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            Effects of musical and linguistic experience on categorization of lexical and melodic tones Daniel Chang, Nancy Hedberg, and Yue Wang a) Department of Linguistics, Simon Fraser University, Burnaby, British Columbia, V5A 1S6, Canada (Received 13 June 2015; revised 10 April 2016; accepted 12 April 2016; published online 6 May 2016) This study investigated the categorization of Mandarin lexical tones and music melodic tones by listeners differing in linguistic and musical experience (English musicians, English non- musicians, and Mandarin non-musicians). Linguistic tonal continua were created from the Mandarin rising to level, and falling to level tones. Melodic continua were created by varying the note D under the context of C and E. The tasks involved tone discrimination and identiﬁcation. Results revealed that musical training facilitated Mandarin tone categorization, with English musicians’ tone identiﬁcation approximating native Mandarin patterns, being more categorical than English non-musicians’. However, English musicians showed higher discrimination accuracy than Mandarin listeners but not English non-musicians. This suggests that musical experience was not advantageous in discriminating linguistic tonal variations, which requires listeners to ignore subtle physical differences in order to make categorical judgments. Similarly, Mandarin tone experience affected melodic tone identiﬁcation, with Mandarin non-musicians approximating English musicians, showing more categorical patterns than English non-musicians. In contrast, Mandarin non-musicians’ melodic discrimination was the poorest among the three groups, indi- cating that their experience with linguistic tone categorization may have decreased their sensitiv- ity to ﬁne-grained pitch variations. These results demonstrate bi-directional transfer of pitch proﬁciency between speech and music as a function of experience. V C 2016 Acoustical Society of America.[http://dx.doi.org/10.1121/1.4947497] [TCB] Pages: 2432–2447 I. INTRODUCTION The interaction between speech and music has been studied extensively, given that the physical realizations of linguistic and musical information share similar acoustic properties, such as fundamental frequency (F0, perceptually as pitch) and duration (Besson et al., 2011; Patel, 2011). For instance, tone languages involve the use of F0 height and contour shape for differentiating tonal categories (Francis et al., 2008). Likewise, such F0 information is used to distin- guish different levels of musical tones (Koelsch et al., 1999). Additionally, for both linguistic and musical tone perception, listeners need to form meaningful, discrete categories from an auditory stream (Patel, 2011). If the processing of linguis- tic and musical information shares such similar physical properties and categorization processes, then it is logical to purport that experience in one domain may facilitate the per- ception of the other. A. Effects of musical experience on linguistic tone perception Empirical studies have revealed that musical ability pos- itively correlates with the ability to discriminate linguistic tonal contrasts in a non-native, unfamiliar tone language (Cooper and Wang, 2012; Delogu et al., 2006; Marie et al., 2011). For instance, in a study examining the discrimination of Mandarin tones by Italian listeners whose native language (L1) is non-tonal, Delogu et al. (2006) showed that listeners who scored higher on melodic discrimination also achieved greater accuracy in discriminating different Mandarin tones. Similarly, musical aptitude has been shown to be positively correlated with tone-word identiﬁcation scores by non-tone language listeners (Cooper and Wang, 2012), consistently indicating that musical skills can be transferrable to linguis- tic tone skills. Further research demonstrates that musical experience gained from long-term musical training may enhance non- tone-language listeners’ sensitivity to speciﬁc pitch features in speech. In particular, musical training experience has been shown to facilitate the perception of F0 contour (the primary linguistic tonal cue) rather than F0 height (assumed to involve calibrating acoustic input based on internally stored F0 templates) (Francis et al., 2008; Huang and Johnson, 2011; Lee et al., 2014). For example, while both American musicians and non-musicians perceive tone height in Taiwanese equally well, musicians are more sensi- tive to tone contour distinctions than non-musicians (Lee et al., 2014). In addition to the perception of acoustic pho- netic tonal information, research has examined whether mu- sical training experience facilitates the acquisition of tone words (i.e., identifying the meaning of different lexical items minimally distinguished by phonemic tones). For example, native English musicians compared to non-musicians a) Electronic mail: [email protected] 2432 J. Acoust. Soc. Am. 139 (5), May 2016 V C 2016 Acoustical Society of America 0001-4966/2016/139(5)/2432/16/$30.00 
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Effects of musical and linguistic experience on categorizationof lexical and melodic tones
 Daniel Chang, Nancy Hedberg, and Yue Wanga)
 Department of Linguistics, Simon Fraser University, Burnaby, British Columbia, V5A 1S6, Canada
 (Received 13 June 2015; revised 10 April 2016; accepted 12 April 2016; published online 6 May2016)
 This study investigated the categorization of Mandarin lexical tones and music melodic tones
 by listeners differing in linguistic and musical experience (English musicians, English non-
 musicians, and Mandarin non-musicians). Linguistic tonal continua were created from the
 Mandarin rising to level, and falling to level tones. Melodic continua were created by varying the
 note D under the context of C and E. The tasks involved tone discrimination and identification.
 Results revealed that musical training facilitated Mandarin tone categorization, with English
 musicians’ tone identification approximating native Mandarin patterns, being more categorical
 than English non-musicians’. However, English musicians showed higher discrimination accuracy
 than Mandarin listeners but not English non-musicians. This suggests that musical experience was
 not advantageous in discriminating linguistic tonal variations, which requires listeners to ignore
 subtle physical differences in order to make categorical judgments. Similarly, Mandarin tone
 experience affected melodic tone identification, with Mandarin non-musicians approximating
 English musicians, showing more categorical patterns than English non-musicians. In contrast,
 Mandarin non-musicians’ melodic discrimination was the poorest among the three groups, indi-
 cating that their experience with linguistic tone categorization may have decreased their sensitiv-
 ity to fine-grained pitch variations. These results demonstrate bi-directional transfer of pitch
 proficiency between speech and music as a function of experience.VC 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4947497]
 [TCB] Pages: 2432–2447
 I. INTRODUCTION
 The interaction between speech and music has been
 studied extensively, given that the physical realizations of
 linguistic and musical information share similar acoustic
 properties, such as fundamental frequency (F0, perceptually
 as pitch) and duration (Besson et al., 2011; Patel, 2011). For
 instance, tone languages involve the use of F0 height and
 contour shape for differentiating tonal categories (Francis
 et al., 2008). Likewise, such F0 information is used to distin-
 guish different levels of musical tones (Koelsch et al., 1999).
 Additionally, for both linguistic and musical tone perception,
 listeners need to form meaningful, discrete categories from
 an auditory stream (Patel, 2011). If the processing of linguis-
 tic and musical information shares such similar physical
 properties and categorization processes, then it is logical to
 purport that experience in one domain may facilitate the per-
 ception of the other.
 A. Effects of musical experience on linguistic toneperception
 Empirical studies have revealed that musical ability pos-
 itively correlates with the ability to discriminate linguistic
 tonal contrasts in a non-native, unfamiliar tone language
 (Cooper and Wang, 2012; Delogu et al., 2006; Marie et al.,
 2011). For instance, in a study examining the discrimination
 of Mandarin tones by Italian listeners whose native language
 (L1) is non-tonal, Delogu et al. (2006) showed that listeners
 who scored higher on melodic discrimination also achieved
 greater accuracy in discriminating different Mandarin tones.
 Similarly, musical aptitude has been shown to be positively
 correlated with tone-word identification scores by non-tone
 language listeners (Cooper and Wang, 2012), consistently
 indicating that musical skills can be transferrable to linguis-
 tic tone skills.
 Further research demonstrates that musical experience
 gained from long-term musical training may enhance non-
 tone-language listeners’ sensitivity to specific pitch features
 in speech. In particular, musical training experience has
 been shown to facilitate the perception of F0 contour
 (the primary linguistic tonal cue) rather than F0 height
 (assumed to involve calibrating acoustic input based on
 internally stored F0 templates) (Francis et al., 2008; Huang
 and Johnson, 2011; Lee et al., 2014). For example, while
 both American musicians and non-musicians perceive tone
 height in Taiwanese equally well, musicians are more sensi-
 tive to tone contour distinctions than non-musicians (Lee
 et al., 2014). In addition to the perception of acoustic pho-
 netic tonal information, research has examined whether mu-
 sical training experience facilitates the acquisition of tone
 words (i.e., identifying the meaning of different lexical items
 minimally distinguished by phonemic tones). For example,
 native English musicians compared to non-musiciansa)Electronic mail: [email protected]
 2432 J. Acoust. Soc. Am. 139 (5), May 2016 VC 2016 Acoustical Society of America0001-4966/2016/139(5)/2432/16/$30.00
 http://dx.doi.org/10.1121/1.4947497
 mailto:[email protected]
 http://crossmark.crossref.org/dialog/?doi=10.1121/1.4947497&domain=pdf&date_stamp=2016-05-01
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showed greater improvements in Mandarin tone word identifi-
 cation after both groups were trained to perceive Mandarin
 tone words (Wong and Perrachione, 2007). Moreover, musical
 experience interacts with linguistic experience to affect tone
 learning at both phonetic and lexical levels. Cooper and Wang
 (2012) examined the perceptual learning of Cantonese tone
 words by recruiting listeners differing in linguistic and musi-
 cal training experience: musicians with either a tonal (Thai)
 or a non-tonal (English) L1 as well as non-musicians from
 these L1 backgrounds. The results showed that while English
 musicians were more accurate than Thai non-musicians in dis-
 tinguishing Cantonese tones based on phonemic tonal infor-
 mation, both groups were more accurate than English non-
 musicians in identifying the meanings of Cantonese tone
 words. These findings indicate that long-term exposure to
 music as well as native tone languages benefits non-native
 tone word learning. However, in distinguishing non-native
 tones based on phonetic information, listeners with musical
 training experience exhibited more enhanced sensitivity to
 tonal distinctions compared to L1 tonal experience.
 Electro-physiological research with time-sensitive
 event-related brain potential (ERP) data has also demon-
 strated more efficient neural encoding of linguistic tones by
 musicians relative to non-musicians. Musicians, compared
 to non-musicians, exhibit larger and earlier ERP responses
 when discriminating linguistic tonal variations, indicating
 musicians’ enhanced sensitivity to acoustic differences
 (Besson et al., 2011; Chandrasekaran et al., 2009; Marie
 et al., 2011). Moreover, brain research coupled with behav-
 ioral testing reveals different levels of music-to-language
 effects in early and later stages of processing. For instance,
 in Chandrasekaran et al. (2009), ERPs indexed by mismatch
 negativity (MMN) were acquired in association with the
 discrimination of Mandarin tonal distinctions by native
 English musicians and non-musicians as well as native
 Mandarin non-musicians. The ERP results revealed positive
 effects of experience with both speech and music on early,
 pre-attentive stage pitch processing, with both Mandarin
 natives and English musicians showing larger MMN
 responses than English non-musicians. However, at the later
 attentive stage, the behavioral results showed that the
 Mandarin non-musicians were less accurate than both
 English groups in discriminating F0 trajectories that fall
 within the range of a Mandarin tonal category, suggesting
 that L1 experience with classifying F0 variations into cate-
 gories may have led to decreased sensitivity to subtle within-
 category F0 differences. These findings imply that early
 stages of pitch processing are sensitive to domain-general
 experience (e.g., sensory-acoustic experience from speech or
 music), whereas later stages of processing are driven by
 domain-specific experience (e.g., L1 experience with cate-
 gorical representations).
 In sum, the “music-to-speech” studies demonstrate that
 musical experience may lead to enhanced behavioral and
 neural sensitivity to linguistic pitch information, which may
 further facilitate linguistic tone identification and tone word
 learning in an unfamiliar tone language. These patterns con-
 sistently indicate positive transfer of pitch processing from
 music to linguistic domains, suggesting that domain-specific
 pitch exposure may shape fundamental sensory circuitry in a
 domain-general manner.
 B. Effects of linguistic experience on musical toneperception
 While musical training has been shown to facilitate tone
 language learning, there has also been evidence that tone
 language experience may affect musical perception. Given
 that linguistic and musical tonal perception both involve
 modulations of F0, it is conceivable that tone language expe-
 rience may provide an advantage in pitch perception in
 music. Indeed, studies have reported a facilitative effect of
 tone language experience on music performance (e.g.,
 Bidelman et al., 2013; Deutsch et al., 2009; Deutsch et al.,2006; Pfordresher and Brown, 2009; Stevens et al., 2011).
 For example, tone (e.g., Cantonese, Mandarin, Thai) lan-
 guage listeners were shown to outperform non-tone language
 (e.g., English) listeners in discriminating musical pitch varia-
 tions (Bidelman et al., 2013; Pfordresher and Brown, 2009)
 and in detecting pitch contour changes in melodies
 (Bidelman et al., 2013; Stevens et al., 2011), suggesting that
 tone language speakers’ experience with pitch variations in
 tones enhances their ability to discriminate musical pitch
 variations. Moreover, tone language (Cantonese) speakers
 compared to non-tone language (English) speakers have
 enhanced tonal memory capacity in music, demonstrating
 tone language users’ enhanced cognitive abilities for musical
 pitch (Bidelman et al., 2013). Similarly, tone language musi-
 cians have been found to perform better in absolute pitch
 perception than non-tone language musicians, indicating that
 pitch categorization ability in speech may be carried over to
 a music context (Deutsch et al., 2006, 2009).
 Research has revealed that use of a language-specific
 perceptual strategy from native tone language experience
 can also restrict or inhibit music-related pitch processing
 (Alexander et al., 2011; Peretz et al., 2011). For instance, in
 Peretz et al. (2011), tone (mostly Mandarin) and non-tone
 (mostly French) language listeners were asked to discrimi-
 nate five-tone sequences (with each tone synthesized with a
 piano timbre), with the fourth tone being replaced by a subtle
 upward pitch or a downward pitch. Results showed that the
 tone language group performed more poorly than the non-
 tone language group in downward pitch detection, although
 the two groups did not differ in upward pitch detection. The
 failure to detect the subtle downward pitch changes was
 attributed to the Mandarin listeners’ long-term experience
 with pitch patterns in Mandarin tones, where the falling tone
 typically involves a larger range F0 change compared to the
 rising tone (Xu, 1994), resulting in their decreased sensitiv-
 ity to minute downward pitch changes. Likewise, tonal lan-
 guage users’ superiority over non-tonal users’ in perceiving
 small pitch excursion differences was absent when detecting
 pitch excursions smaller than those occurring in their L1
 tones (Bidelman et al., 2013). These results imply that if L1
 tone features are incompatible with the pitch information
 to be processed in music (e.g., larger range F0 change in
 L1 tone than needed for detecting subtle F0 change in
 music), such L1 tone influence may be negative. In sum,
 J. Acoust. Soc. Am. 139 (5), May 2016 Chang et al. 2433
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while long-term exposure to a tone language may facilitate
 pitch discrimination and categorization in the musical do-
 main, certain L1-specific tone experiences may also interfere
 with musical perception.
 C. Bi-directional influence and theoretical accounts
 Previous empirical findings demonstrate cross-domain
 pitch processing for speech and music, pointing to bi-
 directional influences of pitch-related proficiency between
 speech and music as a function of experience (Asaridou and
 McQueen, 2013; Bidelman et al., 2013; Patel, 2011). Such
 bi-directional influences appear to be associated with
 enhancement of both lower-level acoustic sensitivity (e.g.,
 F0 discrimination) and higher-level cognitive resources
 (e.g., tonal memory, tonal categorization) in speech and
 music (Bidelman et al., 2013).
 These patterns are in line with the general theoretical
 framework of pitch processing (e.g., Zatorre and Gandour,
 2008), positing an integrated network which incorporates both
 cue-dependent processes involving acoustic cue encoding of
 pitch and functional processes involving abstract, category-
 level representation of pitch. These processes are influenced
 by both domain-general experience (e.g., experience with
 acoustic cues or categorization ability commonly occurred
 in both speech and music) and domain-specific experience
 (e.g., language-specific or music-specific categorical func-
 tions). Specifically, it has been proposed that shared speech
 and music processes integrate domain-general and domain-
 specific pitch information at different levels (Patel, 2011;
 Zatorre and Gandour, 2008). As such, the auditory system ini-
 tially encodes incoming pitch information, either linguistic or
 musical, in a domain-general manner, involving processing of
 sensory-acoustic information. Such information will then be
 decoded based on prior experience with functional use of
 pitch, leading to the development of domain-specific pitch
 categories in specific cognitive domains, such as speech or
 music. Based on the “shared sound category learning” hy-
 pothesis positing common category learning mechanisms
 across cognitive domains (Patel, 2008), further accounts argue
 that experience with such domain-specific pitch categories
 may in turn sharpen domain-general category learning mecha-
 nisms involving extraction of abstract rules and regularities,
 and subsequently facilitate cross-domain category learning
 (Asaridou and McQueen, 2013; Cooper and Wang, 2012;
 Kraus and Chandrasekaran, 2010; Patel, 2008, 2011).
 Moreover, the degree and nature of cross-domain influence
 depend on specific experience within each domain (Bidelman
 et al., 2013). According to the OPERA (overlap, precision,
 emotion, repetition, and attention) model (Patel, 2011, 2014),
 musical training facilitates speech perception to a greater
 degree than does speech experience for music perception,
 because musical training, which involves constantly regulat-
 ing and monitoring pitch, demands higher precision pitch
 encoding than required for speech. In terms of the nature of
 influence, cross-domain transfer effects may either be facilita-
 tive or inhibitory depending on if specific pitch experience
 gained in one domain is compatible with pitch information to
 be processed in another domain (Asaridou and McQueen,
 2013; Bidelman et al., 2013; Peretz et al., 2011).
 It should be noted that these theoretical accounts are
 mainly grounded by the above-reviewed empirical findings
 from uni-directional research, either “music-to-speech”
 or “speech-to-music” (Asaridou and McQueen, 2013;
 Bidelman et al., 2013; Patel, 2011). Although such findings
 jointly support the bi-directionality accounts, they may not be
 directly comparable due to differences in musical and linguis-
 tic tasks, target stimuli and languages, and/or participant pop-
 ulation used in these studies (Asaridou and McQueen, 2013;
 Bidelman et al., 2013). One recent ERP study (Hutka et al.,2015) is among the very few that examined bi-directional
 speech and musical influences in a single design. In this
 research, native English musicians and non-musicians as well
 as (tonal) Cantonese non-musicians were asked to discrimi-
 nate pitch (F0) differences of musical tones and timbre (F1,
 first formant frequency) contrasts of speech vowels. The
 results revealed that Cantonese non-musicians were more sen-
 sitive to musical pitch information than English non-
 musicians, and that musicians were superior to non-musicians
 in speech timbre discrimination, demonstrating bi-directional
 transfer between speech and music. However, since the study
 focused on early-stage cortical processing using a discrimina-
 tion task (which triggers lower-level sensory-acoustic proc-
 essing), it did not test the characteristics of speech and music
 transfer at the categorical level. Theoretically, although the
 shared sound category learning mechanism hypothesis (Patel,
 2008) posits shared category learning strategies underlying
 domain-general sound learning mechanisms, it has not been
 addressed from the language perspective (Asaridou and
 McQueen, 2013). Moreover, the different acoustic attributes
 used for music (F0) and speech (F1) did not allow direct com-
 parisons of domain-general and domain-specific transfer
 between speech and music, or the relative weighting of effects
 from one domain to another as proposed by OPERA (Patel,
 2011). Further research is needed to address the theoretical
 accounts in terms of the integration of speech and music proc-
 essing at different levels of processing.
 D. Categorical perception of tones
 One commonly adopted method to examine the
 domain-general and domain-specific perception of speech is
 categorical perception because it involves discrimination
 and identification of sounds both within and across phone-
 mic categories. Categorical perception research on lexical
 tone has generally shown that native tone language listeners
 perceive their L1 tones in a more categorical manner than
 non-native tone language listeners (Hall�e et al., 2004; Xu
 et al., 2006; Zheng et al., 2012). Specifically, tone L1 listen-
 ers have sharper, more distinct category boundaries than
 non-tonal L1 listeners when performing tone identification
 tasks; on the other hand, non-tonal L1 listeners are better
 than tonal L1 listeners at discriminating fine-grained within-
 category F0 differences (Hall�e et al., 2004; Liu, 2013; Peng
 et al., 2010). Furthermore, tonal L1 listeners’ identification
 functions exhibit sharper category boundaries for speech
 tones than for non-speech tones, whereas non-tonal L1
 2434 J. Acoust. Soc. Am. 139 (5), May 2016 Chang et al.
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listeners’ category boundaries are sharper for non-speech
 tones than for speech tones (Peng et al., 2010; Xu et al.,2006).
 The perception of tone categories also reflects differen-
 ces in the perceptual weighting of tonal features (Huang and
 Johnson, 2011; Lee et al., 2014). Native listeners with con-
 tour tones in their L1’s (e.g., Mandarin, Thai) attach more
 importance to F0 direction (the primary linguistic tonal cue)
 than to F0 height (assumed to involve calibrating acoustic
 input based on internally stored F0 templates). In contrast,
 non-tonal L1 listeners (e.g., English, Japanese) rely more on
 F0 height than on F0 contour.
 L1 tone background also influences categorical percep-
 tion patterns. For example, Peng et al. (2010) show that
 listeners whose L1 is tonal (Cantonese) are better at differen-
 tiating between-category tonal stimuli in a non-native tone
 language (Mandarin) than detecting within-category F0
 differences. This is in contrast to non-tonal L1 listeners
 (German) whose discrimination of Mandarin tones appears
 to be based on psychophysical differences, showing more
 precise discrimination of subtle F0 differences than categori-
 cal tonal distinctions. The patterns exhibited by the
 Cantonese speakers (perceiving Mandarin tones) suggest
 that listeners’ L1 (Cantonese) tone experience with classify-
 ing F0 into categories at the phonemic level can be general-
 ized to detecting tonal boundaries in the non-native language
 (i.e., Mandarin). Furthermore, tonal L1 listeners’ perception
 of non-native tone categories appears to comply with their
 L1-specific tonal patterns. For example, Cantonese and
 Mandarin listeners show different between-category bound-
 ary locations in the discrimination of level-to-falling tone
 continuum in Mandarin, with Cantonese listeners’ percep-
 tion being biased to falling tones, as compared to Mandarin
 listeners’ (Peng et al., 2010). This is presumably due to the
 fact that in the same tone space with falling F0, Cantonese
 has two falling tone categories whereas Mandarin only has
 one. These results indicate that experience with native tones
 does not necessarily facilitate non-native tone identification
 accuracy, as specific phonemic and phonetic features
 between native and non-native tones may differ (So and
 Best, 2010). For non-tonal L1 listeners, the influence of L1
 appears to arise from acoustic similarities, in that they cate-
 gorize tones into their L1 prosodic categories based on the
 perceived acoustic similarities in F0 information between
 tones and their native stress, rhythmic, and intonational sys-
 tems (So and Best, 2011; Yang and Chan, 2010).
 Together, these findings demonstrate that, compared to
 native listeners, non-native, non-tonal L1 listeners’ tone per-
 ception tends to be less categorical, relying more on physical
 differences or psychophysical boundaries rather than
 linguistically-relevant aspects. On the other hand, non-native
 tonal L1 listeners may have enhanced categorization ability,
 although their L1-specific experience may also interfere with
 their perception of target tonal categories.
 E. The present study
 The present study investigates the transfer between lin-
 guistic (Mandarin) and musical (melodic) tones by three
 groups of listeners differing in their linguistic and musical
 experience with pitch: native English musicians (EMs) and
 native English non-musicians (ENs) with no tonal language
 background, as well as native Mandarin Chinese non-
 musicians (MNs) whose L1 is tonal. Categorical perception
 tests were administered to examine the discrimination and
 identification of Mandarin and musical tonal stimuli, includ-
 ing Mandarin tones (rising, falling, level) and musical tones
 (three-note arpeggios: CCE, CDE, CEE). Re-synthesized
 tonal exemplars were derived from these tones by creating
 step-wise F0 changes from one tone category to another for
 Mandarin (rising to level, falling to level) and musical (CCE
 to CDE, CDE to CEE) stimulus continua.
 As this study explores the bi-directional transfer pat-
 terns of linguistic and musical tones in a single experimen-
 tal design, it will provide new evidence for the extant
 theoretical accounts on speech-music relationship which
 have been developed mainly based on uni-directional evi-
 dence (Asaridou and McQueen, 2013; Bidelman et al.,2013; Patel, 2011). Furthermore, the use of categorical per-
 ception tasks allows cross-domain comparisons not only at
 the sensory-acoustic level (i.e., discrimination of F0 differen-
 ces between tonal exemplars), but also at the abstract, func-
 tional level (i.e., tonal category identification) which has not
 been addressed yet (Asaridou and McQueen, 2013). This
 study will thus offer new insights on the extant pitch process-
 ing theories (Zatorre and Gandour, 2008) by specifying under
 what circumstances pitch experience may exert domain-
 general (i.e., shared by speech and music) versus domain-
 specific (i.e., speech-specific or music-specific) benefits.
 Based on the previous findings of the facilitative effects
 of musical training experience on linguistic tone perception,
 we hypothesize that, for Mandarin tone perception, native
 EMs would outperform ENs. Specifically, the EMs are
 expected to show better discrimination of F0 variations than
 ENs, presumably due to musicians’ enhanced sensitivity to
 subtle F0 differences through musical training experience
 (Cooper and Wang, 2012; Delugo et al., 2006). Furthermore,
 the EMs and ENs may show better discrimination of F0 var-
 iations within tonal categories than MNs, since tonal L1 lis-
 teners’ experience with categorical tonal distinctions has
 been shown to decrease their sensitivity to fine-grained F0
 variations within tonal categories (Hall�e et al., 2004; Peng
 et al., 2010). For tone identification, the EMs are expected to
 exhibit more distinct Mandarin tone category boundaries than
 the ENs, arguably due to musicians’ trained ability to classify
 pitch into categories based on F0 contour direction informa-
 tion (Francis et al., 2008; Lee et al., 2014). On the other
 hand, the EMs’ tone identification may still not be on par
 with the MNs’, as language-specific (Mandarin) tonal fea-
 tures unfamiliar to non-native listeners could inhibit their
 accurate identification (So and Best, 2010; Peng et al., 2010).
 For melodic tone, we would expect the MNs’ L1 tone ex-
 perience to affect their melodic processing, although the
 effects may either be positive or negative. Specifically, given
 the small (4 Hz) F0 differences between the melodic stimuli
 in the current discrimination task, we predict that the MNs
 would be inferior to EMs and ENs in melodic tone discrimi-
 nation, since the MNs’ L1 experience with categorical tonal
 J. Acoust. Soc. Am. 139 (5), May 2016 Chang et al. 2435
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distinctions has been shown to decrease their sensitivity to
 subtle F0 differences (cf. Bidelman et al., 2013; Peng et al.,2010). For melodic identification, the MNs would perform
 better than the ENs due to their L1 tone experience with pitch
 categorization (cf. Bidelman et al., 2013). However, they may
 still not be on par with the EMs, if their L1 tonal features
 were incompatible with melodic tonal features (cf. Bidelman
 et al., 2013; Peretz et al., 2011).
 Based on the OPERA hypothesis (Patel, 2011), we
 expect acoustic and categorical level of facilitation from
 music to speech, but categorical level facilitation from
 speech to music, since musical training enhances both sensi-
 tivity to subtle acoustic variation and categorization ability
 whereas linguistic experience primarily shapes categorical
 distinctions. These patterns are also expected to support the
 pitch processing theories proposed by Zatorre and Gandour
 (2008), in that bi-directional transfer effects involve an inte-
 gration of domain-general processes (where common cogni-
 tive abilities, e.g., categorization, can be transferrable across
 linguistic and musical domains) and domain-specific proc-
 esses (when language-specific and melodic-specific features
 are not compatible).
 II. METHODS
 A. Participants
 A total of 55 young adult participants (mean age: 26 years)
 were recruited from the Simon Fraser University graduate and
 undergraduate student population, including 19 native EMs,
 19 native ENs, and 17 native MNs. The native EMs (7 male,
 12 female) and ENs (9 male, 10 female) were all born and
 raised in Canada with no previous knowledge of a tone lan-
 guage. The musicians were defined as those having 5 or more
 consecutive years (mean: 11 years; range: 5–16 years; standard
 deviation, SD¼ 4.7) of formal training with a western-style
 instrument (e.g., piano) and having played the instrument in
 the past 5 years on a regular basis as of the time of the experi-
 ment (following the previously established inclusion criteria
 for musicians, e.g., Bidelman et al., 2013; Cooper and Wang,
 2012; Wong and Perrachione, 2007). Their initial age of for-
 mal musical training was 11 years old (SD¼ 3.4). Thirteen of
 the musicians reported that piano had been the major instru-
 ment during their musical training, while the remaining six
 participants reported having violin, clarinet, guitar, percussion,
 or flute as the major musical instrument. In contrast, the ENs
 and MNs had an average of 1 year (maximum: 3 years) of mu-
 sical training experience, and none of them had any formal
 musical training within the past 5 years (Cooper and Wang,
 2012). The MNs (12 male, 5 female) were all born and raised
 in China or Taiwan with no other tone language experience or
 only minimal proficiency in a second tone language (e.g.,
 Cantonese or Taiwanese). They had been residing in Canada
 for less than 6 years at the time of testing, arriving in the coun-
 try at 20 years of age on average (SD¼ 5).
 B. Stimuli
 For Mandarin tone categorical perception testing, three
 mono-syllabic Mandarin real words differing in tone
 produced by a 28-year-old male native Mandarin Chinese
 speaker were selected as the templates of the end-point tonal
 tokens used to re-synthesize the rising-level and falling-level
 tone continua, including “yi1” (with the high-level tone,
 Tone 1, meaning “one”), “yi2” (with the mid-rising tone,
 Tone 2, meaning “move”), and “yi4” (with the high-falling
 tone, Tone 4, meaning “meaning”). These target words were
 recorded in a sound-attenuated recording booth at the
 Language and Brain Lab, Simon Fraser University, using a
 Shure KSM109 microphone (Shure Inc.) and a Presonus
 Firebox audio interface (PreSonus Audio Electronics, Inc.)
 at a 44.1 kHz sampling rate. The selection of these stimuli
 was based on multiple repetitions from the speaker in order
 to select the ones with comparable tone duration (within
 10% variance across the three tones) and comparable F0
 onset and offset (within 5 Hz variance for the onset/offset of
 the level tone, the onset of the falling tone and offset of the
 rising tone; and within 5 Hz variance for the onset of the ris-
 ing tone and offset of the falling tone). These three naturally
 produced tone words were evaluated by two phonetically
 trained listeners and rated as good exemplars of Mandarin
 tones in their respective categories.
 Critical F0 values of the three selected tone words were
 adjusted in order to provide the endpoint values for re-
 synthesizing the stimuli in the tone continua. First, the onset
 and offset F0 of the level tone, the offset F0 of the rising
 tone, and the onset F0 of the falling tone were fixed at
 152 Hz, which is the averaged value of these points in the
 original yi1, yi2, and yi4 productions. Likewise, the onset F0
 of the rising tone and the offset of the falling tone was fixed
 to 128 Hz. The durations of the tones were fixed to 323 ms
 for the rising-level continua and 294 ms for the falling-level
 continua based on the corresponding averaged values.
 Additionally, since the rising and falling tones each involve
 an initial period of flat F0 before they rise or fall, respec-
 tively, the turning points where the F0 changes from flat to
 rising or falling (cf. Moore and Jongman, 1997; Peng et al.,2010) were identified based on the original productions of
 these two tones. For the rising tone, the turning point is at
 30% of the entire duration, involving 97 ms of flat F0 fol-
 lowed by 226 ms of rising F0; for the falling tone, the turn-
 ing point is at 10%, involving 32 ms of flat F0 followed by
 262 ms of falling F0.
 Based on these features of the end-point tone tokens, the
 tonal continua for the categorical perception tests were cre-
 ated using the previously established PSOLA (Pitch
 Synchronous Overlap and Add) method (Peng et al., 2010;
 Xu et al., 2006; Zheng et al., 2012), as displayed in Fig. 1.
 Two types of tone continua were developed: rising-level and
 falling-level (modeled after Peng et al., 2010). For each tone
 pair type, two continua were created, one from each tone as
 the starting point. For instance, for the rising-level pair, a
 rising-to-level continuum was created using the rising tone
 as the starting point with step-wise F0 changes toward the
 level tone, and a level-to-rising continuum was created using
 the level tone as the starting point. Developing the same type
 of continua (rising-level) from both directions (rising-to-
 level, level-to-rising) was to ensure that the tonal features
 of each tone of the tone pair were captured, thus avoiding
 2436 J. Acoust. Soc. Am. 139 (5), May 2016 Chang et al.
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any potential bias in favor of the tone that a continuum was
 created from. Likewise, for the falling-level pair, two tone
 continua were developed, one from each direction. Thus, in
 total, there were four tone continua: rising-to-level, level-to-
 rising, falling-to-level, level-to-falling.
 The difference between each of the two exemplars in a
 continuum was 3 Hz (cf. Peng et al., 2010), resulting in nine
 steps (nine tonal exemplars) including the end-point tones
 for each continuum. The 3 Hz-interval was used because it
 has been claimed to be the smallest just noticeable difference
 (JND) for tonal differences (Harrison, 1996; Liu, 2013), and
 the selection of this small interval allowed testing of maxi-
 mal sensitivity to fine-grained pitch changes, especially for
 the musically trained participants. Last, the intensity of all
 the stimuli was normalized to 65 dB (Peng et al., 2010;
 Zheng et al., 2012). In total, 36 tokens (9 steps� 4 continua)
 were created. The re-synthesized (level, rising, and falling)
 end-point tone tokens were evaluated by two native
 Mandarin phoneticians. All were correctly identified and
 judged as good tone exemplars in Mandarin.
 For melodic tone categorical perception testing, a mu-
 sical tone continuum was created from a three-note arpeg-
 gio, generated by Garageband (Bidelman et al., 2011). To
 control for familiarity, a universally familiar arpeggio was
 used, involving C4 (261.6 Hz), D4 (293.6 Hz), and E4
 (329.6 Hz). The C-D-E continuum was developed with a
 mis-tuned D4, ranging from 261.6 Hz (equivalent to C4) to
 329.6 Hz (equivalent to E4), with each mis-tuned D4 differ-
 ing in 4 Hz (Harrison, 1996). This results in an 18-step con-
 tinuum, 9 steps from C4 to D4, and 9 from D4 to E4. Each
 note (C, D, E) is 100 ms in duration, resulting in a set of
 300 ms arpeggios.
 Three-note arpeggios were chosen because a melodic
 context must be provided for the non-musicians to label
 the melodic tones. Although absolute or relative pitch had
 been used in previous research to examine the effects of
 linguistic experience on musical pitch perception, such
 stimuli were designed for musicians (Deutsch et al., 2006,
 2009). The three-note arpeggios used in the present study
 allow both musicians and non-musicians to discriminate
 and identify pitch differences in a melodic context. Similar
 (five-note) melodic contours have been used previously
 (Galvin et al., 2007). These manipulations of the melodic
 continuum also reflect an effort in the design to match
 the melodic and Mandarin tone stimuli in that the three-
 note arpeggios resemble the pitch contours in Mandarin
 tones. Particularly, the increasing/decreasing increments
 of note D in the context of C-D-E create a series of
 rising melodic contours resembling rising tone contours
 in Mandarin. Additionally, the melodic and Mandarin
 tonal exemplars match in terms of duration (both around
 300 ms) as well as variation in F0 between each of the
 exemplars in a continuum (3–4 Hz). Figure 2 illustrates the
 melodic tone continuum.
 FIG. 1. Mandarin rising-level and falling-level tone continua, created using the PSOLA method based on natural productions of the Mandarin real word sylla-
 bles yi1 (Tone 1, level tone), yi2 (Tone 2, rising tone), and yi4 (Tone 4, falling tone). Each continuum involves 9 steps with 3 Hz F0 increments. The onset and
 offset F0, duration, and turning point values have been normalized based on the original natural productions of these syllables. The two directional arrows by
 the side of each type of continua are to illustrate that one continuum was created from each direction, as a counterbalancing measure to ensure that the tonal
 features of each tone of the tone pair were captured.
 FIG. 2. Melodic tone continuum created from a three-note arpeggio involv-
 ing C4, D4, and E4. The C-D-E continuum involves a set of mis-tuned D4,
 each differing in 4 Hz, ranging from C4 to E4. This results in an 18-step con-
 tinuum, 9 steps from C4 to D4, and 9 from D4 to E4. Each arpeggio is
 300 ms in duration (100 ms for each note).
 J. Acoust. Soc. Am. 139 (5), May 2016 Chang et al. 2437
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C. Procedures
 For categorical perception, first, an AX discrimination
 task was included for both the linguistic and musical stimuli.
 For the Mandarin tone condition, there were 25 pairs for
 each 9-step continuum, including (1) nine “same” pairs (one
 for each of the nine steps, e.g., step1–step1, step2–step2),
 and (2) 16 different pairs (with 8 combinations, e.g., step1–
 step2, step2–step3,…, step8–step9; and the reverse pairs, e.g.,
 step2–step1, step3–step2, etc., as a counterbalancing measure
 to avoid order effects in an AX pair). For the melodic tone
 condition, there were 18 same pairs (1 from each of the
 18 steps in the continuum, e.g., [CX1E, CX1E], with X being
 the varied D note) and 34 different pairs (with 17 combina-
 tions and the reverse pairs, e.g., [CX1E, CX2E]), resulting in
 a total of 52 pairs. For both conditions, each pair was pre-
 sented three times. In total, there were 300 Mandarin tone
 pairs (25 pairs� 3 repetitions� 4 continua) and 156 melodic
 tone pairs (52 pairs� 3 repetitions). The participants were
 instructed to judge whether the two tones in a pair sounded
 the same or different. Adjacent pairs (e.g., step1–step2) were
 used in both the Mandarin tone and melodic tone discrimina-
 tion tasks since the one-step (3 or 4 Hz) difference has been
 claimed to be the JND for tone perception (Liu, 2013), thus
 allowing listener-group comparisons based on their finest sen-
 sitivity to tonal differences, especially given that musicians
 were involved. The inter-stimulus interval (ISI) for the AX
 discrimination pairs was set at 250 ms. This interval has been
 claimed to be an appropriate interval for AX speech sound
 discrimination tasks, since a shorter (than 200 ms) ISI may
 result in mutual masking of the two stimuli in an AX pair,
 while a longer (than 300 ms) ISI may exceed the auditory
 memory life span of the first stimulus in the AX pair (Gerrits
 and Schouten, 2004; Pisoni, 1973). The Mandarin tone and
 melodic tone conditions were presented in separate blocks,
 and for the Mandarin task, the rising-level and falling-level
 pairs were also presented in separate blocks. The stimuli were
 presented in a randomized order within each block.
 In addition to the discrimination task, a 2-way-alterna-
 tive-forced-choice (2-AFC) identification task was adminis-
 tered for the linguistic as well as the musical conditions.
 For the Mandarin tone condition, after a tonal exemplar
 from one of the continua was displayed, listeners were asked
 to identify the tone from two response options (e.g., for the
 rising-level continua, rising tone, or level tone; for the
 falling-level continua, falling tone, or level tone). There
 were 9 stimuli per continuum, each repeated 3 times, result-
 ing in a total of 108 stimuli for the 4 tonal continua. The
 melodic tone identification involved a contextual melody
 categorization task. For each trial, a three-note arpeggio
 (CXE) was presented, where X is the varied D note. To
 maintain a 2-AFC identification task that would match the
 Mandarin tone identification task, the melodic continuum
 was separated into two different sets: (1) CCE to CDE, and
 (2) CDE to CEE. For each trial, participants were asked to
 determine whether a given arpeggio (CXE) resembles Do-
 Do-Mi (C-C-E) or Do-Re-Mi (C-D-E) in the first set, or
 resembles Do-Re-Mi (C-D-E) or Do-Mi-Mi (C-E-E) in the
 second set. There were 27 stimuli in the “CCE to CDE”
 condition (9 steps� 3 repetitions¼ 27), and 30 stimuli in the
 “CDE to CEE” condition (10 steps� 3 repetitions¼ 30).
 The two sets of Mandarin tone and two sets of melodic tone
 stimuli were presented in separate blocks, with the order of
 stimulus presentation randomized in each block.
 All participants completed both the discrimination and
 identification tasks in the Mandarin tone and melodic tone
 conditions. All the participants performed the two tasks in
 the same order, discrimination and then identification, to
 avoid any potential (tonal category) familiarity effects on the
 performance of the discrimination task due to prior exposure
 to category labelling from the identification task, especially
 for the English listeners. However, the order of presentation
 of the Mandarin and melodic tone blocks as well as the order
 of the two sub-blocks of stimuli within each Mandarin or
 melodic tone condition (rising-level, falling-level; CCE-
 CDE, CDE-CEE) were counter-balanced across participants.
 For each discrimination or identification trial, the partici-
 pants had a maximum of 2 s to give a response.
 Prior to each task, the participants received a short
 1–2 min familiarization and practice session in order to be
 familiarized with the stimuli and task. The practice stimuli
 for the Mandarin tone discrimination task included two same
 pairs and three “different” pairs randomly selected from the
 set of discrimination stimuli. Participants completed two rep-
 etitions of these stimuli presented in a randomized order,
 with the manner of presentation of each trial (e.g., ISI) as
 well as the response task being comparable to those used in
 the actual discrimination test. The practice stimuli for the
 Mandarin tone identification task included three repetitions
 of the three natural tone words (/yi/ with level, rising, and
 falling tones) used to develop the tone continua. The manner
 of presentation and task were comparable to those used in
 the actual identification test. Prior to the practice task, the
 English participants were also presented with these words
 with feedback given as to which tone they just heard (level,
 rising, falling) to ensure that they were able to label the
 tones. The practice sessions for melodic tone discrimination
 and identification were administered in a comparable fash-
 ion, with the practice stimuli randomly selected from the me-
 lodic stimulus set. In total, the experiment lasted a maximum
 of 1.5 h, including practice, instructions, as well as a short
 break in between each of the blocks.
 D. Analysis
 1. Discrimination accuracy
 A discrimination accuracy score (P) was computed
 based on the following Eq. (1), as used in previous studies
 (e.g., Peng et al., 2010; Xu et al., 2006):
 P ¼ Pð‘‘S’’jSÞ � PðSÞ þ Pð‘‘D’’jDÞ � PðDÞ; (1)
 where P(“S”jS) refers to the percentage of Same responses
 of all the same pairs, whereas P(“D”jD) refers to the percent-
 age of Different response among all the different pairs. P(S)
 and P(D) refer to the probabilities of the Same (AA, BB)
 and Different (AB, BA) trials in a unit, which are both 50%.
 This equation controls for response bias. The score ranges
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from 0 to 1, indicating 0% to 100% correct discrimination,
 respectively. Based on this equation, the discrimination
 scores for each pair in each continuum were computed for
 each participant and subsequently submitted for analyses of
 variance (ANOVAs) to examine group differences.
 2. Identification function
 Following previously established models (e.g., Xu et al.,2006), a generalized linear model was used to investigate the
 sharpness of the category boundary and boundary location
 in the tone identification tasks. The model involves logistic
 regression to examine how the binary classification of a
 sound (e.g., Sound 1 or Sound 2) fits into a sigmoid curve
 (or a categorical curve) in terms of the category boundary
 sharpness and location. The identification scores were com-
 puted based on the following Eq. (2):
 loge½PI=ð1–PIÞ� ¼ b0 þ b1x; (2)
 where PI is the probability for the identification options pro-
 vided to the participants (e.g., Sound 1 or Sound 2), and is
 set to be 0.5 (50%), because there are two response options.
 The variable “x” refers to a step number in a continuum,
 indicating the potential categorical boundary for a contin-
 uum. The variable “b1” refers to the slope of the boundary
 between the two categories in a continuum, considered the
 sharpness of the categorical boundary in the continuum. The
 variable “b0” refers to the intercept of the regression equa-
 tion. Therefore, to compute the categorical boundary Xcb
 based on the identification responses gathered from each lis-
 tener for each group, the following Eq. (3) is derived from
 Eq. (2):
 Xcb ¼ –b0=b1: (3)
 The following predictor variables were analyzed using
 the generalized linear model: Group (EM, EN, MN), Step
 (Mandarin: Step 1 to Step 9; Music: Step 1 to Step 9; Step 9
 to Step 18), and (for Mandarin tone only) Direction (for
 the rising-level continua: rising-to-level and level-to-rising;
 for the falling-level continua: falling-to-level and level-to-
 falling). The slope (category boundary sharpness) and the
 category boundary position at the 50% crossover point for
 each continuum and each participant were computed, and
 then submitted to subsequent ANOVAs to compare group
 differences.
 III. RESULTS
 A. Categorical perception of Mandarin tone
 1. Mandarin tone discrimination
 For each type of tone continuum (rising-level, falling-
 level)1, a mixed three-way ANOVA was conducted, with
 Group (EMs, ENs, MNs) as a between-subject factor, and
 Tone pair (Pair1–2, Pair2–3, Pair3–4, Pair4–5, Pair5–6,
 Pair6–7, Pair7–8, Pair8–9, composed of all the adjacent steps
 from Step 1 to Step 9), Direction of continuum2 (for the
 rising-level continua: rising-to-level and level-to-rising; for
 the falling-level continua: falling-to-level and level-to-
 falling) as repeated measures. The measurement for the
 discrimination task was “discrimination accuracy” as
 described previously, ranging from 0 to 1, with 0 being no
 correct discrimination, 0.5 being chance level (50%), and
 1 being 100% correct discrimination for all the pairs. As the
 current study focused on group comparisons, only the signif-
 icant interactions involving group were analyzed further.
 For the rising-level continuum, a marginally significant
 main effect of Group was obtained [F(2, 816)¼ 2.9,
 p¼ 0.057], indicating a tendency of group differences in
 the Mandarin tone discrimination across pairs and directions.
 Post hoc Tukey HSD p-adjusted pair-wise comparisons
 among the groups revealed that, across tone pairs, EMs
 (mean value, M¼ 0.54) performed marginally better than
 MNs (M¼ 0.52, p¼ 0.057). ENs (M¼ 0.53) did not
 differ significantly from either EMs (p¼ 0.880) or MNs
 (p¼ 0.153). Furthermore, a significant main effect of
 Tone pair was found [F(7, 816)¼ 0.7, p< 0.0001]. Post hocTukey HSD p-adjusted pair-wise comparisons showed
 that the accuracy for Pair5–6 (M¼ 0.60, p< 0.0001) was
 significantly higher than that for the rest of the pairs which
 did not differ significantly (M¼ 0.52, p> 0.05), indicating
 the discrimination peak location at Pair5–6 (i.e., between
 Step 5 and Step 6), presumably the location of category
 boundary. There was no significant main effect of Direction
 [F(2, 816)¼ 0.2, p¼ 0.639]. No significant interactions
 were observed for Group�Tone pair [F(14, 816)¼ 0.6,
 p¼ 0.875], Group�Direction [F(2, 816)¼ 0.5, p¼ 0.618],
 or Group�Tone pair�Direction [F(14, 816)¼ 0.3,
 p¼ 0.994]. Furthermore, to determine whether there was any
 group difference at the discrimination peak location, a
 one-way ANOVA using Group as the between-subject factor
 and discrimination score at Pair5–6 (peak) as the dependent
 variable was conducted. The results showed no significant
 effect of Group at the discrimination peak [F(2, 105)¼ 0.1,
 p¼ 0.909]. Figure 3(a) displays the rising-level discrimina-
 tion scores for the three groups as a function of tone pair
 (step).
 For the falling-level continuum, a significant main
 effect of Group was obtained [F(2, 816)¼ 3.9, p¼ 0.020].
 Post hoc Tukey HSD p-adjusted pair-wise comparisons
 indicated that, across tone pairs, EMs (M¼ 0.55) performed
 significantly better than MNs (M¼ 0.52, p¼ 0.021). ENs
 (M¼ 0.53) did not differ significantly from either EMs
 (p¼ 0.094) or MNs (p¼ 0.792). A significant main effect
 of Tone pair was also found [F(7, 816)¼ 10.0, p< 0.0001],
 with post hoc Tukey HSD p-adjusted analyses showing
 that Pair5–6 (M¼ 0.64, p< 0.0001) was more accurately
 discriminated than were the rest of the pairs, which did
 not differ (M¼ 0.52, p> 0.05). There was no significant
 main effect of Direction [F(1, 816)¼ 0.9, p¼ 0.353], or sig-
 nificant interactions for Group�Tone pair [F(14, 816)
 ¼ 1.0, p¼ 0.459], Group�Direction [F(2, 816)¼ 0.7,
 p¼ 0.113], or Group�Tone pair�Direction [F(14, 816)
 ¼ 1.5, p¼ 0.113]. A further one-way ANOVA using Group
 as the between-subject factor and discrimination score at
 Pair5–6 as the dependent variable was conducted, showing
 no significant group difference at the discrimination peak
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[F(2, 105)¼ 2.5, p¼ 0.087]. Figure 3(b) displays the
 falling-level discrimination scores for the three groups as a
 function of tone pair (step).
 In sum, the Mandarin tone discrimination scores
 showed, across pairs, an overall tendency for the EMs to out-
 perform MNs but not ENs in both rising-level and falling-
 level continua. However, there was no group difference in
 the location of discrimination peak (category boundary), all
 being at Pair5–6 (between Step 5 and Step 6); nor was there
 any group difference in the discrimination scores at the dis-
 crimination peak.
 2. Mandarin tone identification
 The Mandarin tone logistic identification functions as
 well as the corresponding discrimination curves are dis-
 played in Fig. 4. The identification curves plot the percent
 responses of each of the tones as a function of step (1 to 9)
 FIG. 3. Mandarin (a) rising-level and (b) falling-level tone discrimination curves for each group (EM, English musicians; EN, English non-musicians; MN,
 Mandarin non-musicians). The y axis shows the discrimination scores ranging from 0 to 1, with 1 being perfect (100% correct) discrimination of the tone pairs
 and 0.5 being chance level. The x axis shows the discrimination pairs (steps) along the rising-level and falling-level continua, respectively.
 FIG. 4. Mandarin tone logistic identification functions and discrimination curves for each type of continua (rising-level, falling-level) and each group [English
 musicians (EMs), English non-musicians (ENs), Mandarin non-musicians (MNs)]. The identification curves plot the percent responses of each of the tones as
 a function of step (1 to 9) along each of the tone continua, with Step 1 being the rising or falling end and Step 9 being the level end.
 2440 J. Acoust. Soc. Am. 139 (5), May 2016 Chang et al.
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along each of the tone continua. The identification results in
 terms of the category boundary sharpness (steepness of
 slope) and boundary location are derived from the general-
 ized linear model analysis described previously. For slope, a
 higher value means a greater degree of steepness, and thus a
 sharper category boundary, indicating that perception is
 more categorical. The boundary location ranges from 1 to 9,
 corresponding to the 9 steps in each of the tone continua, in
 which 1 represents the rising end or the falling tone end, and
 9 represents the level tone end. For instance, a boundary
 location value of 8.6 is closer to the level end, indicating that
 there are more rising or falling tone responses than level
 tone responses.
 Figure 5 presents the category boundary sharpness
 (slope steepness) comparisons among the groups for the
 rising-level and falling-level continua. A two-way ANOVA
 using Group as the between-subject factor and Direction
 as the repeated measures was conducted for each type of
 continua (rising-level, falling-level), revealing a significant
 main effect of Group for both the rising-level [F(2, 208)
 ¼ 10.9, p< 0.0001] and falling-level [F(2, 208)¼ 6.8,
 p¼ 0.002] continua. For the rising-level continua, post hocTukey HSD p-adjusted pair-wise comparisons indicated
 that MNs showed a significantly sharper category boundary
 than both EMs3 (p¼ 0.014) and ENs (p< 0.0001).
 Furthermore, EMs showed a significantly sharper boundary
 than ENs (p¼ 0.003). For the falling-level continua, both
 MNs (p¼ 0.002) and EMs (p¼ 0.015) showed a significantly
 sharper boundary than ENs. The sharpness of the category
 boundary did not differ significantly between MNs and EMs
 (p¼ 0.776). No significant Group�Direction interactions
 were observed for either type of continua [Rising-level:
 F(2, 208)¼ 2.2, p¼ 0.114; Falling-level: F(2, 208)¼ 1.3,
 p¼ 0.267].
 Figure 6 displays the category boundary location compar-
 isons among the groups for the rising-level and falling-level
 continua. A two-way ANOVA using Group as the between-
 subject factor and Direction as the repeated measures was
 conducted for each type of the continua. For the rising-level
 continua, there was no significant main effect of Group
 [F(2, 95)¼ 0.8, p¼ 0.463], showing an averaged category
 boundary at Step 5 (M¼ 5.0). No significant interaction of
 Group�Direction was observed [F(2, 95)¼ 0.1, p¼ 0.918].
 For the falling-level continua, on average the boundary loca-
 tion across groups and direction was between Steps 5 and 6
 (M¼ 5.4), in favor of falling tone responses. However, a sig-
 nificant Group effect was obtained [F(2, 72)¼ 3.6, p¼ 0.03].
 Post hoc Tukey HSD p-adjusted pair-wise comparisons
 indicated that the EMs’ boundary location occurred at a
 higher step than ENs’ (p¼ 0.024), indicating more falling
 responses for the musicians compared to the non-musicians.
 There was no location difference between EMs and MNs
 (p¼ 0.541), or between ENs and MNs (p¼ 0.365). No signifi-
 cant Group�Direction interaction was obtained [F(2, 72)
 ¼ 2.5, p¼ 0.806].
 In sum, the Mandarin tone identification results revealed
 that for both types of continua (rising-level, falling-level),
 the EMs followed the native Mandarin patterns showing a
 sharper category boundary than the ENs, indicating that
 the EMs’ Mandarin tone identification was more categorical
 than the ENs’. Overall, the category boundary locations
 were similar across groups, except that for the falling-level
 condition, the EMs gave slightly more falling-tone responses
 compared to the ENs.
 B. Categorical perception of melodic tone
 1. Melodic tone discrimination
 For the melodic tone AX discrimination (three-note
 arpeggio varying in D note, e.g., [CX1E, CX2E]), a mixed
 two-way ANOVA with Group as the between-subject factor
 and Melodic pair (step) (Pair1–2, Pair2–3, Pair3–4,…,
 Pair17–18) as repeated measures was conducted. The mea-
 surement was discrimination accuracy ranging from 0 to 1,
 with a score of 1 meaning 100% correct discrimination of
 the music tone pairs, calculated in the same way as that for
 the Mandarin tone discrimination.
 A significant main effect of Group was obtained [F(2,
 866)¼ 71.6, p< 0.0001]. Post hoc Tukey HSD p-adjusted
 pair-wise comparisons indicated that EMs (M¼ 0.76) per-
 formed significantly better than ENs (M¼ 0.67, p< 0.0001),
 which in turn was better than MNs (M¼ 0.60, p< 0.0001).
 There was no significant main effect of Pair [F(16, 866)
 ¼ 0.3, p¼ 1], indicating that the performance across the
 steps was comparable, with no significant discrimination
 peak. Additionally, no interaction between Group� Pair was
 observed [F(32, 866)¼ 0.3, p¼ 1]. Figure 7 displays the
 FIG. 5. Mandarin tone slope (category boundary sharpness) comparisons from
 the logistic identification functions for each type of continua (rising-level, fall-
 ing-level) and each group (EM, English musicians; EN, English non-musi-
 cians; MN, Mandarin non-musicians). Error bars indicate standard error.
 FIG. 6. Mandarin tone category boundary location (step at 50% cross-over)
 comparisons from the logistic identification functions for each type of con-
 tinua (rising-level, falling-level) and each group (EM, English musicians;
 EN, English non-musicians; MN, Mandarin non-musicians). Error bars indi-
 cate standard error.
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melodic tone discrimination scores for each of the pairs for
 the three groups.
 2. Melodic tone identification
 For the identification task, the melodic tone continua
 were separated as CCE-to-CDE and CDE-to-CEE. The
 melodic tone identification results in terms of the category
 boundary sharpness (slope) and boundary location were
 derived from the generalized linear model analysis, con-
 ducted in the same way as that for the Mandarin tone identi-
 fication. The category boundary location ranges from 1 to 9
 for the CCE-CDE continuum (Step 1, CCE to Step 9, CDE)
 and from 1 to 10 for the CDE-CEE continuum (Step 9, CDE
 to Step 18, CEE). The melodic tone logistic identification
 functions as well as the corresponding discrimination curves
 are displayed in Fig. 8.
 To compare the category boundary sharpness (slope)
 among groups, a one-way ANOVA using Group (EMs, ENs,
 MNs) as the between-subject factor was conducted for each
 melodic continuum. A significant Group effect was observed
 for the CCE-CDE continuum [F(2, 48)¼ 2.5, p¼ 0.006].
 Post hoc Tukey HSD p-adjusted pair-wise group compari-
 sons revealed a sharper category boundary for EMs than
 FIG. 7. Melodic tone discrimination curves for each group (EM, English
 musicians; EN, English non-musicians; MN, Mandarin non-musicians). The
 y axis shows the discrimination scores ranging from 0 to 1, with 1 being per-
 fect (100% correct) discrimination of the melodic pairs and 0.5 being chance
 level. The x axis shows the discrimination pairs along the melodic contin-
 uum from CCE to CDE to CEE.
 FIG. 8. Melodic tone logistic identification functions and discrimination curves for each type of continua (CCE-CDE, CDE-CEE) and each group [English musi-
 cians (EMs), English non-musicians (ENs), Mandarin non-musicians (MNs)]. The identification curves plot the percent responses of each of the melodic tone stim-
 uli as a function of step along each of the melodic continua. CCE-CDE ranges from steps 1–9, and CDE-CEE ranges from steps 9–18, where 9 represents CDE.
 FIG. 9. Melodic tone slope (category boundary sharpness) comparisons from
 the logistic identification functions for each continuum (CCE-CDE, CDE-
 CEE) and each group (EM, English musicians; EN, English non-musicians;
 MN, Mandarin non-musicians). Error bars indicate standard error.
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ENs4 (p¼ 0.006), while there was no significant difference
 between MNs and either EMs (p¼ 0.051) or ENs
 (p¼ 0.809). A significant effect of Group was also obtained
 for the CDE-CEE continuum [F(2, 48)¼ 5.0, p¼ 0.002], with
 post hoc Tukey HSD p-adjusted pair-wise comparisons indi-
 cating that the category boundary was significantly sharper
 for EMs than for ENs (p¼ 0.009). Moreover, the MNs’ cate-
 gory boundary was also significantly sharper than ENs’
 (p¼ 0.004). There was no significant difference between EMs
 and MNs (p¼ 0.912). Figure 9 displays the group compari-
 sons of the slope values for the melodic tone identification.
 To compare the category boundary location, a one-way
 ANOVA with Group (EMs, ENs, MNs) as the between-
 subject factor was conducted for each melodic continuum.
 No significant main effect of Group was obtained for either
 continuum [CCE-CDE: F(2, 48)¼ 0.20, p¼ 0.823; CDE-
 CEE: F(2, 48)¼ 0.7, p¼ 0.488]. For the 9-step CCE-CDE
 continuum, the average boundary location was between Step
 4 and Step 5 (M¼ 4.5), and for the 10-step CDE-CEE con-
 tinuum, at the average boundary location was between Step
 6 and Step 7 (M¼ 6.9), with the responses for both continua
 being in favor of CDE. Figure 10 displays the boundary loca-
 tions in the melodic tone identification task.
 C. Summary
 The results show that for Mandarin tone discrimination
 across steps, EMs outperformed MNs (significantly for the
 falling-level stimuli and marginally for the rising-level stim-
 uli), but ENs did not differ from either of these two groups.
 For Mandarin tone identification, the EMs approximated
 the MN patterns, showing a significantly sharper category
 boundary (more categorical perception) than did the ENs.
 For melodic tone discrimination across steps and continua,
 the EMs outperformed the ENs, followed by the MNs. For
 melodic tone identification, the MNs followed the EM pat-
 terns with a sharper category boundary relative to the ENs
 for the CDE-CEE stimuli, although the MNs did not differ
 from the ENs for the CCE-CDE stimuli. These results as
 well as the original predictions are summarized in Table I
 and discussed in terms of the bi-directional influence of mu-
 sical and linguistic experience on Mandarin and melodic
 tone perception, respectively.
 IV. DISCUSSION
 A. Effects of musical training on categoricalperception of lexical tones
 The first question of the present research addresses the
 extent to which musical training affects categorical percep-
 tion of lexical tones. The results show EMs’ superiority
 over MNs in discriminating Mandarin tonal exemplars.
 Specifically, the finding that the EMs had better discrimina-
 tion scores across all pairs than the MNs but the two groups
 had comparable scores at category boundary (discrimination
 peak location) indicates that the EMs outperformed the
 MNs in discriminating F0 differences within tonal catego-
 ries. As predicted, the Mandarin natives’ performance is
 consistent with the previous findings that their experience
 with categorical tonal distinctions decreases their sensitivity
 to within-category F0 differences (Hall�e et al., 2004; Peng
 et al., 2010). The results that the ENs’ discrimination was
 on par with the EMs’ appears to counter the prediction of
 musicians’ advantage over non-musicians’ in tonal discrimi-
 nation due to musical training experience. However, the cur-
 rent patterns find some support from Chandrasekaran et al.(2009) in that, although English musicians showed greater
 MMNs than non-musicians at the pre-attentive stage, both
 groups were equally more accurate than Mandarin non-
 musicians in discriminating within-category F0 differences
 of Mandarin tonal distinctions at the attentive stage. Thus,
 despite the fact that musical training experience may enhance
 sensitivity to pitch, this ability may not transfer to enhance
 discrimination of speech-related F0 differences, as the latter
 demands listeners to ignore such irrelevant, minute physical
 distinctions in order to make categorical judgements.
 These findings indicate that the facilitative effects of mu-
 sical training experience on linguistic tone perception may
 occur at a higher categorical level, as musical training also
 focuses on extraction of abstract rules and regularities to form
 FIG. 10. Melodic tone category boundary location (step at 50% cross-over)
 comparisons from the logistic identification functions for each continuum
 (CCE-CDE, CDE-CEE) and each group (EM, English musicians; EN,
 English non-musicians; MN, Mandarin non-musicians). Error bars indicate
 standard error.
 TABLE I. Summary of the predictions and results for Mandarin and melodic tone perception by English musicians (EM), English non-musicians (EN), and Mandarin
 non-musicians (MN). “>”: more accurate discrimination or identification (p< 0.05); “�”: more accurate or no difference; “¼”: no difference (p> 0.05); “*”: marginal
 difference for rising-level (p¼ 0.057), significant for falling-level (p< 0.05). The results that are not consistent with the predictions are denoted in boldface.
 Discrimination Identification
 Prediction Result Prediction Result
 Mandarin tone EM>EN�MN EM>MN*, EM¼EN, MN¼EN MN�EM>EN MN>EM>EN (rising-level)
 MN¼EM>EN (falling-level)
 Melodic tone EM>EN�MN EM>EN>MN EM�MN>EN EM¼MN, MN¼EN, EM>EN (CCE-CDE)
 EM¼MN>EN (CDE-CEE)
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discrete categories in music. The results from Mandarin tone
 identification indeed show that the EMs patterned similarly
 with the native MNs with more categorical perception than
 the ENs. The EMs’ greater sensitivity to categorical distinc-
 tions of the tones relative to the ENs’ suggests that their expe-
 rience with classifying F0 differences into categories gained
 from musical training has been transferred to linguistic tonal
 categorization. These findings are consistent with the predic-
 tion of this study, providing empirical evidence to support the
 theoretical account that domain-specific (musical training) ex-
 perience with categories enhances domain-general category
 learning mechanisms and subsequently facilitates cross-
 domain categorization (Asaridou and McQueen, 2013; Kraus
 and Chandrasekaran, 2010; Patel, 2011).
 In addition to the domain-general positive transfer, the
 present study has also revealed domain-specific patterns
 where musicians’ specific musical training experience did
 not benefit their linguistic tone categorization. In the identi-
 fication of the Mandarin rising-level tonal exemplars, the
 EMs’ category boundary was less steep as compared to
 the Mandarin natives, showing that the EMs did not reach
 the native-level sensitivity to the Mandarin rising and level
 tone distinctions. Furthermore, in identifying the Mandarin
 falling-level tonal exemplars, the EMs had a tendency to favor
 the falling over level tones, to a greater extent as compared to
 the Mandarin natives. The EMs’ musical pitch training expe-
 rience may account for these categorization patterns that are
 not “native-like.” Particularly, compared to the Mandarin
 natives, the EMs’ lack of sensitivity between contour (rising)
 and level tones as well as their preference of contour to level
 tones may be attributed to the musicians’ greater familiarity
 with directional than level tones, as melodies in music preva-
 lently involve changes in pitch direction (Peretz and
 Coltheart, 2003; Sch€on et al., 2004). These results are consist-
 ent with the previous findings that musical training experience
 enhances the sensitivity to F0 contour (rather than F0 height)
 in linguistic tones (Francis et al., 2008; Huang and Johnson,
 2011; Lee et al., 2014).
 Together, the music-to-speech results suggest that the facili-
 tative effects of musical training experience on Mandarin tone
 perception occur at the categorical level more than at the
 sensory-acoustic level. Furthermore, the effects of musical expe-
 rience may not be exclusively facilitative, given that musicians’
 enhanced sensitivity to within-category F0 distinctions may not
 enhance categorical-level linguistic tone distinctions, and that
 their enhanced categorization ability in music may not aid the
 perception of linguistic tones with different categorical features.
 B. Effects of tone language experience on melodictone perception
 With respect to the overall accuracy for the melodic
 tone discrimination task, the MNs performed more poorly
 than the ENs and EMs. Whereas the musicians’ superiority
 over the non-musicians is expected and consistent with pre-
 vious findings (e.g., Hutka et al., 2015), the MNs’ failure to
 outperform the ENs appears to contradict some previous
 research predicting and showing that tonal L1 non-musicians
 benefit from their linguistic tone background in detecting
 melodic changes (Bidelman et al., 2013; Stevens et al.,2011). However, as reviewed earlier, further findings also
 reveal that there may not be an L1 advantage in melodic dis-
 crimination when the F0 variations are smaller than those
 occurring between L1 tone categories (Bidelman et al.,2013; Hutka et al., 2015). The current results of Mandarin
 natives’ poor discrimination of melodic variations support
 these findings. It appears that the Mandarin listeners’ L1
 tone experience has interfered with their discrimination of
 small (4 Hz) F0 changes in melodies, which are smaller than
 Mandarin categorical tonal distinctions (Peng et al., 2010;
 Xu et al., 2006). This finding is consistent with the previous
 claim that tonal-L1 listeners’ experience with classifying
 pitch into categories decreases their sensitivity to subtle F0
 differences within a speech tone category (Hall�e et al., 2004;
 Peng et al., 2010), and has further extended this claim to
 cross-domain discrimination of melodic changes. Moreover,
 the challenge that the Mandarin listeners face with regard to
 fine-grained pitch discrimination may also be attributed to
 the mismatch of specific melodic tonal features in relation to
 tone language listeners’ L1 tonal features (Bent et al., 2006;
 Xu et al., 2006). Interference occurs when the features of
 melodic tones do not match the features of linguistic tones,
 as MNs’ mentally-stored lexical tones had to compete
 against the perceived melodic tones during the discrimina-
 tion task (Alexander et al., 2011; Peretz et al., 2011). For
 instance, the present melodic tonal discrimination involves
 the detection of the acoustic changes of an intermediate note
 in the context of notes C and E, which essentially requires
 detection of subtle changes in F0 height of a single note.
 This task presumably caused difficulty for the Mandarin lis-
 teners, as Mandarin only contains one level tone. A similar
 challenge has been revealed within the linguistic domain, in
 that native Mandarin listeners had difficulty distinguishing
 the three level tones in Cantonese (Qin and Mok, 2012).
 Thus, it is possible that detecting the level pitch differences
 in music was difficult for the native Mandarin listeners as
 they typically rely on F0 contour rather than F0 height as the
 primary cue to tone perception (Huang and Johnson, 2011;
 Lee et al., 2014).
 Such experience-dependent influence is also reflected at
 the categorical level. The identification results reveal that
 the MNs’ melodic tonal perception category boundary was
 sharper than the ENs’ in the CDE-CEE continuum, indicat-
 ing that MNs perceive melodic tones in a more categorical
 manner. However, there was no difference between the MN
 and EN groups in the identification of the CCE-CDE contin-
 uum. Mandarin listeners’ experience with the specific cate-
 gorical pitch patterns of Mandarin tone may have affected
 how they perceive the melodic differences. Particularly, a
 continuum from CDE to CEE involves a significant increase
 in F0 at the 1/3 point in time of the melodic string, followed
 by stepwise F0 increases in the second 1/3 of the stimulus
 towards equalizing the last 1/3 with the highest note. This
 pattern is similar to a rising tone contour in Mandarin, where
 the onset of F0 rise (i.e., the turning point) occurs at about 1/
 3 into the tone (see Fig. 1). Thus, for the MNs, to identify
 tones along the CDE-CEE continuum is similar to distin-
 guishing two categories from a non-typical rising tone (at
 2444 J. Acoust. Soc. Am. 139 (5), May 2016 Chang et al.
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the CDE end) to a typical rising tone (at the CEE end). In
 contrast, the CCE-CDE continuum mostly involves drastic
 tone changes from the last 1/3 of the melodic string, which
 does not have counterparts in Mandarin. In this latter case,
 the MNs, just as the ENs, might have relied more on acoustic
 differences resulting in less categorical perception of
 the melodies. Thus, MNs’ linguistic tone experience has
 strengthened the categorization of the CDE-CEE continuum,
 consistent with the current as well as the theoretical predic-
 tion that experience with linguistic tone categorization can
 be transferred across domains to facilitate melodic categori-
 zation (Asaridou and McQueen, 2013). In contrast, such
 advantage is absent if tonal-L1 listeners’ L1 tonal features
 are incompatible with melodic tonal features (Bidelman
 et al., 2013; Peretz et al., 2011), as shown from the CCE-
 CDE results.
 To summarize, the speech-to-music results indicate that
 the positive effects of linguistic tone experience on melodic
 tone perception are modulated at the categorical level, where
 experience with tonal categorization in speech enhances
 sensitivity to melodic categorization through domain-general
 mechanisms common to both speech and music. However,
 both discrimination and identification data show that
 domain-specific speech features incompatible with melodic
 tonal features also interfere with melodic tone perception,
 both in the discrimination and identification processes.
 C. Bi-directional influence of music and speech ontone perception
 Together, the music-to-speech and speech-to-music
 results reveal consistent patterns of bi-directional transfer
 effects, incorporating both domain-general and domain-
 specific processes. First, musical experience and tone lan-
 guage experience are shown to be mutually transferable to
 facilitate cross-domain tone categorization but not discrimi-
 nation of fine-grained tonal changes, suggesting that domain-
 general influence primarily takes effect at the abstract, cate-
 gorical level.
 In terms of domain-specific processes, experience with
 both language-specific and melodic-specific tonal features
 appear to interfere with transfer effects, where benefits
 depend on the compatibility of tonal features in the two
 domains.
 The bi-directional transfer of tonal categorization sup-
 ports our theoretical prediction that domain-specific experi-
 ence with categories may enhance domain-general category
 learning mechanisms which in turn facilitate cross-domain
 categorization (Asaridou and McQueen, 2013; Kraus and
 Chandrasekaran, 2010; Patel, 2011). These patterns suggest
 that experience which leads to increased efficiency of sound
 category learning could benefit the categorization in both
 music and speech under domain-general processes (Asaridou
 and McQueen, 2013). On the other hand, these cross-domain
 effects are also determined by domain-specific processes, in
 that specific experience with speech or music tones may
 also interfere with cross-domain categorization patterns
 (Bidelman et al., 2013; Peretz et al., 2011). For example, the
 current music-to-speech results reveal experience-dependent
 effects, where the EMs’ categorization bias in favor of
 Mandarin contour tones may be attributed to their musical
 training experience with melodic tones which are directional
 in nature (Peretz and Coltheart, 2003; Sch€on et al., 2004).
 Similarly, the speech-to-music results show that benefit of
 tone language experience depends on the compatibility of
 L1-specific tone features and the target melodic tone fea-
 tures, with enhanced categorization ability for the melodic
 patterns that have similar L1 tonal counterparts. These pat-
 terns are in line with the theoretical proposition that domain-
 specific experience with pitch categorization can benefit cat-
 egorization in other domains on condition that the acoustic
 features characterizing the target categories are compatible
 with those from listeners’ specific experience (Asaridou and
 McQueen, 2013; Bidelman et al., 2013; Hutka et al., 2015).
 The discrimination results from both music-to-speech
 and speech-to-music directions also reveal converging evi-
 dence that the facilitative effects between speech and music
 tonal transfer did not occur at the sensory-acoustic level.
 This lack of transfer is in line with the previous claim that
 the encoding of such domain-general information to be used
 in cross-domain processing is affected by domain-specific
 experience (Chandrasekaran et al., 2009; Patel, 2011). Thus,
 although musical experience with high precision pitch detec-
 tion enhances general pitch acuity, this enhanced ability
 may not be relevant to the perception of speech-related
 F0 variations, as the latter demands listeners’ to ignore
 minor acoustic differences in order to make categorical
 judgements. This claim is further supported by the speech-
 to-music results, showing that the MNs’ experience with
 tones in their L1 did not facilitate their discrimination of me-
 lodic tonal variations, presumably because their long-term
 linguistic tone experience has tuned them to broad categori-
 cal distinctions while normalizing for within-category acous-
 tic variations (Bidelman et al., 2013; Hall�e et al., 2004; Peng
 et al., 2010).
 V. CONCLUDING REMARKS
 The current results show bi-directional influence of
 pitch experience between speech and music tones in a single
 design, thus providing new data supporting the speech-music
 relationship theories which have been developed mainly
 based on uni-directional evidence (Asaridou and McQueen,
 2013; Patel, 2008, 2011). Moreover, the current data reveal
 that cross-domain transfer of pitch proficiency occurs at the
 abstract, categorical level, offering support for the shared
 sound category learning mechanism hypothesis in speech
 contexts which had not been tested before (Asaridou and
 McQueen, 2013; Patel, 2008). Furthermore, the current find-
 ings indicate that the nature and extent of benefits from
 cross-domain resources are experience-driven, depending on
 the compatibility between previous pitch experience and
 the demands of target pitch perception. Together, these pat-
 terns suggest shared sound category learning mechanisms
 governing tonal categorization across cognitive domains,
 which are modulated by long-term pitch exposure through
 musical or linguistic experience, clearly demonstrating the
 integration of domain-general and domain-specific
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mechanisms underlying pitch processing (Zatorre and
 Gandour, 2008).
 The current findings also have practical implications. For
 example, previous research has proposed various merits of
 music-based training to benefit second language (L2) learning
 or language restoration in a clinical setting (Asaridou and
 McQueen, 2013; Cooper and Wang, 2012; Patel, 2011).
 Compared to speech-based training, music-based training
 allows L2 learners of a tone language to focus their attention on
 an acoustic signal without having to extract conceptual mean-
 ing from the signal; and for those individuals with language
 deficits due to brain damage, musical training may recruit alter-
 native cortical resources for tonal restoration in speech.
 However, results from the current study further suggest that
 not all types of musical experience would facilitate speech
 pitch learning. For instance, given the results that positive
 music-to-speech transfer occurs at the categorical level, mu-
 sical training that focuses on enhancing categorization abil-
 ity should benefit speech tone categorization. However,
 although musical training aiming at enhancing pitch acuity
 may result in increased sensitivity to fine-grained F0 differ-
 ences, it may not benefit speech tone learning, since the lat-
 ter requires listeners to ignore such subtle differences in
 order to make categorical distinctions. Likewise, the current
 results show a compatibility-driven influence, indicating
 that only those melodic patterns compatible with language-
 specific tonal patterns could benefit speech tone learning,
 whereas incompatible patterns may restrict or even inhibit
 positive transfer. These patterns suggest the need for tar-
 geted training algorisms, in keeping with the OPERA-based
 prediction that the benefits of musical training depend on
 specific features emphasized in training (Patel, 2011). Thus,
 musical training with the intention of facilitating pitch proc-
 essing in speech should focus on those features that overlap
 with speech pitch in a particular language.
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