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I Introduction

For most listeners, recognizing words in speech is an effortless process. Yet the automa-

ticity of this process, especially in a native language (L1), belies the number and com-

plexity of processing steps involved. These often become more salient in a second 

language (L2), where processing is less automatized. As in L1, word recognition in L2 

involves at least two critical steps: (1) perceiving phonological categories from acoustic 

input, and (2) using perceived phonemes to activate word candidates in the mental lexi-

con (Cutler, 2012). Infants are born with sensitivity to various sound contrasts, and soon 

tune in to those that are meaningful in the language(s) they are exposed to (Werker and 

Tees, 1984; Yeung et al., 2013). This leads to increasing sensitivity to language-specific 

contrasts and decreasing sensitivity to contrasts irrelevant in the L1(s). By adulthood, L1 

phonological categories are deeply entrenched, allowing L1 listeners to assign acoustic 

input to phonological categories rapidly and without effort. For L2 learners, the chal-

lenge is not only to learn potentially new phonological categories, but also to automati-

cally activate and use this knowledge to identify phonological contrasts in highly variable 

utterance realizations in fluent speech. Laboratory experiments provide ample evidence 

that L2 learners have great difficulty with phonological contrasts that do not exist in their 

L1 (Dupoux et al., 2008; Strange and Dittmann, 1984; Pelzl et al., 2019; Qin et al., 2017), 

and that they perceive L2 phonemic variants less categorically than native listeners (Ling 

et al., 2016; Shen and Froud, 2019).

These difficulties at the phonological level in L2 speech perception lead to further 

challenges at the level of lexical access during L2 word recognition. As a result of not 

being able to efficiently utilize all relevant phonological cues, it is likely that L2 listeners 

will activate a greater number of word candidates, leading to more extensive competition 

for selection compared to L1 processing (Cutler, 2012; Weber and Cutler, 2004). 

Evidence from recent studies shows that L2 learners were more likely to activate pseudo-

homophones, partially overlapped non-words and cross-language vocabulary (Broersma 

and Cutler, 2008, 2011; Dijkstra et al., 2000; Marian and Spivey, 2003; Weber and Cutler, 

2004). Such difficulties in L2 lexical processing have been attributed to L2 listeners’ 

inability to access or utilize relevant phonological cues, which in turn may be the result 

of inability or difficulty to identify non-native phonemes in the L2 acoustic signal 

(Broersma, 2012; Broersma and Cutler, 2008, 2011; Qin, 2017).

While there is abundant work demonstrating L2 listeners’ difficulties in speech per-

ception and lexical access separately, only few studies have attempted to investigate the 

relation between the two directly. The goal of the present study is to examine this relation 

in the context of a linguistic property well-known to be challenging in L2 acquisition, 

namely lexical tone. Over half of the world’s languages are tonal languages, where pitch 

as a phonological category is part of lexical representations alongside segmental infor-

mation (Yip, 2002).1 Mandarin, one of the most widely spoken and studied tonal lan-

guages and the target language of the present study, has four lexical tones, which are 

often described numerically according to fundamental frequency (F0) in a system known 

as ‘Chao tone letters’, dividing the natural pitch range of the normal speaking voice into 

five levels, with 1 as the lowest and 5 as the highest (Chao, 1930; T1 = 55, T2 = 35, T3 

= 214, T4 = 51). In Mandarin, tones can distinguish between two words consisting of 



Ling and Grüter 3

the same segments. For example, /ma/ with high level pitch (T1) means ‘mother’, but 

with rising pitch (T2) means ‘hemp’. The important linguistic status of pitch in tonal 

languages is captured by its representation on a separate tier from segmental and pro-

sodic material in underlying mental representations, although in the surface realization 

of words, tone can only be realized in association with segments (Yip, 2002).

Lexical tone presents a novel phonological contrast to L2 learners from non-tonal L1 

(e.g. English) backgrounds, thus raising challenges at the levels of both speech percep-

tion and lexical access. Previous research, discussed in more detail below, has investi-

gated the challenges presented by lexical tone in L2 speech perception and word 

recognition separately, but little remains known about what Wong and Perrachione 

(2007: 565) have referred to as the ‘phonetic–phonological–lexical continuity in adult 

nonnative word learning’. In the present study, we examine to what extent L1 and L2 

speakers of Mandarin perceive tone categorically, as well as to what extent they use tonal 

cues along with segmental cues for lexical access during real-time listening. This allows 

us to then examine to what extent the two are related. To this end, we report findings 

from a visual world eye-tracking experiment designed to investigate the role of tonal 

cues in Mandarin word recognition, as well as from a tone identification task, assessing 

listeners’ ability to perceive Mandarin tone categorically. Based on the findings from 

these two tasks, we address the following two research questions:

•• Research question 1: How do L1 and L2 listeners weigh tonal cues relative to 

segmental cues in Mandarin spoken word recognition?

•• Research question 2: How does L2 learners’ use of tonal cues in spoken word 

recognition relate to their ability to perceive tone categorically?

II Background

1 Processing of tone in L1

While at the phonological level Mandarin has four tone categories, described by discrete 

labels as illustrated above, the acoustic realization of tone in actual speech varies sub-

stantially with different talkers, contexts and speech rate (Jongman et al., 2006). Thus, a 

critical part of processing words in tonal languages involves identifying discrete tone 

categories from highly variable acoustic realizations. To study the categorical perception 

of tone, experimental research uses synthetic stimuli from tone-pair continua created by 

manipulating pitch (and potentially other suprasegmental parameters, such as duration). 

Research going back to Wang (1976), who conducted identification and discrimination 

tasks with synthetic tokens varying along the T1–T2 continuum, has found that L1 

Mandarin listeners perceive tone more categorically than naive L1 English listeners with 

no experience of tonal languages. Subsequent studies including continua of all six pos-

sible tone pairs in Mandarin have confirmed these findings (Hallé et al., 2004; Ling and 

Schafer, 2016; Peng et al., 2010; Shen and Froud, 2016; Xi et al., 2010; Xu et al., 2006).

At the level of lexical processing in tonal languages, most previous work has focused 

on the independent contributions of tones versus segments in the process of lexical 

access. Early studies reached a general agreement that tones may be a weaker cue than 
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segments. By using a homophone judgment task of written characters in Mandarin, Taft 

and Chen (1992) found that native listeners took longer and were less accurate when a 

pair of words differed only by tone than only by vowel quality. Cutler and Chen (1997) 

examined how native speakers of Cantonese (a tonal language similar to Mandarin, but 

with six tones) process lexical tones in spoken words. Results from a lexical decision 

task showed that listeners were most likely to accept a non-word as a word when the only 

difference between the two was in tones. A speeded same-different judgment task with 

the same participants showed slower and less accurate responses when the only differ-

ence between two words was in tones. The researchers concluded that lexical tone might 

be a weaker cue due to the comparatively late availability of the tonal cue compared to 

segmental cue. Similar results were obtained by Ye and Connine (1999) in a simple tone-

vowel detection task. However, they also found that tone might play a more important 

role when presented in context. As pointed out by Liu and Samuel (2007), the tasks 

employed in many early studies are mostly sensitive to sub-lexical processing, where 

listeners could respond without accessing lexical meaning.

In tasks requiring listeners to access lexical representations, findings have indicated 

more similar roles for tonal and segmental cues. Malins and Joanisse (2010) conducted a 

real-time spoken word recognition experiment using the visual word paradigm, in which 

native Mandarin speakers listened to words and were asked to select the corresponding 

picture from a set of four, including the target (e.g. chuang2 ‘bed’), a competitor overlap-

ping with the target in different phonological domains (segmental: chuang1 ‘window’; 

cohort: chuan2 ‘ship’; rhyme: huang2 ‘yellow’; tonal: niu2 ‘cow’), and two phonologi-

cally unrelated distractors. Of critical interest were the segmental and cohort conditions, 

where the divergence of competitors from targets was argued to occur at comparable 

time points (see appendix in Malins and Joanisse, 2010). Eye gaze patterns did not differ 

between the two conditions, leading the authors to conclude that ‘tonal and segmental 

information are accessed concurrently and play comparable roles’ in word recognition by 

Mandarin native speakers (Malins and Joanisse, 2010: 407). A follow-up study (Malins 

and Joanisse, 2012) using an event-related potential (ERP) paradigm supported the con-

clusion that tonal and segmental cues were both accessed as soon as they were available, 

while also indicating potentially different underlying processing mechanisms for tonal 

versus segmental information.

So far, we have considered two lines of research on the role of tone relative to seg-

ments, each leading to somewhat different conclusions. In experiments encouraging sub-

lexical processing and not requiring access to lexical meanings, tone appears to be a 

weaker cue than segments (Cutler and Chen, 1997; Ye and Connine, 1999). In spoken 

word recognition tasks, which require full lexical access, tones and segments appear to 

be on a more equal footing (Malins and Joanisse, 2010, 2012). A third line of research, 

focusing specifically on the interaction of tonal and segmental cues, provides evidence 

for the dynamic relationship between different cues, and draws attention to the limita-

tions of isolating individual cues in experimental contexts, emphasizing the importance 

of processing tonal cues along with segmental cues as one entity in successful word 

recognition. In a form priming task, Sereno and Lee (2015) found weak priming effects 

when the prime and target matched only in segmental content, but much larger effects 

when they matched in both segmental and tonal content (see also Lee, 2007), indicating 
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that the syllable as a unit, rather than its individual component parts, may play a critical 

role in word processing. Using the Garner speeded classification paradigm, Tong et al. 

(2008) investigated the interaction between tones and segments from a different angle. In 

this task, participants have to classify stimuli according to a specific dimension (e.g. 

consonant, tone, or vowel) while ignoring variation on other dimensions. Results from 

native Mandarin speakers showed that variation in vowel quality interfered more in the 

classification of stimuli by tone than the reverse, which led the authors to conclude that 

the processing of tone was not independent, but integrated into the processing of vowels. 

Further evidence comes from another speeded classification experiment conducted by 

Lin and Francis (2014). Using stimuli constituting legitimate words in both English and 

Mandarin, they found that L1 Mandarin listeners showed symmetric interference between 

consonants and tone, regardless of whether stimuli were presented in an English or a 

Mandarin context, while L1 English listeners did not show any interference from the 

non-target dimension in either direction. They suggested that native Mandarin listeners 

process tonal and segmental cues in a more integrated manner regardless of the ambient 

language, while English listeners with no experience of tonal languages processed them 

more separately.

These findings are consistent with ‘selective perception routines (SPRs)’ as proposed 

in Strange’s (2011) Automatic Selective Perception (ASP) model: L1 Mandarin listeners 

have developed the routine of perceiving and processing tonal cues along with segmental 

cues for lexical access through life-long experience with their tonal L1. This L1 SPR 

constitutes a highly over-learned pattern so that even when instruction and stimuli are in 

English, native Mandarin listeners are unable to inhibit the automatic processing of tone. 

On the other hand, English listeners unaccustomed to processing pitch at a lexical level 

might treat pitch as intonation and process it separately from segmental content, since in 

English, suprasegmental features are rarely distinctive at a lexical level. Even in some 

rare cases, when English words only differ from each other in stress, English listeners do 

not appear to use such suprasegmental information during lexical access (Cutler, 1986). 

English listeners are thus more likely to process suprasegmental features such as pitch at 

a post-lexical level, without immediate impact on lexical access (Lin & Francis, 2014). 

Framed within the ASP model, the task for L2 learners then is to inhibit entrenched L1 

SPRs, and learn new SPRs to optimize use of the most reliable linguistic cues in the L2. 

A key goal of our study is to gain a better understanding of the extent to which English 

learners of Mandarin are able to do so in the context of using tonal and segmental cues 

during lexical processing.

2 Processing of tone in L2

While lexical tone presents a novel phonological dimension for L2 learners with non-

tonal L1s, previous work provides ample evidence that listeners with non-tonal language 

backgrounds are sensitive to pitch contrasts (Hallé et al., 2004), and that accuracy of tone 

identification can be improved significantly even after short-term training (Wang, 2013; 

Wang et al., 1999; Wong and Perrachione, 2007). At the same time, L2 learners, even 

those with intermediate to advanced proficiency, show persistent difficulty with the pro-

cessing of tone at a lexical level (Pelzl et al., 2019; Qin, 2017). This gap between 



6 Second Language Research 00(0)

perception and lexical processing of tones has begun to be addressed in a recent study by 

Pelzl et al. (2019). They found that although English-speaking learners of Mandarin 

were as successful as native Mandarin speakers at identifying tones in isolated syllables 

in a tone identification task, the same learners were less likely to correctly reject non-

words in a lexical decision task than native speakers when the non-words and words 

differed only by tone, indicating a ‘disconnect between L2 abilities to categorize tones as 

phonetic objects and abilities to utilize those categories as lexical cues’ (Pelzl et al., 

2019: 69). A third task using an ERP paradigm provided further neurophysiological evi-

dence of learners’ difficulty in using tone as a cue in lexical processing. These findings 

present important evidence for a dissociation between phonological and lexical process-

ing ability related to tone in L2, based on group-level analyses comparing L2 with L1 

speakers on different tasks. Remaining unexplored is the relation between these abilities 

at the level of the individual learner, a question that we aim to address in the present 

study.

Many factors can contribute to this disconnect between phonological and lexical pro-

cessing of tones by L2 learners. At a phonological level, although L2 learners were able 

to achieve native-like accuracy in identifying the four standard Mandarin tones in iso-

lated syllables (Pelzl et al., 2019), L2 listeners may have more difficulty handling the 

lack of invariance of tone realization in actual speech, where they have to assign a spe-

cific token quickly into a phonological tone category. In a study by Ling et al. (2016), L2 

learners of Mandarin (L1 English) with various proficiency, along with native Mandarin 

listeners and native English listeners with no experience of Mandarin, participated in an 

identification task designed to assess categorical perception of tone. In each trial, listen-

ers heard a token from one of the six synthesized continua of all possible Mandarin tone 

pairs (e.g. T1–T2, T1–T3) with manipulated pitch, and they were instructed to decide 

which tone they heard in each pair. Results showed that L2 learners patterned between 

the other two groups on the steepness of identification slopes, suggesting L2 learners 

perceive tone less categorically than native speakers, yet more categorically than listen-

ers with no experience of a tonal language. Moreover, the steepness of identification 

slopes, i.e. the degree of categorical perception, correlated significantly with learners’ 

proficiency in Mandarin. These findings are consistent with those of Shen and Froud 

(2016), who reported results from advanced learners of Mandarin on a similar identifica-

tion task with T1–T4 and T2–T3 pairs showing that advanced learners’ performance was 

similar to that of native speakers. However, in a follow-up ERP study (Shen and Froud, 

2019), native Mandarin speakers, but not L2 learners, showed electrophysiological evi-

dence of categorical perception of tones. L2 learners also showed larger P300 responses, 

suggesting more attentional focus in the processing of tones. As Shen and Froud (2019: 

263) pointed out, ‘[i]f phonetic categorization by adult learners is less efficient and 

requires more attention compared to native Chinese speakers, higher-level processes 

such as lexical access may also be more challenging for learners.’ More specifically, we 

might expect L2 learners to rely on tonal cues less than native listeners at a lexical level. 

This is consistent with Pelzl et al.’s (2019) finding that L2 learners were more likely to 

reject segmentally mismatched than tonally mismatched non-words, while native listen-

ers rejected them at equal rates, indicating that, compared to native listeners, L2 learners 

allocated less weight to tones relative to segments.
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In addition to the bottom-up difficulty of drawing phonological information from 

acoustic input, the top-down influence of highly over-learned L1 automatic selective 

perception routines (SPRs; Strange, 2011) may also make L2 learners less likely than 

native speakers to use tonal cues in word recognition. In English, suprasegmental fea-

tures are rarely lexically distinctive. Although some English words differ from each other 

only in stress, English listeners do not appear to use such suprasegmental information 

during lexical access, presumably because such cases are exceedingly rare (Cutler, 

1986). In Mandarin, on the other hand, tone is a key component of lexical representations 

and is indispensable in word processing.

The question that arises is whether long-term exposure and learning experience lead 

to increased use of tonal cues in L2. Zou et al. (2017) addressed this question using an 

ABX classification task with beginner and advanced Dutch learners of Mandarin. Results 

showed that, like the naive Dutch control group, beginner learners with 8–20 months 

learning experience were less accurate at classifying stimuli based on tones alone than 

Mandarin native speakers. The advanced learners with 3–14 years learning experience 

showed significantly higher accuracy than both the Dutch control group and the beginner 

learners, and did not differ significantly from the native Mandarin speakers. These find-

ings indicate that the development of tone acquisition in L2 involves increasing cue 

strength on tonal cues along with improving proficiency. However, this study only inves-

tigated processing at a phonological level, in a task that did not involve lexical access. 

We thus still do not know whether advanced L2 learners will use tonal and segmental 

cues to similar extents as native listeners in word recognition. It remains possible that 

during a more resource-demanding, higher-level process such as lexical access, attention 

to the comparatively less familiar tonal cue will remain reduced even in more advanced 

learners. We explore this possibility here in a visual-world eye-tracking experiment, 

inspired by Malins and Joanisse (2010), in which we investigate how L1 and L2 speakers 

of Mandarin weigh tonal cues along with segmental cues in real-time word recognition.

As mentioned earlier, despite the wealth of research on tone in speech perception and 

lexical processing, very little is known about the relation between the two, especially in 

L2. As far as we are aware, only one study has directly examined this ‘phonetic–phono-

logical–lexical continuity’ (Wong and Perrachione, 2007: 565) in L2 tone learning. In 

their study, English speakers with no experience of tone languages participated in multi-

session training during which they were exposed to English pseudo-words with pitch 

patterns resembling Mandarin tones. A tone identification task and a spoken word recog-

nition task were conducted to measure learners’ ability of perceiving pitch patterns and 

word learning success. Results showed a significant correlation between participants’ 

performance in the two tasks, supporting a continuity of phonetic–phonological and lexi-

cal abilities in adult L2 word learning. The generalizability of these findings to the acqui-

sition of tone in L2 Mandarin, however, is somewhat limited given that stimuli consisted 

of English pseudo-words with Mandarin tones, and participants were naive English lis-

teners with no learning experience of a tonal language. Inspired by Wong and 

Perrachione’s (2007) work, we aim to shed further light on the phonetic–phonological–

lexical continuity in L2 tone learning by exploring the relation between performance on 

a categorical perception and a real-time word recognition task among English-speaking 

L2 learners of Mandarin.
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III Methods

1 Participants

A total of 30 native and 34 L2 speakers of Mandarin participated in this study. Data from 

5 L2 participants was excluded due to exposure to Chinese in childhood (4) or profes-

sional music experience2 (1), leaving data from 29 L2 speakers for analysis. Native 

speakers (21 female, mean age: 25.6 years, range: 20–36) were recruited from among the 

international student community at the University of Hawai‘i at Mānoa (n = 20), as well 

as at Peking University (n = 10). All native speakers reported being born in Mainland 

China and self-identified as native speakers of Mandarin.

L2 learners (11 female, mean age = 24.4 years, range: 19–41) were recruited at the 

University of Hawai‘i at Mānoa (n = 3), as well as at Peking University, the University 

of Hong Kong and Chinese University of Hong Kong (n = 26). All L2 learners self-

identified as native speakers of English and started to learn Mandarin after age 12 (mean 

age of onset: 20.0 years, SD = 4.5). To ensure basic familiarity with the Mandarin vocab-

ulary used in the experimental materials, only participants who were taking or had taken 

3rd-year Chinese classes (or above) in the USA, or intermediate/advanced classes in 

China, were admitted to the study. L2 proficiency was assessed through self-ratings of 

speaking (M = 2.8, SD = 1.1), listening (M = 2.9, SD =1.1) and reading (M = 3.0, SD 

= 1.0) skills on a 5-point scale, as well as through a listening proficiency test adapted 

from the Hanyu Shuiping Kaoshi (HSK or Chinese Standard Exam) level 4 (Confucius 

Institute in Atlanta, 2017). The HSK level 4 test is a boundary test to differentiate inter-

mediate to advanced proficiency. One L2 learner did not complete the listening profi-

ciency test. The remaining 28 scored from 40% to 100% (M = 76.9%, SD = 17.5%). 

Information on music experience and language experience was collected by question-

naire. The study protocol was approved by the Institutional Review Board at University 

of Hawai‘i at Mānoa, and participants were compensated with extra course credit or a 

small amount of money.

2 Spoken word recognition task

a Materials. Linguistic stimuli in the visual-world eye-tracking experiment consisted 

of 12 sets of 5 monosyllabic words. All words were easily imageable common nouns, 

and were composed of a consonant onset and a rhyme (for a complete list of stimuli, see 

Appendix 1). Each set consists of (1) a target (e.g. gou3 ‘dog’); (2) a segmental competi-

tor (SC: gou1 ‘hook’), which completely matches the target in segmental content but 

differs in tone; (3) a rhyme competitor (RC: shou3 ‘hand’), which matches the target in 

segmental and tonal content of the rhyme but differs in onset; (4) a vowel competitor 

(VC: dou4 ‘bean’), which matches the target in segmental but not tonal content of the 

rhyme and also differs in onset; and (5) a distractor (qiu2 ‘ball’), which does not share 

either segmental or tonal content with the target.3 The SC and VC competitors were 

included to allow for the critical comparison between competitors that differ from the 

target in tone only (SC) versus competitors that differ in both tone and segmental (onset) 

content (VC). Rhyme competitors (RC), which share tone and vowel but not onset 
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segmental content with the target, were included to assess potential late co-activation due 

to overlapping rhymes (Allopenna et al., 1998).

In order to examine potential differences in word frequency between stimulus types, 

we used word frequency indices (log10W) from the SUBTLEX-CH corpus (Cai and 

Brysbaert, 2010). A one-way ANOVA showed no significant differences between targets, 

the three types of competitors, and distractors (F(4,55) = 1.58, p = .19). Since indeces 

of frequency in an L1 corpus may not be fully reflective of frequency experienced by L2 

learners, we also used HSK vocabulary level as an index of word difficulty for L2 learn-

ers: level 1 ‘easiest’ to level 6 ‘most difficult’). Words not listed in the HSK vocabulary 

were given a value of 7 (5 words). L1 word frequency (log10W) and HSK level index 

correlated moderately (τ = −0.50, p < 0.001), indicating some consistency between the 

two values. A one-way ANOVA with HSK level as the dependent variable showed no 

significant differences between stimulus types (F(4,55) = 1.24, p = 0.30) either. 

Differences in word frequency were thus unlikely to greatly influence looks to targets, 

competitors, and distractors in the present study.

Visual scenes contained three areas of interest (AOIs): the target, one of the three 

competitors (SC, RC, or VC), and a distractor (Figure 1). Participants saw each target in 

three conditions (SC, RC, or VC), for a total of 36 experimental trials. The location of 

different AOIs was rotated across conditions. The order of items was pseudo-randomized, 

and interspersed with 54 filler trials. Fillers were constructed from the same 60 words 

used in the experimental trials, but words constituting competitors or distractors in 

experimental trials acted as targets in filler trials. Fillers were created to approximately 

balance the occurrence of each image as a named vs. unnamed referent. All participants 

were presented with the same 90 trials in two blocks, with 18 experimental trials and 27 

fillers in each block. Block order was counterbalanced across participants. Three initial 

practice trials similar to filler trials familiarized participants with the task.

The auditory stimuli were produced by an adult female native speaker of Mandarin at 

a slow speed in a sound-proof booth at 44.1 kHz and recorded in Praat (Boersma and 

Weenink, 2016). Each noun was spoken preceded by the carrier phrase qing3xuan3 . . . 

(‘please choose . . .’) three times in citation form with full realization of tones. One 

token of each noun was selected according to intensity and sound quality. Nouns were 

then extracted and concatenated with the same token of the carrier phrase for all items, 

with noun onset 2,042 ms after onset of the carrier phrase. Average duration of target 

nouns was 658 ms (range: 429–913). Two native speakers of Mandarin confirmed the 

naturalness of the concatenated sentences.

b Procedure. Prior to the visual-world eye-tracking experiment, participants com-

pleted a self-paced vocabulary familiarization task followed by a naming test, in order 

to ensure understanding of all vocabulary and word-image associations. In the familiari-

zation task, participants were presented with all 60 words (12 sets * 5 words) in random 

order in PsychoPy (Peirce, 2007). Each word was presented auditorily once together 

with its corresponding image, Chinese characters and English gloss. Participants were 

instructed to take their time to familiarize themselves with each word and image before 

pressing the space bar to move on. They were told they would be tested in a naming task 

afterwards. In order to make sure participants paid attention and were familiar with the 
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word-image associations, 10 words were selected and used as test trials in the naming 

task. To ensure L2 learners were familiar with the tested words, we asked three Chinese 

instructors to check the stimuli and select the 10 words their students might have most 

difficulty with. For the 10 test items in the naming task, all 5 words not listed in HSK 

level 1–6 were included in addition to another 5 words selected as difficult by instruc-

tors. In each test trial, participants saw an image and after 500 ms they heard a beep and 

were required to name the picture. Participants needed to produce 9/10 words with cor-

rect pronunciation of segments to pass the naming task; otherwise they were asked to 

repeat the familiarization task and naming test until they met criterion. All native listen-

ers and 11 L2 learners passed the naming task the first time. 15 L2 learners repeated the 

familiarization task once and 3 L2 learners repeated it twice. No feedback was provided 

during the naming task.

After passing the naming task, participants proceeded to the main part of the spoken 

word recognition experiment. The experiment was conducted on an SMI RED250 eye-

tracker sampling at 250 Hz (for participants tested in Hawai‘i), or a mobile REDn 

Scientific eye-tracker sampling at 60 Hz (for participants tested in China). Participants 

were instructed to click on one of the three images in the scene after listening to the audi-

tory instruction qing3xun3 (‘Please choose’) + NOUN, preceded by 1,500 ms preview 

of the visual scene. Mouse-click and eye fixation were recorded through SMI 

ExperimentSuite software. Fixation data were binned into 20 ms samples. Preliminary 

analyses showed no differences in the structure of the data from the two trackers, thus all 

data was combined for further analysis.

3 Identification task

a Materials. One syllable (/pi/) was used to create critical stimuli, and another syllable 

(/kwo/) was used for creating practice stimuli. Both syllables occur with all four tones in 

Mandarin. To avoid effects of co-articulation and tone sandhi, the stimuli were con-

structed from isolated Mandarin words spoken by a female native speaker of Mandarin 

(the same speaker as in the other task) three times in a row with slow speed and a clear 

voice. The stimuli were recorded at 44.1 kHz in Praat. Tokens were selected based on 

both intensity and quality. Four tokens (4 tones) of /pi/ were selected and used to 

Figure 1. Examples of visual scenes in the three conditions.
Note. Location of areas of interest (AOIs) was rotated in the actual materials. SC = segmental competitor. 
RC = rhyme competitor. VC = vowel competitor.
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construct tone pair continua for each of the six possible tone pairs in Mandarin (e.g. 

T1–T2). Six 9-step tone continua were generated by equalizing duration within the con-

tinuum, and linearly changing the pitch and intensity between the end points with the 

PSOLA method (Moulines and Laroche, 1995) in Praat (Boersma and Weenink, 2016). 

Six 4-step tone continua for /kwo/ were synthesized in the same manner and used for the 

practice trials. Two native Mandarin speakers confirmed the naturalness of all stimuli.

b Procedure. Stimuli were blocked by tone pair to reduce listeners’ memory load and 

avoid uninformative answers (e.g. the middle step of the T2–T4 continuum has a flat 

pitch, which is similar to T1). Each block started with information about the upcoming 

tone pair and two exposure trials with tone labeled endpoints. Blocks were counterbal-

anced across participants. All stimuli were presented three times in random order within 

each block, resulting in a total of 162 trials (6 tone pairs * 9 steps * 3 presentations). An 

initial practice block was used to familiarize participants with the task by using the T1–

T2 continuum with the syllable /kwo/. Participants were asked to classify each token by 

pressing the appropriate tone-number key on the keyboard (e.g. 1 or 2 in block T1–T2), 

followed by the space bar to initiate the next trial at their own pace. Participants were 

encouraged to guess if unsure.

4 General procedure

Before coming to the lab, all participants completed a web-based questionnaire to collect 

information on basic demographics, language background, music experience, and self-

ratings of speaking, listening and reading ability in both Mandarin and English. In the lab 

session, all participants completed the visual-world eye-tracking experiment followed by 

the identification task. L2 learners additionally completed the listening proficiency test 

at the end.

IV Results

1 Data trimming

Data from a total of 2,124 trials (59 participants, 36 experimental items) on the eye-

tracking experiment was first inspected for valid mouse-click responses. Trials with no 

mouse-click (L1: 1, L2: 1) and trials in which the participant clicked on an image before 

noun onset (L1: 4) were excluded, as were trials in which the timing of the click exceeded 

3 SDs of the group’s average reaction time (RT) (L1: 16, L2: 17). The remaining data 

were inspected for track loss. Trials with more than 16% (= M+3SD) missing sample 

points were excluded (L1: 25, L2: 4). In all, a total of 3.2% of the data (68/2124 trials; 

L1: 4.3%, L2: 2.1%) was discarded.

2 Spoken word recognition task

a Mouse-click data. Participants’ accuracy in selecting the named target is illustrated in 

Figure 2 (left). While the L1 group showed similar accuracy rates across conditions, 
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accuracy in the L2 group was substantially lower in the SC condition than in the other 

two. For statistical analysis, accuracy data were submitted to a generalized linear mixed 

effect model. This and all subsequent statistical analyses were conducted in R (version, 

3.6.0, R Core Team, 2019), using the lme4 package (version 1.1-21, Bates et al., 2015). 

Fixed effects included Group (L1, L2; contrast-coded and centered), Condition (SC, RC, 

VC; simple coded with VC as reference level) and their interactions. Maximal random 

effect structures justified by the design were attempted, and reduced if convergence 

problems arose (Barr et al., 2013). Model comparisons were carried out using the anova() 

function to identify the best-fitting model.

Table 1 presents the output of the best-fitting model. The significant negative estimate 

for group (b = −0.72, p = .01) indicates lower accuracy overall in the L2 than in the L1 

group. The significant negative estimate for SC (b = −1.33, p = .03) indicates overall 

lower performance in the SC than in the (reference-level) VC condition. In other words, 

participants were less accurate in selecting the named target when there was a competitor 

that differed only in tone versus a competitor differing in both tone and segmental con-

tent. Importantly, this effect interacted with Group (b = −2.04, p < .001), prompting 

follow-up analyses within each group separately. Within the L1 group, there were no 

significant differences in accuracy across conditions (all p > .4). In the L2 group, on the 

other hand, accuracy in the SC condition was significantly lower compared to the VC  

(b = −2.24, p < .001) and RC (b = −3.10, p = .002) conditions, with no significant dif-

ferences between the latter two (b = 0.86, p = .49).

Analyses of reaction time (RT) in trials with correct mouse-clicks (Figure 2 right) 

echoed the results from the analysis of accuracy. RTs in the L2 group (M
L2

 = 2,036,  

SD
L2

 = 716) were substantially longer overall than in the L1 group (M
L1

 = 1,285,  

SD
L1

 = 184), indicating generally greater difficulty in recognizing Mandarin words 

among L2 learners. Statistical analysis was conducted using mixed-effect models of the 

inverse-gaussian family due to the skewed distribution of the RT data (Lo and Andrews, 
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2015). Otherwise the same modeling strategies were followed as in the analysis of accu-

racy. Results from the best-fitting model RT ~ group * condition + (1 s| participant) + 

(1 + condition | item) confirmed that the L2 group took longer than the L1 group in 

making correct choices (b = 700.69, p < .001), and that participants took longer in the 

SC than in the VC condition (b = 111.47, p = .02). The interaction between Group and 

Condition (SC vs. VC) was significant (b = 181.19, p < .001), prompting follow-up 

analyses within each group. In the L1 group, there were no differences in RT by condi-

tion (SC vs. VC: b = 20.78, p = .29; RC vs. VC: b = 2.44, p = .90; SC vs. RC: b = −18. 

35, p = .37). The L2 group, by contrast, took substantially longer to make correct choices 

in the SC condition compared to the VC (b = 194.13, p < .001) and the RC (b = 216.17, 

p < .001) condition, with no difference between the latter two (b = −21.93, p = .46).

In sum, the L2 group achieved accuracy comparable to the L1 group in the RC and 

VC conditions, and within the L2 group, learners were equally fast on correct target 

selections in these two conditions. In the SC condition, on the other hand, where tone 

was the only cue distinguishing the target from the competitor, L2 participants were 

significantly less accurate than L1 participants, and took longer on correct selections 

than in the other two conditions. L2 participants also showed substantially more variabil-

ity on both accuracy and RT in the SC condition than L1 participants (Figure 2). It is 

possible that this variability stems from the inclusion of L2 participants who were unable 

to distinguish words by tone alone, and were thus simply guessing in the SC condition. 

In order to identify such participants, we examined the probability of a participant guess-

ing in the SC condition based on a binomial distribution. Assuming that the critical 

choice was between the target and the competitor (even though there was a third, phono-

logically unrelated distractor in the scene), chance was assumed to be at .5. Adopting an 

alpha level of .05, the binomial distribution indicates that correct responses on at least 9 

out of 12 items represents performance significantly above chance. All participants in the 

L1 group met this criterion, as did 15 out of the 29 L2 learners. We will refer to this sub-

group as the ‘L2-above-chance learners’. The remaining 14 L2 participants were at 

chance (‘L2-at-chance learners’). Proficiency measured on the listening task was higher 

in the L2-above-chance (M = 0.86, SD = 0.13) than the L2-at-chance (M = 0.67, SD = 

0.17) subgroup (b = −0.19, p = .002).

Table 1. Results of generalized linear mixed-effects model for accuracy for Formula (glmer): 
accuracy ~ group * condition + (1 | participant) + (1 + condition | item).

b SE z p

Intercept 3.04 0.23 13.07 < .001

Group −0.72 0.28 −2.59 .01

RC 0.18 0.89 0.20 .84

SC −1.33 0.61 −2.18 .03

Group × RC −0.68 0.45 −1.51 .13

Group × SC −2.04 0.40 −5.09 < .001
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In order to examine whether L1–L2 differences in the SC condition persist when 

comparing only L2 learners with statistically significant sensitivity to tones (the above-

chance-subgroup) with L1 speakers, we reran the analysis of accuracy reported above 

with Group treated as a 3-level rather than a 2-level factor (L1, L2-above-chance, L2-at-

chance; simple coded with L1 as reference level). Results showed no significant differ-

ence in overall accuracy between the L2-above-chance and the L1 group (b = −0.005,  

p = .99), while the L2-below-chance group performed significantly below both (bs > 

|1.20|, ps < .001). Interactions between Group and Condition (SC–VC) remained signifi-

cant for both the L2-at-chance vs. L1 (b = −2.17, p < .001) and the L2-above-chance vs. 

L1 (b = −1.80, p = .001) comparisons, but were non-significant for the L2-at-chance vs. 

L2-above-chance comparison (b = −.37, p = .5). Within-group analyses showed no 

significant differences between the RC and VC conditions in either L2 subgroup. In the 

L2-at-chance group, accuracy in SC was significantly worse than in the VC condition  

(b = −2.06, p < .001); in the L2-above-chance group, this difference was only margin-

ally significant (b = −1.58, p = .053).

We thus find the pattern of results from the initial comparison between the L1 and L2 

groups repeated in the comparison between the L1 and the L2-at-chance subgroup. This 

is unsurprising given that this L2 subgroup was defined by chance performance when the 

recognition of the target critically required reliance on tone. More importantly, we also 

find the pattern largely repeated, though somewhat weaker, in the comparison between 

the L1 and the L2-above-chance group. Notably, the interaction between group and the 

SC–VC comparison remained significant, and follow-up analysis within the L2-above-

chance group still showed a marginal trend towards lower accuracy in the SC than the 

VC condition. Analogous analyses of RT on correct responses further showed that, unlike 

in the L1 group (see above), RTs in the SC vs. the VC condition were longer in both the 

L2-at-chance (b = 258.35, p = .002) as well as the L2-above-chance (b = 179.05, p < 

.001) subgroups. These findings suggest that even for L2 learners with demonstrated 

above-chance ability to recognize target nouns by tone alone, performance does not fully 

mirror that of L1 speakers.

b Eye-movement data. In order to further explore these differences between the 

L2-above-chance and the L1 groups, we investigated the time course of participants’ 

looks to targets and competitors in the visual scene as they were listening to the noun in 

real time. Figure 3 illustrates L1 and L2-above-chance participants’ looking patterns in 

the SC, VC and RC conditions on trials in which they selected the correct target. Visual 

inspection of fixation patterns in the L1 group shows little evidence of competition in 

any condition, with looks to competitors decreasing sharply, along with looks to phono-

logically unrelated distractors, about 200 ms after the onset of the noun. In the L2-above-

chance group, looks to the target in the VC and RC conditions increase on a similar 

timescale as in the L1 group, but asymptote at a lower level. At the same time, looks to 

competitors remain more persistent, a pattern that appears particularly evident in the SC 

condition.

Statistical analysis was conducted to address our research question on L1 and L2 lis-

teners’ relative weighting of tonal and segmental cues. Specifically, our goal was to 

assess whether competition from a competitor differing only in tone would be stronger 
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than from a competitor differing in both tone and segmental content, and whether this 

effect would be more pronounced in the L2 than in the L1 group. To this end, we com-

pared the proportion of looks to the competitor (versus the target) in the SC versus the 

VC and RC conditions in both groups. The large difference in RT between the two groups 

(see above), however, raised the difficult question of the appropriate time period within 

which to analyse these looking patterns. We decided to honor the variability in the timing 

of participants’ decisions, as captured already by RT, and focus on a participant-driven 

time window, extending from 200 ms after noun onset (taking into consideration the time 

needed to execute a ballistic eye movement; Matin et al., 1993) until mouse-click, i.e. 

until the participant selected the (correct) target in a given trial. Within this period, which 

varied by trial, we calculated the proportion of frames with fixations to the competitor 

out of fixations to target and competitor combined. This measure captures the proportion 

of time the participant spent looking at the competitor before making a final decision.

A linear mixed-effect model with Group (L1, L2-above-chance; contrast-coded and 

centered) and Condition (simple-coded, VC as reference) as fixed effects was fitted to 

these data. Given the highly non-normal distribution of the outcome measure at the trial 

level, models at the trial level including both random effects for participants and items 

proved to be a poor fit. We therefore decided to aggregate data over participants and over 

items, and fit two separate models to each (Barr, 2008). Table 2 presents the output from 

the best-fitting models, which showed similar patterns in the by-participant and by-item 

aggregations. The main effect of Group was significant (b
1
 = 0.09, p

1
 < .001; b

2
 = 0.11, 

p
2
 < .001), indicating that the L2 learners were overall more likely than native speakers 

to look at competitors. An overall trend for more looks to competitors in the SC (vs. VC) 

condition also emerged (b
1
 = 0.04, p

1
 = .02; b

2
 = 0.03, p

2
 = .10). This trend did not 

interact with Group, yet in light of our research question, we decided to explore its nature 

Figure 3. Proportion of looks to Target, Competitor and Distractor by condition and group in 
trials with correct mouse-click responses.
Notes. Zero on the x-axis along with the first vertical gray line represents the acoustic onset of the target 
noun. The second vertical line represents mean target noun offset. The dashed line represents average 
mouse-click reaction time by group and condition. Ribbons show one standard error.
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further through models fit to the data from each group separately. In the L1 group, no 

differences between SC vs. VC condition (b
1
 = −0.02, p

1
 = .16; b

2
 = −0.03, p

2
 = .35) 

or RC vs. VC condition (b
1
 = 0.02, p

1
 = .21; b

2
 = 0.02, p

2
 = .48) emerged. Within the 

L2 above-chance group, a significant difference was found between the SC and VC con-

dition in the by-participant (b
1
 = 0.06, p

1
 = .04) but not in the by-item data (b

2
 = 0.05, 

p
2
 = .18); no significant differences were observed between the RC and VC conditions 

(b
1
 = 0.005, p

1
 = .86; b

2
 = 0.007, p

2
 = .83). In sum, even in trials with correct mouse-

click, L2 listeners with the ability to discriminate words by tone showed more considera-

tion of competitors overall, and tended to look at competitors more when tone was the 

only differing cue between targets and competitors than when they differed in both tone 

and segmental content; native speakers, by contrast, did not show any differences 

between conditions.

3 Identification task

Following standard procedures in categorical perception studies, we calculated the pro-

portion of participants’ Sound-A vs. Sound-B responses (e.g. Sound A = T1, Sound B = 

T2, in T1–T2 pair) for each tone pair and step. The results, collapsed over the six differ-

ent tone pairs, are illustrated in Figure 4. At both endpoints, participants in all groups 

were highly accurate at identifying tone on tokens with natural pitch and intensity, indi-

cating no general difficulty in perceiving standard tones on isolated syllables. The slope 

of identification curves serves as a measure of the degree of categorical perception, with 

Table 2. Results of linear mixed-effect model for proportion of looks to competitor, 
aggregated over participants and over items.

b SE t p

Formula (lmer): PropCompetitor ~ group * condition + (1 | participant):

Intercept 0.20 0.01 21.82 < .001

Group 0.09 0.02 4.51 < .001

RC −0.01 0.02 −0.96 .34

SC 0.04 0.02 2.39 .02

Group × RC 0.03 0.03 0.93 .35

Group × SC 0.04 0.03 1.34 .18

Formula (lmer): PropCompetitor ~ group * condition + (1 | item):

Intercept 0.21 0.02 11.44 < .001

Group 0.11 0.02 6.45 < .001

RC −0.01 0.02 −0.44 .66

SC 0.03 0.02 1.65 .10

Group × RC 0.03 0.04 0.81 .42

Group × SC 0.03 0.04 0.73 .47
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steeper slopes indicating more categorical perception (Xu et al., 2006). Visual inspection 

of Figure 4 shows that the L2-at-chance group had the shallowest curve and the L1 group 

had the steepest curve, while the L2-above-chance group patterned between the two. 

Slope values for each participant and tone pair were submitted to a linear mixed effect 

model with Group as a fixed effect and participants and tone pairs as random effects. 

Result showed that the slope for the L2-above-chance group (M = −1.82, SD = 0.57) 

was significantly steeper than for the L2-at-chance group (M = −1.49, SD = 0.60; b = 

0.34, p = .002), but also significantly shallower than for the L1 group (M = −2.57,  

SD = 0.61; b = −0.75, p < .001).

Finally, in order to investigate whether listeners’ ability to perceive tone categorically 

was related to their use of tonal cues in spoken word recognition, we conducted correla-

tion tests between participants’ identification slopes and their proportion of looks to the 

competitor in the SC condition in the visual world task. Recall that the latter was calcu-

lated over trials in which participants correctly selected the target. Since the number of 

such trials was low and variable in the L2-at-chance group, which was likely guessing in 

the SC condition, we confine this analysis to the L2-above-chance and the L1 groups. As 

illustrated in Figure 5, whereas no significant relation was found in the L1 group (τ = 

0.17, p = .19), a strong positive correlation emerged in the L2-above-chance group (τ = 

0.63, p = .001), showing that learners with steeper identification slopes were less likely 

to look at competitors. These findings suggest that difficulty with using tonal cues in L2 

spoken word recognition is related to the ability to perceive tone categorically at a pho-

nological level.
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V Discussion

The goal of this study was to investigate how L2 learners of Mandarin make use of tone 

during real-time word recognition (RQ1), and whether their use of tonal cues in word 

recognition relates to their ability to perceive tone categorically on isolated syllables 

(RQ2). To address RQ1, we used the visual world paradigm to assess L1 and L2 listen-

ers’ ability to use tone as a distinguishing cue in real-time word recognition. For this 

purpose, our analyses focused on the comparison between the SC condition, where target 

(e.g. gou3 ‘dog’) and competitor (SC: gou1 ‘hook’) overlapped completely in segmental 

content but differed by tone, and the VC condition, where target and competitor (VC: 

dou4 ‘bean’) differed in segmental content as well. A third condition in which target and 

competitor (RC: shou3 ‘hand’) differed in onset but not rhyme was included to examine 

potential co-activation of rhyme competitors as found in previous work on English 

(Allopenna et al., 1998). Notably, Malins and Joanisse (2010) reported no significant 

rhyme effects for L1 Mandarin speakers in their study. We obtained the same outcome in 

this study for both L1 and L2 speakers: no significant differences emerged between the 

RC and VC conditions for accuracy, RT, or looks to competitors, in either group. As 

recent work by Teruya and Kapatsinski (2019) has demonstrated, however, rhyme effects 

appear to be confined to disyllabic words, where the overlap between target and competi-

tor is more extensive (e.g. speaker–beaker in Allopenna et al., 1998). In both Malins and 

Joanisse’s (2010) and our study, all stimuli were monosyllabic. The absence of rhyme 

competition is thus consistent with Teruya and Kapatsinski’s (2019) observation, and 

will need further investigation in Mandarin in studies including disyllabic words. We 

will therefore confine the remainder of our discussion to the comparison between the SC 

and VC conditions most directly relevant to RQ1.
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The overall comparison between the L1 and L2 groups showed that the latter were 

slower and less accurate in spoken word recognition. However, these main effects of 

Group interacted significantly with Condition. With regard to accuracy, the L2 group 

differed from the L1 group only in the SC condition, indicating that L2 learners were 

able to recognize words based on segmental differences as well native speakers (albeit 

still more slowly), yet they had considerably more difficulty in using tone alone to dis-

tinguish between words. This is consistent with Pelzl et al.’s (2019) observation that L2 

learners were less accurate than native speakers at rejecting tonally, but not segmentally, 

mismatching non-words in a lexical decision task. Our findings add further evidence 

from a more ecologically valid listening task with natural stimuli showing that L2 learn-

ers allocate less weight to tonal cues than native listeners during language processing.

Further analyses within the L2 group indicated that even though we had admitted to 

the study only learners who were at least at the 3rd-year-Chinese level or equivalent by 

standards of US college-level instruction, almost half of these learners (14/29) were not 

significantly above chance at distinguishing words by tone alone. This is striking testi-

mony to the observation by the Foreign Service Institute (US Department of State, 2016) 

that Mandarin is ‘exceptionally difficult for native English speakers’, with the acquisi-

tion of lexical tones known to be one of the most challenging aspects for adult L2 learn-

ers of Mandarin (Wang et al., 2006). When comparing only the L2-above-chance (n = 

15) subgroup with the L1 group, the main effect of Group on accuracy disappeared; 

however, the interaction with Condition remained significant. Follow-up analyses 

showed a remaining marginal trend in the L2-above-chance subgroup towards lower 

performance in the SC compared to the VC condition. In order to further explore these 

remaining differences between native speakers and more advanced L2 learners who are 

able to differentiate words by tone alone above chance levels, we compared looking pat-

terns to targets and competitors during real-time listening in the L1 and the L2-above-

chance groups.

Overall, the L2 learners spent proportionally more time looking at the competitor 

before clicking on the (correct) target than native speakers, indicating greater uncertainty 

in all conditions. A main effect of Condition also emerged, indicating more consideration 

of competitors in the SC than in the VC condition; interestingly, this effect was not quali-

fied by an interaction with Group, suggesting greater competition when words differed 

only by tone in both groups. Further exploratory inspection of this effect within each 

group, however, showed no difference between the SC and the VC condition for the L1 

group. The effect thus appears to be driven predominantly by the performance of the L2 

learners, and it is possible that the reduced number of participants in this L2 subgroup did 

not afford sufficient power to detect an interaction.

Returning to RQ1, our findings from real-time word recognition provide strong evi-

dence that distinguishing words by tone alone remains difficult even for advanced learn-

ers of Mandarin. We have shown that even learners who are able to accomplish this task 

with above-chance accuracy take substantially more time to do so than native speakers, 

and show more uncertainty in the process, as indicated by proportionally more looks to 

competitors minimally differing by tone only. This persistent between-group difference 

is consistent with Strange’s (2011) Automatic Selective Perception (ASP) model: While 

the learners in the L2-above-chance group have clearly acquired enough knowledge of 
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tone to distinguish between words in most cases – as indicated by their above-chance 

accuracy in the SC condition – they still appear to rely predominantly on their L1 selec-

tive perception routines (SPRs), with focus predominantly on segmental contrasts, dur-

ing L2 lexical processing. In other words, they do not (yet) appear to have developed 

sufficiently automatized selective perception routines that allocate tone the weight it has 

in L1 processing.

Whether native-like SPRs are ever attained in L2 development is a critical question 

that we must leave for future research with long-term immersed and highly proficient L2 

learners to further explore. The present study does, however, allow us to consider the 

issue of L2 development to some extent, namely by looking at the relationship between 

learners’ use of tonal cues in word recognition and their ability to perceive tone categori-

cally: our second research question. In order to allow us to address RQ2, a 9-step tone 

identification task was included, modeled after standard procedures in the categorical 

perception literature (e.g. Hallé et al., 2004). As expected, native listeners showed steeper 

identification slopes, indicating more categorical perception, than L2 learners. When we 

divided the L2 group into above-chance and at-chance subgroups as defined by perfor-

mance on the word recognition task, we found significantly steeper slopes in the 

L2-above-chance than in the L2-at-chance group, although the identification slopes of 

both were significantly shallower than those in the L1 group. The L2-above-chance 

group also performed significantly better than the L2-at-chance group on the independ-

ent listening comprehension task. This is consistent with a previous study by Ling et al. 

(2016), which showed a correlation between proficiency and the degree of categorical 

perception of tone among L2 learners of Mandarin. These findings indicate that increas-

ing language experience can lead to more categorical perception of tone, even among 

learners whose L1 does not instantiate this phonological contrast. At the same time, our 

finding that the more advanced L2 subgroup still differed significantly from the L1 group 

contrasts with the results obtained by Shen and Froud (2016), who found no significant 

differences between advanced learners and native speakers. However, several factors 

could have contributed to this inconsistency. In particular, Shen and Froud (2016) 

included only two tone pairs (T1–T4 and T2–T3), and the number of participants in their 

study was more limited (10 L1 and 10 L2 speakers), thus the statistical power to detect 

any between-group effects may have been more limited. Importantly, the two studies 

converge in the observation that L2 listeners tend to perceive tone more categorically 

with increasing learning experience.

Returning to RQ2, our critical analysis consisted of assessing potential correlations 

between participants’ performance on the identification and the word recognition tasks. 

More specifically, we assessed correlations between participants’ slope parameters on 

the identification task with their proportional looking to segmental competitors in the 

visual world experiment. Only trials with correct final selections in the visual-world task 

were included. No significant correlations were obtained within the L1 group, potentially 

due to limited variance on both tasks: as expected in performance relying on highly 

automatized routines. For the L2 group, we confined our analyses to the L2-above-

chance subgroup, i.e. the learners who demonstrated that they had the ability to reliably 

distinguish words by tone alone. Within this group, we found a strong and highly 
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significant correlation between performance on the two tasks: Learners who perceived 

tone more categorically were also less likely to look at segmental competitors. This 

observation constitutes the first evidence that we are aware of that the ability to perceive 

tone categorically and the use of tonal cues in lexical processing are directly related at 

the level of individual learners in the L2 acquisition and processing of Mandarin. As 

such, these findings provide support for Wong and Perrachione’s (2007) claims about the 

continuity between phonetic, phonological and lexical skills in L2 tone learning. We cau-

tion, however, that our findings show correlation, not causation. Future work, including 

longitudinal data and training studies, will be needed to identify the causal direction of 

these effects. Yet the strong contingency between the two that we have observed here 

provides a promising starting point for such further investigations, leading to potentially 

important insights for L2 training and curriculum design in the future.

VI Conclusions

Drawing on evidence from categorical perception and real-time spoken word recogni-

tion, we found that English-speaking L2 learners of Mandarin, even those with consider-

able L2 experience, differed from native Mandarin speakers in both the extent to which 

they perceived tone categorically as well as in their ability to use tonal cues to distinguish 

between words in real-time listening comprehension. At the same time, we observed 

substantial variability among L2 learners’ performance on both tasks, with at least some 

of this variability due to more experienced learners showing patterns of performance 

more similar to those observed in the L1 group. Critically, the present study provides the 

first direct evidence showing that the ability to perceive tone categorically is related to 

the weighting of tonal cues during spoken word recognition among adult L2 learners 

with demonstrated ability of distinguishing words by tone alone. This finding supports 

Wong and Perrachione’s (2007) conclusions, which were based on a laboratory-based 

artificial-language training study with naive participants, regarding the importance of the 

continuity between phonetic, phonological and lexical abilities in the learning of tone, 

and extends them to the acquisition of lexical tone in Mandarin by L2 learners with lan-

guage experience gained outside the laboratory. A better understanding of the links 

between learners’ developing abilities across linguistic domains, often studied in isola-

tion from each other in different research subfields, is essential not only for theoretical 

models of L2 development and processing, but also for more applied purposes such as 

curriculum design and instruction in Mandarin-as-a-foreign-language contexts, where 

the acquisition of tone remains a topic of central concern.
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Notes

1. In some African and American languages, tones can be used to convey morphological, syn-

tactic, semantic and pragmatic information. Here we focus on lexical tones only.

2. Previous studies found that musicians were better than non-musicians at identifying, dis-

criminating, and imitating lexical tones (e.g. Bidelman et al., 2013).

3. Due to the limited number of natural words forming such sets of five, we were unable to 

fully control the tone pairs in the stimuli. However, the number of different tone types were 

approximately balanced across targets, the tree types of competitors and distractors.
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Appendix 1. Experimental stimuli and English gloss in parentheses.

Stimuli set Target Segmental 
competitor

Rhyme 
competitor

Vowel 
competitor

Distractor

1 Cha1
(fork)
[2.33; 5]

Cha2
(tea)
[3.10; 1]

Sha1
(sand)
[2.87; 5]

Fa4
(hair)
[3.80; 3]

Bi3
(pen)
[3.52; 3]

2 Cheng2
(orange)
[1.99; 6]

Cheng4
(scale)
[1.64; 6]

Sheng2
(rope)
[2.56; 5]

Deng4
(stool)
[1.79; 7]

Guo1
(pot)
[2.54; 5]

3 Chi3
(ruler)
[2.79; 5]

Chi4
(wing)
[1.74; 5]

Zhi3
(finger)
[3.76; 5]

Shi1
(lion)
[2.22; 4]

Mao4
(hat)
[2.66; 3]

4 Dao3
(island)
[3.47; 5]

Dao1
(knife)
[3.44; 4]

Cao3
(grass)
[2.87; 3]

Pao4
(cannon)
[2.43; 5]

Jian4
(arrow)
[3.02; 7]

5 Di2
(flute)
[2.07; 7]

Di4
(floor)
[4.26; 3]

Bi2
(nose)
[2.59; 3]

Ji1
(chicken)
[3.47; 2]

Gua1
(melon)
[2.48; 2]

6 Fang2
(house)
[3.38; 2]

Fang1
(square)
[3.23; 5]

Tang2
(candy)
[3.18; 3]

Tang1
(soup)
[3.00; 4]

Huo3
(fire)
[3.55; 4]

7 Gou3
(dog)
[4.07; 1]

Gou1
(hook)
[2.43; 6]

Shou3
(hand)
[4.18; 3]

Dou4
(bean)
[2.61; 5]

Qiu2
(ball)
[3.85; 2]

8 Gu3
(bone)
[2.89; 5]

Gu1
(mushroom) 
[1.08; 7]

Shu3
(mouse)
[2.74; 5]

Ku4
(pants)
[2.76; 3]

Xiang4 
(elephant)
[3.70; 5]

9 Jing1
(whale)
[1.95; 7]

Jing3
(well)
[2.68; 6]

Bing1
(ice)
[3.20; 6]

Ting2
(pavilion)
[1.94; 5]

He2
(river)
[3.06; 3]

10 Shao2
(spoon)
[1.97; 5]

Shao4
(whistle)
[1.91; 6]

Tao2
(peach)
[2.50; 5]

Bao1
(bag)
[3.57; 3]

Xie2
(shoes)
[3.37; 3]

11 Tu4
(rabbit)
[2.60; 5]

Tu2
(picture)
[3.06; 3]

Shu4
(tree)
[3.33; 3]

Shu1
(book)
[3.85; 1]

Nao3
(brain)
[3.26; 5]

12 Zhu1
(pig)
[3.30; 4]

Zhu2
(bamboo)
[1.90; 6]

Shu1
(comb)
[2.11; 5]

Gu3
(drum)
[2.61; 4]

Niao3
(bird)
[3.34; 3]

Note. The first value in square brackets denotes word frequency (log10W) of each item from the SUB-
TLEX-CH corpus and the second value denotes Hanyu Shuiping Kaoshi (HSK or Chinese Standard Exam) 
level.


