ms; t(24.84) = 3.44 , p = 0.002, d = 1.23; namingnatives: mean = 88 ms, SD = 39 ms; naminglearners: mean =112 ms, SD = 51 ms; t(27.18) = 3.96 , p < 0.001, d = 1.26). Thus, the lack of a significant difference between the late learners and the native speakers might indeed be due to the native speakers' overall fluency, leading to a higher speech rate which likely caused their vowels to become more central overall.

Perception and its relationship with production

Figure 3 shows mean accuracy scores in the ABX discrimination task for the late learners and the native speakers, split by ISI condition (short vs long) and vowel contrast (/u/~/y/ vs control). Scatter plots of the relationship between performance in the ABX task and that in both production tasks can be found by following the link: http://cognitivetraining.epizy.com/Graphs/Graphs_supplementary_materials.pdf [insert Figure 3.] We analyzed these data using logistic mixed effects regression modeling. Crucially, we included the production scores from the pseudoword reading and the picture naming tasks, respectively, as fixed effects in two separate models. For each model, a significant effect of production score would be evidence for a link between perception and production. The R package lme4 [START_REF] Bates | lme4: Linear mixed-effects models using Eigen and S4[END_REF] was used to carry out these analyses. Effect-size estimates were obtained using the MuMIn package [START_REF] Barton | MuMIn: Multi-model inference[END_REF].

Our procedure for model construction followed the stepwise algorithm outlined in [START_REF] Turnbull | The role of predictability in intonational variability[END_REF]. We started the analysis with a null model that included our binomial dependent variable (ABX Accuracy), and Participants and Items as random intercepts. The predictor variables that we tested were Contrast (test vs. control), Group (late learners vs. native speakers), ISI (short vs. long), and production score (either pseudoword reading score or picture naming score, depending on the model). The three categorical independent variables were contrast-coded. At each step, we tested for each predictor variable not yet present in the model whether the model would improve if it was added. We evaluated each added effect using likelihood-ratio tests. At the end of each step, the effect with the lowest pvalue below .05 was added to the model. We then repeated this process with the larger model with the remaining predictor variables until no effects gave a significant model improvement.

At each step, if main effects were retained in the model, we tested for an interaction between them.

In the model using pseudoword reading as a measure of production accuracy, the optimal model returned main effects of Reading Accuracy, Contrast, and Group, and an interaction between Contrast and Group (Table 1). Accuracy was observed, with higher production scores predicting higher perception accuracy.

This means that performance in pseudoword reading was a good predictor of discrimination accuracy. Moreover, the absence of an interaction of Reading Accuracy with either Group or Contrast indicates that the relationship between perception and production was not restricted to the native speakers or the test contrast, respectively 10 . Thus, perception and production were linked in both the late learners and the native speakers, and this link held for both the discrimination responses on the /u/-/y/ test contrast and those on the control contrasts. By contrast, the absence of an interaction between ISI and Reading Accuracy in the final model indicates that, contrary to our prediction, this relationship was not modulated by ISI.

In the model using picture naming as a measure of production accuracy, the final model included main effects of Contrast and Group, as well as their interaction (Table 2).

Crucially, Naming Accuracy was not retained in the final model. From this we infer that there was no relationship between picture naming and discrimination accuracy. Note that if there was a relationship between the perception and production in the late learners only or for one contrast only we should have observed an interaction between Naming Accuracy and Group or Contrast 11 . Thus, no relationship between perception and production was observed in either the late learners or the native speakers of French, regardless of whether the discrimination responses concerned the test or the control contrasts. Effect size (whole model) : R 2 marginal = 0.14, R 2 conditional = 0.26

Clustering

In order to classify the late learners into relatively good and bad perceivers and relatively good and bad producers, we carried out separate clustering analyses on the discrimination, reading and naming data. We used non-hierarchical k-means clustering to group the participants into two groups according to their performance. For production, we entered two scores, i.e. the performance in pseudoword reading and the performance in picture naming.

For perception, we entered one score, i.e. the mean of performance on short and long ISIs in the test condition. For pseudoword reading and for naming, participants with a minimum mean Mahalanobis distance of 6.35 and 6.85, respectively, were classified as showing relatively good performance, and those with a maximum mean Mahalanobis distance of 4.71 and 5.48, respectively, as showing relatively bad performance. For perception, participants with a minimum mean accuracy score of 70% were classified as showing relatively good performance, and those with a maximum mean accuracy score of 65% as showing relatively bad performance. Finally, based on the obtained clusters we superimposed the proficiency groups in the perception task and each of the production tasks, assigning the participants to one of the following groups: good perception and good production; good perception and bad production; bad perception and good production; bad perception and bad production (Table 3). Regardless of the production task under consideration, we found that the majority of late learners belonged to one of three groups: those with good production and perception;

those with bad production and perception; and those with bad production but good perception.

Of interest is the fact that while several late learners belonged to the good perception / bad production group (6 in the reading task and 8 in the naming task), only one of them was assigned to the bad perception / good production group (in both reading and naming) 12 .

Thus, with one exception, late learners who were good in production were also good in perception, while only about half of those who were good in perception were also good in production. Aside from the one exception, these results are in accordance with the central claim of the SLM [START_REF] Flege | The production of "new" and "similar" phones in a foreign language: evidence for the effect of equivalence classification[END_REF][START_REF] Flege | Second language speech learning: theory, findings, and problems[END_REF] that accurate perception of an L2 sound is a prerequisite for its correct production.

General discussion

Investigating the relationship between perception and production in L2 phonological processing is all but straightforward. The specific tasks used to assess perception and production, the measure by which production accuracy is evaluated, the presence of a control contrast and/or group, and the statistical methods used to analyze the data all require nontrivial choices to be made. Here, we focused on the French vowel contrast /u/-/y/, and tested proficient English-speaking L2 learners of French in a design aimed at obtaining more precise and comparable measures for perception and production accuracy. For perception we used a prelexical task, ABX discrimination, with the /u/-/y/ test contrast and a series of different vowel contrasts as control. For production, we used both a prelexical task, pseudoword reading (using the same items as those in ABX discrimination), and a lexical task, picture naming, and measured the Mahalanobis distance between /u/ and /y/ in the Bark scale to assess accuracy. In all tasks, we compared performance of the late learners to that of a control group of native French speakers. Using mixed-effects modeling, we found evidence for a relationship between perception and production within but not across levels: prelexical pseudoword reading, but not lexical naming, was a good predictor of accuracy in prelexical ABX discrimination. In addition, we tested whether good perception is a prerequisite for good production. Using a clustering algorithm, we found evidence that this is indeed the case.

Before discussing the results regarding the relation between perception and production, we comment on the production and the perception results separately.

As to the production accuracy of late learners versus native speakers of French, we obtained mixed results. We expected late learners to produce /u/ and /y/ less accurately than native French speakers (with less distance between the two vowels in the acoustic space) and hence, to have less distinct /u/ and /y/ categories, as observed earlier with a repetition task by [START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF]. However, in both pseudoword reading and picture naming the difference between native speakers and late learners did not reach significance. A post-hoc analysis of token durations showed that compared to the late learners, the native French participants produced significantly shorter tokens of /u/ and /y/. This means that the distance between those vowels in French productions was likely reduced, as vowels typically become more central at increased speech rates. Thus, the lack of difference between the productions of native speakers and late learners could be explained by a difference in speech rate. This issue with the performance of control participants should be taken into account in further studies.

For pseudoword reading this could be done by using a metronome to pace participants' speech rate [START_REF] Kittredge | Learning to speak by listening: Transfer of phonotactics from perception to production[END_REF][START_REF] Motohashi-Saigo | Acquisition of L2 Japanese geminates: Training with waveform displays[END_REF]. For picture naming, where stimuli differ in length and familiarity, a more ecological solution would be to take into account individual relative speech rates, by having both a normal and a fast speech condition for each participant; the comparison of recordings at both speech rates would allow one to take into account the possible reduction processes that occur in faster speech [START_REF] Nadeu | Stress-and speech rate-induced vowel quality variation in Catalan and Spanish[END_REF]Schmidt & Flege, 1995).

In perception, the late learners were overall less accurate than the native French speakers, and their performance was 18.1 percent point worse on the test contrast /u/-/y/ than on the control contrasts. This reflects the strong effect of the listeners' native language on their phonological categorization. The native speakers also had more difficulty with the test contrast, on which they performed somewhat less accurately than on the control contrasts (the difference in accuracy between the two conditions was of 4.6 percent point). This is unsurprising, as /u/-/y/ is acoustically a smaller contrast than any of the control contrasts /a/-/i/, /a/-/e/, /o/-/i/, and /e/-/o/. The results on the late learners are consistent with the findings of [START_REF] Levy | Perception of French vowels by American English adults with and without French language experience[END_REF], who examined the perception of French vowels by American English listeners with and without French language experience. In their study, both groups of American English listeners performed worse than French control participants. Moreover, for the experienced group the /u/-/y/ contrast was the most difficult one (the other test contrasts were /i/-/y/, /u/-/oe/, and /y/-/oe/). 13 Turning now to the link between perception and production in the late learners, we observedas predicteda relationship between discrimination and pseudoword reading. We consider this relationship to be reliable and robust: not only do the two tasks tap the same, prelexical, processing level, we also implemented them using the same items. Thus, we obtained comparable measures for assessing the participants' performance in the two modalities. 14 This result contrasts with that of [START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF], who also used the same items in perception and production but found no direct link between the two modalities. Their participants, though, had varying levels of French proficiency (from none to advanced), and their tasks were different: mapping of French vowels onto the closest English ones in perception, and pseudoword repetition in production. Interestingly, the link between perception and production observed in the present study held for both the discrimination responses on the test contrast and those on the control contrasts; that is, /u/-/y/ production accuracy was predicted by discrimination accuracy of not only the same /u/-/y/ contrast but also different vowel contrasts. In other words, the interrelation between the modalities did not hinge upon the use of the same contrast, and, a fortiori, of the same set of test items. By contrast, we observed no direct link between discrimination and picture naming, suggesting that the prelexical and lexical processing levels are to a certain extent independent, and that the perception-production relationship can be restricted to a specific level. The lack of a perception-production link when tested across levels could be explained by the fact that tasks tapping into different levels of processing might not be directly comparable as they involve different skills with different amounts of cognitive load and require access to different types of representation. Specifically, while pseudoword reading might be of similar difficulty as ABX discrimination, as both only involve phonetic and phonological analysis, a lexical task such as picture naming might be more difficult as it additionally requires mapping the incoming speech signal onto phonological representations of words stored in memory [START_REF] Pisoni | Acoustic-phonetic representations in word recognition[END_REF], which can, moreover, be less accurate than phonetic category representations (see Llompart & Reinisch, and references therein).

The relationship between discrimination and reading was not moderated by ISI. We had chosen the ISIs such that the long but not the short ISI condition allowed for a complete activation of the perception-production loop [START_REF] Baddeley | Exploring the articulatory loop[END_REF][START_REF] Jacquemot | What is the relationship between phonological shortterm memory and speech processing[END_REF], i.e., for participants' automatic, subvocal rehearsal of the stimuli and their processing of these covert productions prior to decision making. The absence of a moderator effect of ISI indicates that the perception and production link does not hinge upon the activation of participants' production module during the discrimination task, contrary to a suggestion by [START_REF] Peperkamp | The relation between perception and production in L2 phonological processing[END_REF]. Of course, it is still possible that the perception-production loop plays a role during the process of L2 phonological learning and hence in the origin of the relationship in L2 learners.

Finally, the clustering analysis showed that more than half of the participants were relatively good or relatively bad at both modalities (12 out of 19 when perception was compared to reading and 10 out of 19 when perception was compared to naming), confirming that there is indeed a direct relationship between perception and production. More importantly, it also showed that among the remaining participants good production very rarely occurs in the absence of good perception while good perception often occurs in the absence of good production. This result is most consistent with the Speech Learning Model (SLM; [START_REF] Flege | The production of "new" and "similar" phones in a foreign language: evidence for the effect of equivalence classification[END_REF][START_REF] Flege | Second language speech learning: theory, findings, and problems[END_REF], according to which accurate perception is a necessary condition for accurate production. Thus, the relationship between perception and production can vary according to the learning stage. For instance, it is possible that the modalities are aligned at the beginning of learning ('bad perception and bad production'), but that perception improves faster at the early stages. Thus, production would lag behind perception ('good perception and bad production') but eventually catch up with it ('good perception and good production'). This explanation is in accordance with [START_REF] Nagle | Examining the temporal structure of the perception-production link in second language acquisition: A longitudinal study[END_REF] and [START_REF] Casillas | Phonetic Category Formation is Perceptually Driven During the Early Stages of Adult L2 Development[END_REF], which demonstrated a time-lagged perception-production relationship, whereby improvements in perception preceded improvements in production, suggesting a delayed alignment of performance in the two modalities. Another interpretation of our results could be that there is variability among participants, in that some develop their perception and production skills in parallel, whereas others lag behind with production. While further research is needed to disentangle these two explanations, our results point to the fact that during periods of the asynchronic development of modalities, it is perception that precedes production, and not vice versa.

Our main result on the relationship between perception and production is in agreement with a number of previous studies [START_REF] Bettoni-Techio | Perception and production of alveolar stops by Brazilian Portuguese learners of English[END_REF][START_REF] Flege | Production and perception of a novel, second-language phonetic contrast[END_REF][START_REF] Flege | Effects of experience on non-native speakers' production and perception of English vowels[END_REF][START_REF] Flege | Native Italian speakers' perception and production of English vowels[END_REF]Flege & Schmidt, 1995;[START_REF] Hattori | English /r/-/l/ category assimilation by Japanese adults: Individual differences and the link to identification accuracy[END_REF], 2010;[START_REF] Jia | Perception and production of English vowels by Mandarin speakers: Age-related differences vary with amount of L2 exposure[END_REF][START_REF] Kluge | The relationship between the perception and production of English nasal codas by brazilian learners of English[END_REF]Schmidt & Flege, 1995;[START_REF] Zhang | The relationship between the perception and production of non-native tones[END_REF]. However, it contrasts with several others [START_REF] Kartushina | On the effects of L2 perception and of individual differences in L1 production on L2 pronunciation[END_REF][START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF][START_REF] Peperkamp | The relation between perception and production in L2 phonological processing[END_REF]. Why some studies observed a relationship and others did not remains an open question. In particular, it is not the case that all of the former and none of the latter used comparable tasks and stimuli across the two modalities, as we would expect based on our own results. Rather, the presence vs. absence of a link between perception and production probably hinges on a host of factors, only some of which are methodological. For instance, there might be differences in the relation between perception and production according to the type of L2 sounds (consonants vs. vowels, or sounds that have a close L1 counterpart vs. those that do not (Bohn & Flege, 1997)), or the general level of L2 proficiency [START_REF] Levy | Language experience and consonantal context effects on perceptual assimilation of French vowels by American-English learners of French[END_REF][START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF]. Another factor that has often been suggested is L2 speakers' motivation -or lack thereof -to reduce their foreign accent (Bohn & Flege, 1997;[START_REF] Flege | The relation between L2 production and perception[END_REF][START_REF] Mack | Consonant and vowel perception and production: early English-French bilinguals and English monolinguals[END_REF]Sheldon, 1985).

Similarly, the result of our clustering analysis that good perception is a prerequisite for good production seems to be in accordance with some previous studies [START_REF] Flege | Production and perception of a novel, second-language phonetic contrast[END_REF][START_REF] Nagle | Examining the temporal structure of the perception-production link in second language acquisition: A longitudinal study[END_REF], but not with others (Bohn & Flege, 1997;[START_REF] Goto | Auditory perception by normal Japanese adults of the sounds "L" and "R[END_REF]Flege & Eeftink, 1987;[START_REF] Sheldon | The acquisition of /r/ and /l/ by Japanese learners of English: Evidence that speech production can precede speech perception[END_REF]. However, in order to assess the issue of whether the ability to perceive L2 sounds develops before the ability to produce them, it can be more insightful to consider individual rather than group performance. For instance, [START_REF] Flege | Production and perception of a novel, second-language phonetic contrast[END_REF] observes that while in his study L2 learners' perception was overall better than their production, at the individual level participants were about equally divided between those having better perception and those having better production. Examining perception and production in beginning L2 learners over the course of one year, [START_REF] Nagle | Examining the temporal structure of the perception-production link in second language acquisition: A longitudinal study[END_REF] found that improvement in perception generally precedes improvement in production, but he likewise observed a lot of variability at the individual level. [START_REF] Goto | Auditory perception by normal Japanese adults of the sounds "L" and "R[END_REF] and [START_REF] Sheldon | The acquisition of /r/ and /l/ by Japanese learners of English: Evidence that speech production can precede speech perception[END_REF] also analyzed individual data; modulo the fact that they had few participants (11 and 6, respectively), their results do provide evidence for better production than perception in L2 phonological processing. This, then, clearly contrasts with the present data, where we used a clustering analysis to examine individual performance.

To conclude, using well-controlled experimental conditions, we provided robust evidence for a relationship between the prelexical perception and production of the French /u/-/y/ contrast by English advanced learners of French. The methodological framework we developed for studying the relationship between the two modalities can be used in further studies, focusing on other languages, other types of contrasts, and other profiles of L2

learners. Future research could also concentrate on lexical processing, comparing, for instance, naming and lexical decision. At least for the case of English learners' processing of the French /u/-/y/ contrast, we expect the performance on one task to be a could predictor for the performance in the other, provided the same items are used in the two tasks.

Notes

1 Another study that argued for production lagging behind that of perception in beginning learners is that of [START_REF] Detey | Corpus-based L2 phonological data and semi-automatic perceptual analysis: The case of nasal vowels produced by beginner Japanese learners of French[END_REF] and [START_REF] Detey | Does perception precede production in the initial stage of French nasal vowel quality acquisition by Japanese learners? A corpus-based discrimination experiment[END_REF]. They tested Japanese learners of French to both perceive and produce the French nasal vowels /ɑ /, /ɔ /, and /ɛ /. They found that the /ɑ /-/ɛ / contrast was better perceived than the /ɑ /-/ɔ / contrast, while in production there was no distinction among the three vowels. In the absence of a native control group and/or longitudinal data, though, the conclusion that perception preceded production seems unwarranted.

the difficulty of the naming task compared to the reading task. That is, these participants might have concentrated more on lexical retrieval than on the correct pronunciation in the naming task. Alternatively, it is possible that they had incorrect phonological representations of some of the words containing /u/ and /y/ and therefore pronounced them erroneously. 13 A side result that might raise questions is the absence of an effect of ISI. At first sight, this is contradictory to previous findings that different ISIs affect discrimination differentially [START_REF] Werker | Cross-language evidence for three factors in speech perception[END_REF]. These findings were explained by the hypothesis that different ISIs tap different processing levels (auditory-acoustic vs phonetic vs phonological); specifically, the higher the memory demands the higher the processing level. The lack of an effect of ISI in our study is likely due to the fact that our task had high memory requirements even in the short ISI condition. Indeed, each trial consisted of three long, trisyllabic, stimuli produced by three speakers. 

Appendix

Figure 1 .

 1 Figure 1. Bark-transformed first and second formant frequencies of /u/ and /y/ produced by 19 late learners (top) and 11 native speakers (bottom) in reading. Ellipses are centered on the mean, and their circumference represents one standard deviation.

Figure 2 .

 2 Figure 2. Boxplots of Mahalanobis distance scores between the categories /u/ and /y/ produced by late learners and native speakers in pseudoword reading and picture naming.

Figure 3 .

 3 Figure 3. Boxplots of percent correct responses in the ABX discrimination task for late learners and native speakers in the short ISI (left panel) and long ISI (right panel) conditions.

TABLE 1 .

 1 Coefficients and log-likelihood comparisons for each retained fixed effect, in the model where the measure of production accuracy was performance in pseudoword reading and the dependent variable was ABX Accuracy.

	variable	β	SE	Z	χ 2	DF	P
	intercept	2.28	0.12	18.35	-	-	-
	Contrast	1.14	0.18	6.29 39.90	1	<0.01
	Group	0.82	0.20	4.13 17.07	1	<0.01
	Reading Accuracy	0.27	0.07	3.71 11.47	1	<0.01
	Contrast × Group	-0.72	0.20	-3.55 11.74	1	<0.01
	Effect size (whole model) : R 2	marginal = 0.16, R 2 conditional = 0.26		
	Native French participants performed better than late learners (learners: mean =
	82.3%, SD = 38.2%; natives: mean = 92.6%, SD = 26.2%) and performance was better on the
	control contrasts than on the /u/-/y/ test contrast (test: mean = 79.5%, SD = 40.3%; control:
	mean = 92.6%, SD = 26.1%), but the difference in performance between test and control

contrasts was smaller for native speakers than for late learners. An effect of Reading

TABLE 2 .

 2 Coefficients and log-likelihood comparisons for each retained fixed effect, in the model where the measure of production accuracy was performance in picture naming and the dependent variable was ABX Accuracy.

	Variable	Β	SE	z	χ 2	DF	P
	Intercept	2.33	0.14 16.73	-	-	-
	Contrast	1.14	0.18	6.29	39.90	1	<0.01
	Group	0.95	0.23	4.06	17.07	1	<0.01
	Contrast× Group	-0.72	0.20 -3.55	11.74	1	<0.01

TABLE 3 .

 3 Number of late learners in each class according to their performance in the perception and production tasks.

			Production		
		Pseudoword Reading	Picture Naming
		good	bad	good	bad
	Perception				
	good	8	6	6	8
	bad	1	4	1	4

A: Stimuli used in the ABX discrimination and the pseudoword reading task. Note that the latter only contained the test items.

  

	B: stimuli used in the naming task	Control stimuli Fillers	
	Pseudowords with /u/ boulipa /bulipa/ pougamon /puɡamɔ / kabouzin /kabuzɛ / vépouba /vepuba/ tigobou /tigobu/ nimapou /nimapu/ boutafi /butafi/ pouzidé /puzide/ tapoudi /tapudi/ méboufa /mebufa/ vossipou /vosipu/ rajébou /ʁaʒebu/ tourénan /tuʁenɑ / doumiko /dumiko/ katoudin /katudɛ / tidouza /tiduza/ fitadou /fitadu/ béjitou /beʒitu/ toupaki /tupaki/ koubado /kubado/ loudapon /ludapɔ / passoutin /pasutɛ / métoussi /metusi/ mélibou /melibu/ voquadou /vokadu/ joumélo /ʒumelo/ goufané /gufane/ térouna /teʁuna/ danoupo /danupo/ nidapou /nidapu/ ponatou /ponatu/ lumaro /lymaʁo/ pufadin /pyfadɛ / manussin /manysɛ / téluna /telyna/ fédabu /fedaby/ ritadu /ʁitady/ kutalo /kytalo/ bussiné /bysine/ gobuza /gobyza/ naduvé /nadyve/ jokatu /ʒokaty/ pouce /pus/ /u/-words vache /vaʃ/ ours /uʁs/ télé /tele/ fourchette /fuʁʃɛt/ stylo /stilo/ couronne /kuʁɔn/ roi /ʁwa/ mouche /muʃ/ pont /pɔ / coussin /kusɛ / piano /pjano/ bouchon /buʃɔ / oignon /ɔɲɔ / chou /ʃu/ médecin /medsɛ / coude /kud/ lampe /lɑ p/ goutte /ɡut/ fenêtre /fənɛtʁ/ moustache /mustaʃ/ escalier /ɛskalje/ poule /pul/ doigt /dwa/ trousse /tʁus/ citron /sitʁɔ / genou /ʒənu/ chien /ʃjɛ / poupée /pupe/ chaise /ʃɛz/ yaourt /jauʁt/ carotte /caʁot/ bouteille /butɛj/ bateau /bato/ tatouage /tatwaʒ/ arbre /aʁbʁ/ bougie /buʒi/ crayon /kʁɛjɔ / cou /ku/ train /tʁɛ / couteau /kuto/ tasse /tas/ kangourou /kɑ guʁu/ souris /suʁi/ moustique /mustik/ renard /renaʁ/ roue /ʁu/ pomme /pom/ ampoule /ɑ pul/ pantalon /pɑ talɔ / journal /ʒuʁnal/ moto /moto/ bambou /bɑ bu/ maison /mɛzɔ / bouton /butɔ / glace /glas/ douche /duʃ/ étoile /etwal/ loupe /lup/ église /egliz/	Test stimuli Pseudowords with /y/ bulipa /bylipa/ pugamon /pyɡamɔ / kabuzin /kabyzɛ / vépuba /vepyba tigobu /tigoby/ nimapu /nimapy/ butafi /bytafi/ puzidé /pyzidé/ tapudi /tapydi/ mébufa /mébyfa/ vossipu /vossipy/ rajébu /ʁaʒeby/ turénan /tyʁenɑ / dumiko dymiko/ katudin /katydɛ / tiduza /tidyza/ fitadu /fitady/ béjitu /beʒity/ tupaki /typaki/ koubédo /kubedo/ loudipon /ludipɔ / péssoutin /pesutɛ / motoussi /motusi/ molibou /molibu/ viquadou /vikadu/ jouméli /ʒumeli/ goufano /gufano/ térouni /teʁuni/ danoupi /danupi/ nidépou /nidepu/ ponitou /ponitu/ lumiro /lymiʁo/ pufédin /pyfedɛ / ménussin /menysɛ / téluni /telyni/ fodabu /fodaby/ ritédu /ʁitedy/ kutali /kytali/ bussino /bysino/ guibuza /gibyza/ naduvo /nadyvo/ jikatu bulle /byl/ /ʒikaty/ coeur /koeʁ/ /y/-words sucre cinq /sɛ k/ /sykʁ/ prune chat /ʃa/ /pryn/ pendule cartes /kaʁt/ /pɑ dyl/ lunettes cadeau /kado/ /lynɛt/ légume banane /banan/ /legym/ fumée bague /bag/ /fyme/ cube ange /ɑ ʒ/ /kyb/ verre /vɛʁ/ chaussure /ʃosyʁ/ cactus valise /valiz/ /kaktys/ voiture téléphone /telefon/ /vwatyʁ/ statue table /tabl/ /staty/ plume soleil /solɛj/ /plym/ peluche porte /poʁt/ /pəlyʃ/ luge plage /plaʒ/ /lyʒ/ jupe palmier /palmje/ /ʒyp/ écureuil montre /mɔ tʁ/ /ekyʁoej/ confiture livres /livʁ/ /kɔ fityʁ/ ceinture gâteau /gato/ /sɛ tyʁ/ bus vélo /velo/ /bys/ tortue écharpe /eʃaʁp/ /toʁty/ autruche clé /kle/ /otʁyʃ allumette chocolat /ʃokola/ /alymɛt turban chapeau /ʃapo/ /tyʁbɑ ̃ pull canapé /kanape/ /pyl/ perruque bébé /bebe/ /peʁyk/ nuage ballon /balɔ / /nyaʒ/ fusil avion /avjɔ / /fyzi/ baguette /bagɛt/ cure-dents /kyʁdɑ / capuche /kapyɛ / assiette /asjɛt/
	douféni fopassu	/dufeni/ /fopasy/	duféni fopissu	/dyfeni/ /fopisy/
	latoumé	/latume/	latumé	/latyme/
	pédouvi	peduvi/	péduvi	/pedyvi/
	romatou	/ʁomatu/	romatu	/ʁomaty/
	késsidou	/kessidu/	késsidu	/kessidy/

We note here that similar effects have been observed, to some extent, in the L1 literature.[START_REF] Johnson | Individual differences in vowel production[END_REF] reported that some speakers of Californian English can reliably perceive but not produce the caught-cot distinction.

This was motivated by the findings of[START_REF] Levy | Production of French vowels by American-English learners of French: language experience, consonantal context, and the perception-production relationship[END_REF], who showed that American English speakers make more errors on discriminating pairs involving front vs. back rounded vowels (such as /u/ and /y/) in alveolar as opposed to bilabial contexts.

Ideally, we would have used minimal pairs that differ in /u/ vs. /y/, but French does not have enough of them.

The use of multiple speakers discourages participants from focusing on low-level acoustic details.

Note that the short ISI prevents the covert rehearsal of even one of the stimuli's syllables, while the long one allows for the covert rehearsal of the complete trisyllabic sequences.

As this task is the most engaging one, it was presented in between the two other ones.

Note that regression and correlation are different ways of analyzing the relation between two variables. Thus, our method of analysis differs somewhat from the one in the correlation studies reviewed in section 1.2.

The plots were made using the R package phonR[START_REF] Mccloy | phonR: tools for phoneticians and phonologists[END_REF].

For the curious reader, a model on the learners' data only confirms that Reading Accuracy was a significant predictor of the late learners' perception (β = 0.32, SE = 0.08, χ 2 (1) = 3.99, p < 0.05). Our prediction of a relationship between discrimination and pseudoword reading in late learners was thus borne out.

For the curious reader, a model on the learners' data only confirms that there was indeed no relationship between the perception and production of late learners in the naming task, as the Naming Accuracy factor was not retained as a predictor of perception accuracy (p > 0.1).

For only two participants did performance differ in reading versus naming. In particular, they were relatively good in reading but relatively bad in naming. This could be explained by

Note, though, that while both tasks tap a prelexical processing level, pseudoword reading but not discrimination involves grapheme-to-phoneme conversion.
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