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Abstract

In this paper, two ERP experiments were conducted to investigate the online interplay between tone, intonation and context in speech comprehension in Cantonese Chinese. In the two experiments, we compared the processing and identification of critical words at the end of questions to that of statements using a tone identification task and ERPs as an online measure of speech comprehension. In Experiment 1, when the critical words were presented in the sentence-final position, critical words with a low tone at the end of questions yielded very high error rates compared to all other conditions. These words also elicited a biphasic N400-P600 pattern. The results indicated that speech processing is affected by the interaction between tone and intonation. This effect was particularly strong when question intonation was added to the low tones and yielded conflicting F0 information for identifying these low tones. In Experiment 2, critical words were embedded in compounds, which were presented in the sentence-final position. The goal of this manipulation was to test if a highly constraining context would have an effect on the interaction between tone and intonation during speech comprehension. The results showed a significant reduction in error rate for low tones with a question intonation and an absence of a concomitant P600 for these tones. Overall, the results in Experiment 1 and 2 had three implications. First, they provided evidence for an immediate interaction between tone, intonation and context during speech comprehension in real time. Second, the ERP findings highlight the significance of context in speech processing, and particularly, in Cantonese-Chinese, which is characterised by a strong context dependency in speech comprehension. Third, this is the first ERP study that provides evidence for a monitoring process in the auditory domain. The generalization of a monitoring response in the auditory domain further supports that monitoring process plays a vital role in language comprehension.
Introduction
Intonation is a universal feature of languages that allows speakers to use pitch patterns to mark the phrase structure and express discoursal meaning (Gussenhoven, 2004; Hirst & Di Cristo, 1998). For example, in English, questions and statements are signalled by different speech tunes, or as they will be called from now on, intonation contours. Intonation contours are characterised by four dimensions of fundamental frequency (F0) variation according to Laver (1994): range, contour, height and direction. The latter three dimensions are also exploited by lexical tones in tone languages to convey lexical information. For example, in Cantonese Chinese, the same syllable, such as /fu/, means ‘husband’ if it is pronounced with the high-level tone 1, ‘bitter’ if it is pronounced with the high-rising tone 2, ‘symbol’ with low-falling tone 4, and so on. Since intonation and lexical tone are both realised in terms of F0 variation in tone languages, particular pitch movements may come to express both a lexical tone and an intonational meaning, the two functions may be hard to distinguish whenever there is a conflict between the direction of F0 movement of the lexical tone and of the intonation pattern (Bauer & Benedict, 1997; Chao, 1968; Flynn-Chang, 2003; Fok-Chan, 1974; Lam, 2003; Ma, Ciocca & Whitehill, 2004, 2006; Vance, 1976). Previous studies reported that this conflicting information between tone and intonation can profoundly disturb lexical identification (Fok-Chan, 1974; Ma et al., 2006). However, so far nothing about the online processing of such conflicts is known. The aim of the current ERP study is to investigate how this conflicting information from tone and intonation affects sentence comprehension in Cantonese Chinese in real time.  

Interaction between tone and intonation

As a tone language with six contrastive tones, Cantonese Chinese provides an ideal testing ground for studying the processing of conflicting information induced by tone and intonation. The six lexical tones are symbolised by six contrastive pitch patterns (the numbers in brackets represent five relative pitch levels, ranging from 1 the lowest to 5 the highest. The strings of numbers represent the pitch contour): high-level (55), high-rising (25), mid-level (33), low-falling (21), low-rising (23), and low-level (22) (Bauer & Benedict, 1997; Fok-Chan, 1974; Ma et al., 2006). Each individual pitch pattern, together with a syllable, can represent a distinctive word. 
Likewise, intonation in Cantonese is realised by contrastive pitch patterns at the sentence level (Bauer & Benedict, 1997; Flynn-Chang, 2005; Fok-Chan, 1974). Similar to intonation patterns in many other languages in the world, a rising pattern in Cantonese signals a question while a falling contour denotes a statement (Bauer and Benedict, 1997; Fok-Chan, 1974; Gussenhoven, 2004; Hirst & Di Cristo, 1998; Lam, 2002; Ma et al., 2006).  

Since the speech tunes in Cantonese Chinese are composed of a succession of individual lexical tones, the tone and the tune shape each others’ F0 variation (Flynn-Chang, 2004; Lam, 2002).  On the one hand, because the degree of pitch variation is limited by the succession of lexical tones, intonation manipulation in Cantonese is much more restricted than in non-tone languages, such as English and Standard Dutch. In these languages, the F0 range and contour of question and statement intonation vary drastically at the stressed syllable and the post-focus unstressed syllables, i.e. throughout the whole utterance (Flynn-Chang, 2004; Guessenhoven, 2004; Hirst & Di Cristo, 1998). Note that question intonation in Cantonese differs from that of statement by means of a global F0 increase in the baseline frequency for the whole utterance and also local F0 changes towards the end of the utterance (Flynn-Chang, 2004; Ma et al., 2004, 2006). 
(1) On the other hand, intonation-induced F0 variations (in particular local F0 variation) can modify the F0 level of the lexical tones, and also the F0 contour of lexical tone if the directions of the F0 movement of the intonation and tone do not match (Fok-Chan, 1974; Lam, 2002; Ma et al., 2004, 2006; Vance, 1976). For example, a rising tone of the question intonation leads to a higher F0 level  (indicated by the tone letter -6 in examples (2) and (3)). The contour of a low-falling (21) or low-level tone (22) (as in example (1)) will be changed to rising (as in example (2)), which resembles the contour of a high-rising tone (25) (as in example (3); see figure 2). The important point for the present study is that intonation can modify the realisation of lexical tone, with potentially drastic effects on word identification. This was reported in four previous studies (Fok-Chan, 1974; Ma et al., 2004, 2006; Vance, 1976).
(2) 佢

頭
先
答

負。


  khɵy33
thɐu21-sin55
tɐp33

fu22  


  “He 

just

answered 
negative.”


(3) 佢
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負?
  khɵy33
thɐu21-sin55
tɐp33

fu22-6  
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just

answered 
negative?”

(4) 佢
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苦?
  khɵy33
thɐu21-sin55
tɐp33

fu25-6  
  “He 

just

answered 
bitter?”
Recently, Ma and colleagues (2006) showed that both perception and production of lexical tones can be strongly influenced by the addition of intonation patterns. In terms of production, Ma and colleagues (2006) measured the F0 of the six lexical tones at three positions (sentence-initial, sentence-medial, and sentence-final) within declarative (statement) sentences and interrogative (question) sentences. They found that the F0 contours of all six lexical tones adapted themselves to the F0 variations of the intonation patterns. The modification was strongest for interrogative sentences. Regardless of the canonical form, all lexical tones showed a rising F0 contour at the end of questions. Tone perception, too, was affected by intonation, especially when the sentence was interrogative. Instead of the canonical form, low-level (22), low-falling (21) and low-rising (23) tones were misperceived as the high-rising tone (25) at a range between 62% and 78.5% of the time. This error pattern can be attributed to the fact that low tones (21, 22, 23) receive an additional rising contour (-6) as a result of the question intonation, and hence are perceived as the high-rising tone (25-6) as shown in example (2). 
Based on the extremely high error rates for low tones in questions reported by Ma and colleagues (2006), we hypothesize that the information provided by low tones in questions is more difficult to process than information provided by low tones in statements and by high and mid-tones in general. To test this prediction, it is necessary to use an experimental technique that allows us to track the immediate processing of tonal and intonational information as it unfolds in real time. The use of event-related potentials (ERP) has been shown to be an excellent tool for capturing the dynamics of online speech comprehension. Therefore, in the present study, we use ERPs to explore the interplay of tone and intonation in online speech comprehension in Cantonese Chinese, particularly, when the acoustic information provided by tone and intonation is in conflict. Before introducing the present study, we will briefly review what is known about the role of tonal, intonational and conflicting information in speech comprehension.

Processing of tone information

The role of tone in lexical processing has received increasing attention and has been investigated by using behavioural (e.g. Cutler and Chen, 1997;  Ye and Connine,  1999) and online measures (e.g. Brown-Schmidt & Canseco-Gonzalez, 2004; Li et al., 2008; Schirmer, Tang, Penney, Gunter, & Chen, 2005). However, these studies yielded different conclusions on how tone information is used in lexical processing. For instance, two behavioural studies, one in Cantonese (Cutler and Chen, 1997) and one in Mandarin Chinese (Ye and Connine, 1999) were conducted to examine the processing of tone and segmental information using speeded-judgment tasks. Participants had to listen to word pairs that contrast in either tone or segmental information, and they had to judge if the words are same or not. Listeners in both studies were faster and more accurate when deciding if the words have different segments than when deciding if they have different tones. Based on the above finding, Cutler and Chen (1997) and Ye and Connine (1999) claimed that tone information is required in lexical processing. However, they proposed that tone information is not as important as segmental information because tones are realised on vowels and the tone information can be extracted only if segmental information is available. An alternative account for the difference in processing time between tonal and segmental information is that the two types of information are accessed equally fast and that the difference in time reflects later strategic processes. This account is supported by recent ERP results of Schirmer and colleagues (2005) using the N400. 
The N400 is a language-relevant negative waveform, which was first reported by Kutas and Hillyard (1980). They found that words that were semantically incongruous elicited a larger N400 than those that were semantically congruous with the sentence context. For example, in the sentence ‘He spread the warm bread with socks’, the semantically incongruous word socks elicted a larger N400 than the semantically congruous word butter in the same sentence. This difference in amplitude of the N400 between the congruous and incongruous words has been referred to as the N400-effect.. The N400 elicited by visual stimuli usually starts around 200 to 300 ms and peaks around 400 ms after critical word onset processing (see Kutas, Van Petten & Kluender, 2006 for a recent review). The N400 in the auditory domain shows an earlier onset. For natural speech, the effect starts as early as 50 ms (e.g. Holcomb & Neville, 1991). The scalp distribution of the N400 is widespread but is usually larger over the centropatrietal region. The N400-effect has been proposed to reflect the ease with which a word fits into a given context, be this a single word, sentence or discourse (e.g. Chwilla, Hagoort, & Brown, 1998; Li, Yang & Hagoort, 2008; Van Berkum, Hagoort, & Brown, 1999; and see Kutas et al., for a review). 
The N400-effect was used by Schirmer and colleagues (2005) to explore the role of tone and segmental information in retrieving word meaning in Cantonese Chinese. Participants had to listen to semantically coherent and semantically incoherent sentences while EEG was recorded. The semantically incoherent sentences contained a word that differed from the expected word (constrained by the context in the sentence) by means of the tone, the rhyme or both. Compared to words that fit with the sentence context, tone-induced and segmentally-induced semantic incongruities elicited an increase in N400 amplitude with a similar onset latency. The similarity in the timing of the N400 effects elicited by tone-induced and segmentally-induced semantic incongruities provided evidence for tonal and segmental information being accessed and integrated with the previous context at the same time. This contradicts the claim of Cutler and Chen (1997) and Ye and Connine (1999) that tone information is accessed later than segmental information.

The fact that Schirmer and colleagues (2005) showed that tone affects lexical and semantic processing in Cantonese Chinese and that tone information was accessed as early as segmental information is highly relevant to the research question addressed in this thesis. A similar effect of tone was reported in two studies on Mandarin Chinese (Brown-Schmidt & Canseco-Gonzalez, 2004; Li, Yang & Hagoort, 2008a) in which the brain response between tone-induced semantic incongruities and semantic congruities, embedded in a sentence context, was compared. In both studies, a larger N400-effect was found for tone-induced semantic violations. To sum-up, the N400-effect reported in all three studies supported the role of tone in lexical and semantic processing in tone languages.

Processing of intonational information

Compared to the processing of tone information, little is known about how intonation patterns are processed during online speech comprehension. What is known so far is that speakers of tone languages process intonational information differently from speakers of non-tone languages and that tonal and intonational information is processed differently (e.g., see Fournier, Gussenhoven, Jenson, & Hagoort, in press, for an MEG study; and see Gandour, 2007 for a review of fMRI studies). In addition, listening to a mismatch in speech tunes has been shown to trigger a late positivity during online speech comprehension (Astésano, Besson & Alter, 2004). Astésano and colleagues (2004) examined the processing of mismatching intonation patterns in simple French sentences. Prosodically incongruous sentences were created by cross-splicing at the syntactic boundary between the NP and the VP (i.e. the beginning of naturally-spoken statements with the end of naturally-spoken questions) and vice versa. The prosodic mismatch elicited a left temporo-parietal positive component that peaked around 800 ms (referred to as P800) but only when participants were asked to pay attention to the mismatch in pitch contours.
Conflict monitoring

The main question addressed here is whether and if so how a tone-language speaker’s brain deals with conflicting information about the diverging F0 movements of the lexical tone and the intonation contour.  What follows is a brief sketch of recent ERP results on the processing of conflicting information during visual sentence comprehension.  

In the literature, one ERP component, the P600, has been related to syntactic processing. The P600 is a late positive shift starting around 500 ms and extending up to at least 800 ms after critical word onset with a centroparietal scalp distribution. The P600 was first reported by Osterhout and Holcomb (1992). They observed that garden-path sentences elicited an increase in P600 amplitude relative to correct sentences. A similar P600-effect has been reported to several syntactic violations compared to syntactically correct words (see Kutas et al., 2006 for a review). The P600-effect is generally taken to reflect syntactic processing. 

However, recent studies have indicated that the P600-effect signals a more general process of reanalysis (e.g. Koelsch, Gunter, Wittfoth, & Sammler, 2005; Kolk and Chwilla, 2007; Kuperberg, 2007; Münte, Heinze, Matzke, Mieringa and Johannes, 1998; Vissers, Kolk and Chwilla, 2006). For instance, Kolk and Chwilla (2007) proposed that when there is a strong conflict between a highly expected representation and the actual representation of the same lexical item, the brain is brought into a state of indecision, which triggers a reanalysis process to check for possible perceptual errors. This reanalysis, taken to reflect a top-down monitoring response, elicits a P600. The monitoring hypothesis can be illustrated by a study of Vissers and colleagues (2006), who examined if conflicting representations elicited by phonological and orthographical information triggers a monitoring response as signalled by a P600-effect. Vissers et al. (2006) showed that a pseudohomophone boekun, which sounds very similar to the expected Dutch word form boeken ‘books’,elicited a P600 in a high-cloze condition (e.g. “In that library, the pupils borrow books to take home”) but not in a low-cloze condition (e.g. “The pillows are stuffed with books which make them feel hard”). The reason for this is that in the high-cloze condition, participants had a strong expectation from the sentential context to read the word “boeken”. Thus, a conflict arose from the strong tendency to accept the pseudo-word “boekun” as the expected word “boeken” because the phonological form matches with the highly-expected word “boeken”; and also, the strong tendency to reject “boekun” as “boeken” because the orthographic representations do not match. This strong conflict prompted a reanalysis of the input to check if the word is misread or not, and thus, triggered a P600-effect. Several other studies supported the proposal of conflict monitoring in language perception (e.g. Kolk, Chwilla, Van Herten, and Oor, 2003; Van de Meerendonk, Kolk, Vissers, Chwilla, 2009; Vissers, Chwilla, Van de Meerendonk, & Kolk, 2008).  However, the studies so far were all conducted in the visual domain and the monitoring hypothesis has not yet been tested in the auditory domain.

The present study

In the current study, the interaction between tone and intonation is exemplified by the addition of a rising contour of question on lexical tones at the end of questions. Since the rising F0 contour of question intonation has to be realised at the sentence final position, lexical tones in the final syllable necessarily received a rising contour.  In many cases, the canonical pitch contour of the lexical tones was altered (Bauer & Benedict, 1997; Chao, 1968; Flynn-Chang, 2003; Fok-Chan, 1974; Lam, 2003; Ma, Ciocca & Whitehill, 2004, 2006; Vance, 1976). This intonation-induced modification in the F0​ structure of the lexical tones at the end of questions can have an effect on the tone identity (Ma, Ciocca & Whitehill, 2006; Fok-Chan, 1974). This is particularly the case for the low tones at the end of questions because the pitch contour of low tones resembles that of the high-rising tone after they receive the additional rising contour. As previous studies showed that tone information is used in lexical identification and processing in Cantonese Chinese (e.g. Cutler and Chen, 1997; Schirmer et al., 2005), the lexical identification and processing of low tones at the end of questions can be affected by the intonation-induced modification in the F0​ structure of these tones.
In the present sets of experiments, we examined to what extent the interaction between tone and intonation affects online speech comprehension by comparing the lexical processing and identification of critical words at the end of either questions or statements. Each critical word belonged to one of the four sets of minimal tonal sextuplets, which are words that share the same syllable but contrast in the lexical tones (see above). The critical words were located at the sentence-final position because intonation-induced changes in the F0 patterns of lexical tone (i.e. F0 level and F0 contour) are the largest there (Flynn-Chang, 2004; Ma et al., 2004, 2006). In terms of lexical identification, we predicted that critical words with low tones (low-falling, low-rising and low-level) at the end of questions yield the highest error rates based on the findings of Ma and colleagues (2006). Another prediction was that the majority of the low tones will be misperceived as the high-rising tone. 

Seeing that the error patterns in Ma and colleagues’ (2006) study indicated a qualitative difference between the effect of intonation contour on the identification of the high-mid tones and low tones, we divided the six contrastive tones into two groups, high-mid tones (55, 25, 33) and low tones (21, 23, 22). By crossing the two factors, lexical tone contrast (low vs. high-mid) and intonation contrast (question vs. statement), this resulted in a 2 x 2 design for investigating the effect of the interaction between tone and intonation on lexical processing using ERPs (see Table 1).
Insert Table 1 here

Given that no previous ERP studies have been conducted on the interaction between tone and intonation and on monitoring in the auditory domain, this study is of an exploratory nature. Two comparisons were made to study to what extent the interaction between tone and intonation on online speech comprehension. First, we examined the effect of this interaction on speech comprehension when it results in conflicting F0 information. We tested this by comparing questions ending with low tones to statements ending with the same tones. Second, we compared the results for questions ending with high-mid tones and statements ending with the same tones in order to study the extent to which question intonation affects speech processing when the canonical F0 shape of lexical tones is not, or less drastically, affected by the rising contour of the question intonation. We predicted that the tonal and intonational F0 information accompanying words with low tone at the end of questions will elicit two distinct lexical representations: the target word with the low tone and another word which shares the same segmental syllable, but has a high-rising tone. The conflict between the two possible lexical representations can trigger a monitoring response and hence a P600 effect. Other possible ERP components that might be observed are an N400-effect (e.g. Schirmer et al., 2005) and/or a late positivity signalling prosodic mismatch (Astesáno et al., 2004). 
Experiment 1
Methods

Participants

There were 21 right-handed participants in the present study. One was excluded from the analysis due to excessive eye movements. Among the remaining 20 participants, 15 were female and five were male, with an age range from 21 to 57 (mean age = 37.1). All participants were native Cantonese-Chinese speakers, who were originally from Cantonese-speaking regions (Hong Kong, Macau, and Guangdong Province in People’s Republic of China) or were born in the Netherlands but grew up in a Cantonese-speaking environment (Cantonese-Chinese was the language spoken in the family). None of them had reading and/or hearing problems. In addition, all participants were given a tone-discrimination test before the start of the experiment to ensure they were able to distinguish between different tones. The tone discrimination test consisted of eight tone-pairs: four were the same and four were different. The performance on this test was very good. Fourteen participants did not make any errors. The remaining six participants made only one error. All were paid for their participation. 
Materials

The target word-stimuli consisted of five sets of monosyllabic words derived from the following five root syllables: /wɐi/, /jɐn/, /si/, /søy/ and /fu/. These five root syllables were selected because they were able to generate minimal tonal sextuplets, i.e. six monosyllabic real words always consisting of the same consonants and vowels but only differing in lexical tones (A Chinese Character Database, September 15, 2008). In addition, the monosyllabic words used here were part of the 2,600 most-commonly-used characters listed in the Hong Kong Chinese Lexical Lists for Primary Learning (September 15, 2008) developed by the Education  Bureau of the Hong Kong SAR government. The list of words were intended for use in elementary and junior secondary education. The set of stimuli derived from /wɐi/ was only used in the practice block, while the remaining four sets were used as target stimuli. This resulted in a total of 24 single-word stimuli used in the test trials (see appendix for the word list).

There were two types of neutral carrier sentences used, echo questions and statement. They differed only in the subject of the sentences and the intonation patterns.  The intonation pattern of an echo question was realised by means of an additional rising F0 contour at the end of the utterance and a statement was characterised by a declination of F0 throughout the utterance (see acoustic analysis in the appendix for further details).  Examples (5) and (7) provided an illustration of the echo questions and statements used in the experiment respectively: 
(5)   你
頭
先
答

負?
  nei23
thɐu21
sin55
tɐp33

fu22-6 ? 
  “You 
just

answered 
negative?”

      (7) 
  我
頭
先
答
           負。 

  ŋɔ23
thɐu21
sin55
tɐp33
          fu22  
      
  “You 
just

answered 
negative.”
All carrier sentences were constructed to be semantically neutral, that is, all critical words could fit in the sentence context. The verb /tɐp33/ (to answer) was chosen to precede the critical word because of its semantic neutrality and its mid-tone. Since /tɐp33/ has mid-tone, tone carryover-effect from the previous word on the critical word should be minimised (Flynn-Chang, 2004). All target words were located at the sentence-final position because intonation-induced F0 variation is the largest at this location (Flynn-Chang, 2004; Ma et al., 2004, 2006).  

Two female native Cantonese speakers, one made the recordings for questions and the other made the recordings for statements, in one session. Both speakers recorded each utterance three times and the best one from each of the speaker was chosen. The recording was made in a sound-proof room with a DAT recorder and digitised at a 16-bit/44-kHz sampling rate. To avoid the effect of loudness on the perception of tone, the overall loudness of all utterances was equalised by modifying the overall amplitude.
Four lists of randomised statements and questions were constructed. Each list was composed of 96 sentences. Half of these 96 sentences were presented in Experiment 1, which consisted of the 24 questions and 24 statements.  The other 48 sentences were presented in Experiment 2.
Task

Participants had to carry out a speeded tone identification task after the presentation of each sentence. The six possible choices available were the minimal tonal sextuplets of the critical word. The Chinese characters of the choices were presented on the screen according to the arrangement of the response buttons (two rows of three buttons) on the button-box placed in front of the participant. Participants had to push one of the buttons representing one of the six words, as quickly as possible within a five-second time limit. Accuracy of the response was measured.
Procedure
Participants were comfortably seated in a soundproof dimly-lit room facing a computer monitor and a button box with six buttons. Before the experiment, instructions were presented on the computer screen. Then, the experimenter further explained the experiment to the participants by telling them that they were going to listen to randomly presented questions and statements over the headphone. They were also told to pay attention to the sentence-final word and that they had to identify this word after the presentation of the sentence. To avoid eye movements, participants were asked to look at a fixation point and not to blink when the sentence was presented. Practice blocks were given to familiarise participants with the task and to train them to control their eye movements. 
A trial started with a warning beep of 100 ms, which was followed by the presentation of the sentence 500 ms later. The speeded accuracy task was presented one second after the end of the sentence. We chose a delayed response task to prevent that the language-relevant ERP effects of interest were confounded by response-related processes. Participants were told that they could blink and move their eyes when the speeded accuracy task started.  After each response, there was a brief pause of two seconds before the next trial.
EEG data acquisition
The EEG was recorded from 25 tin electrodes. Electrode positions were a subset of the international 10% system. Three midline electrodes (Fz, Cz, and Pz) and 22 lateral electrodes (AF7/8, F7/8, F3/4, FC3/4, T7/8, C3/4, CP5/6, P7/8, P3/4, and PO7/8) were used. The electrode montage was the same as the one used in earlier auditory ERP studies conducted in our lab (e.g., Bögels et al., 2009). The left-mastoid was used as a reference during the recording, but the signal was re-referenced to software-linked mastoids before the analysis. Eye blinks were monitored by vertical EOG electrodes above and below the right eye and horizontal eye movements by two electrodes at the outer canthi. Electrode impedance was kept below 5 kΩ for EOG- and below 3 kΩ for EEG-electrodes. Signals were amplified with a time constant of 8 seconds and a bandpass filter of .05 to 100 Hz and digitized with a 16-bit A/D converter at a sampling frequency of 500 Hz.
EEG data analysis

The data were filtered with a low-pass filter of 30 Hz. All trials were time-locked to the critical word at the sentence-final position. ERPs were measured from 150 ms preceding the stimulus (prestimulus baseline) to 1 second after the onset of the critical word. Trials with amplifier blocking, as well as excessive EEG (>100 μV) and EOG amplitude (>75 μV) were excluded from the analysis. Using these artifact rejection criteria, 15% of all trials had to be rejected from further analysis.

In order to explore the onset and the duration of the effects, time-course analyses were performed by averaging amplitude modulations for 20 successive 50-ms time windows starting from stimulus onset. These time window analyses for the midline electrodes were performed with Intonation (questions, statements), Tone (High-mid, low) and Midline Electrodes (Fz, Cz, Pz) as within-subject factors. The time window analyses for the lateral electrodes were performed with Intonation (questions, statements), Tone (High-mid, low), Hemisphere (left, right), and electrodes (AF7/8, F7/8, F3/4, FC3/4, T7/8, C3/4, CP5/6, P7/8, P3/4, PO7/8) as within-subject factors. Because of the increased chance of Type-I errors associated with the large number of analyses, only effects that reached significance in two or more consecutive time windows were considered significant. In addition, if a significant interaction for a tone by intonation interaction was present in the overall analysis, separate ANOVAs were performed on high-mid tones and low tones in a larger time window spanning 50-ms time windows that showed significant effects in the time-course analyses. The topography of potential ERP effects was further investigated by follow-up single sites analyses, when an interaction was shown between intonation and electrodes or between intonation, hemisphere and electrodes. Only sites that showed significant effects were reported (ps < .05). Bonferroni correction was used to adjust the p values of post-hoc single comparisons. The Greenhouse-Geisser procedure was applied when the assumption of sphericity was violated. All reported p values are based on corrected degrees of freedom, but to help readers in interpreting our statistical design, we reported the degrees of freedom before correction.
Results

Behavioural results

Table 2 shows the confusion matrix for the perception of the six tones at the end of questions and statements. The high level tone (55) had the highest mean accuracy rate regardless of intonation (question: 94.94% correct and statement: 93.67% correct). On the other hand, the low-rising tone (23) in questions had the lowest mean accuracy rate (8.75% correct). This was followed by the low-level tone (22) in questions (12.66% correct), and the low-falling tone (21) in questions (23.75% correct).
Since the perceptual accuracy for the high-level tone was at ceiling and the assumption of normal distribution was violated, we used Wilcoxon signed rank test and Friedman test, instead of parametric statistics, to compare the perceptual accuracy for each tone among various conditions. A series of Wilcoxon signed rank tests were conducted to evaluate the difference in perceptual accuracy of each tone between questions and statements. Due to the large number of comparisons, Bonferroni correction was used to adjust the p-value (the new p = .008) and to control for family-wise errors across comparisons. Low tones (21, 23 and 22) at the end of questions had significantly lower accuracy rate than the same tones at the end of statements (all ps <.001). On the other hand, there was no significant difference in the accuracy rate between the high-mid tones (55, 25 and 33) at the end of questions and the same ones at the end of statements (all ps >.05).
In addition, we compared the perceptual accuracy among the six tones when they were at the end of questions and statements using Friedman test. The test showed that there was a significant difference among tones at the end of questions, χ2 (5, N = 20) = 75.53, p < .001. Follow-up pairwise comparisons were conducted using a Wilcoxon signed-rank test. Bonferroni correction was used to adjust the p-value (the new p = .003). All low tones were mistaken as other tones significantly more than all high-mid tones at the end of questions (all ps < .003), but there was no significant difference in accuracy rate among the low-tones (all ps > .01) and among the high-mid tones (all ps > .01). Likewise, Friedman test also showed a difference in perceptual accuracy among tones at the end of statements, χ2 (5, N = 20) = 50.31, p < .001. Follow-up pairwise comparisons were conducted using a Wilcoxon test and Bonferroni correction was used to adjust the p-value (the new p = .003). A significant difference in perceptual accuracy was found between tone 25 and tone 23 (p < .003), as well as between tone 55 and the other two low tones (23, 22) (all ps < .003).
Due to the qualitative difference in accuracy rate between low tones at the end of questions and low tones at the end of questions as well as between low tones and high-mid tones in general, we analysed the error patterns for the low tones at the end of questions by calculating the percentage of misidentifications of each of the low tones out of the total number of errors for that tone. Most of the identification errors observed for these low tones can be accounted for by a misperception of the target low tones as the high-rising tone (Tone 21, 23 and 22 were misperceived as tone 25 at a rate of 78.7%, 74.0% and 53.6% respectively).  In conclusion, the results revealed that low tones at the end of questions had the highest error rate and majority of these tones were misperceived as the high-rising tone.

ERP results 

Figure 2 shows the grand average waveforms time-locked to the sentence-final critical words. According to visual inspection, low tones with a question intonation elicited a larger N400-like effect between 150 ms and 350 ms as well as a larger positivity in the time range between 350 ms and 650 ms than low tones with a statement intonation. Furthermore, a larger late positivity starting from 650 ms till 1000 ms was observed for high-mid tones with a question intonation compared to the high-mid tones with a statement intonation. 

Insert Figure 2 here

The exploratory time-course analyses revealed significant interactions between intonation and electrodes between 350 ms and 550 ms as well as an interaction of intonation by hemisphere by electrodes between 50 ms and 200 ms. Furthermore, there were also four-way interactions of intonation by tone by hemisphere by electrodes between 200 ms and 550 ms as well as between 700 ms and 800 ms. An overview of the results is provided in Table 4.

The N400 window (200-350 ms). Based on the results of the time-course analyses, the N400-like negativity was quantified in the 200 to 350 ms time window. Separate midline and lateral analyses were computed for the low tones and for the high-mid tones. For the low tones, the main effect of intonation for the midline sites (F (1, 19) = 3.00, p = .099) and for the lateral sites (F (1, 19) = 3.60, p = .073) was approaching significance. The analysis for the lateral sites yielded a three-way interaction of intonation by hemisphere by electrodes (F (10,190) = 4.39, p < .01). Follow-up analyses indicated that a larger N400-like effect was found for low tones with a question intonation at the central (FC3, C3: all ps < .05), temporal (T7: p < .05), and parietal sites (CP5, P3, P7: all ps < .05). The interaction with hemisphere reflected that the N400-like effect was restricted to the left hemisphere. 

For the high-mid tones, there was no main effect of intonation found in the midline and lateral analysis (all Fs < 1). However, there was a significant intonation x hemisphere x electrode interaction in the lateral analysis, F (10,190) = 3.45, p < .01). However, single site analyses did not yield a reliable effect of intonation at any electrode site. 
The P600 window (350-550 ms). Based on the results of the time-course analysis, the P600-like positivity was quantified in the 350 to 550 ms time window. Separate analyses were performed for the midline and for the lateral sites for the low tones and for the high-mid tones. For the low tones, the main effect of intonation was significant both for the midline sites (F (1, 19) = 5.40, p < .05) and for the lateral sites (F (1, 19) = 6.03, p < .05). The analysis for the lateral sites revealed an interaction of intonation by hemisphere by electrodes (F (10,190) = 5.17, p = .001). Single-site analyses indicated that a larger P600-like effect for low tones with a question intonation was present at the frontal (F3, F4: all ps < .05), central (FC3, FC4, C3, C4: all ps < .05), and parietal sites (CP5, CP6, P3, P7, PO7: all ps < .05). 

For the high-mid tones, no main effect was found in the midline analysis and lateral analysis (both Fs < 1.3). However, there was a significant intonation x hemisphere x electrode interaction in the lateral analysis, F (10, 190) = 5.74, p < .001). Single-site analyses showed that high-mid tones with a question intonation yielded a larger P600-like effect at left frontotemporal sites (F7, FT7, T7: all ps < .05).

The late positivity window (700-800 ms). Based on the results of the time-course analyses, the late positivity was quantified in the 700 to 800 ms time window. Separate midline and lateral analyses were computed for low tones, as well as for high-mid tones. For the late positivity no effects of intonation were found  for the midline sites or for the lateral sites neither for the high-mid tones nor for the low tones (all ps > .05). 
Discussion

The aim of Experiment 1 was to investigate the online interplay between tone and intonation in speech comprehension in Cantonese Chinese. In particular, we zoomed in on this interaction when tonal and intonational information yield conflicting lexical representations. To address the question, we used a tone identification task and ERPs as an online measure of speech comprehension.

With respect to the performance on the tone identification task our predictions were confirmed in that participants made most errors in identifying low tones (21, 23, 22) at the end of questions relative to all other conditions. Most of these errors were due to a misperception of these low tones as the high-rising tone (25). These behavioural findings were consistent with those of Ma and colleagues (2006). The reason for the extremely high error rates for the low tones at the end of questions is that the tone identity of these low tones was modified by the question intonation (Fok-Chan, 1974; Ma et al., 2004, 2006; Vance, 1976). With the additional rising contour from the question intonation, the modified pitch contour of low tones resembles that of the high-rising tone. This can have an effect on tone perception, and hence, lexical processing and identification, which relies on the input of the tone. 

With regard to the online ERP measure, we observed that relative to low tones with a statement intonation, low tones at the end of questions yielded a biphasic N400-P600 pattern.  In particular, low tones elicited an increase in an N400-like negativity between 200 and 350 ms over the left hemisphere, as well as an increase in positivity in the 350 to 550 ms time window. This positive effect –that we will refer to as a P600 effect – showed a broad bilateral scalp distribution. In addition, high-mid tones with a question intonation elicited a larger P600 effect than high-mid tones with a statement intonation, at frontotemporal electrode sites.  

The variation in the ERP waveforms between the high-mid tones and the low tones supports our prediction of an immediate interaction between tone and intonation in online speech comprehension. Specifically, this variation indicated that there is a difference in the extent of how tone and intonation affect on line speech processing, and this difference depends on whether the intonation affects tone identity or not. In the case of low tones at the end of questions, the F0 contour of these low tones was drastically modified – as indicated by the performance data - by a rising contour of the question intonation. In this case, more effort is required to process the conflicting information provided by the tone on the one hand and intonation on the other hand during speech comprehension in real time. This is reflected by the biphasic N400-P600 pattern elicited by low tones with a question intonation (see Figure 2). 

In contrast, if the rising contour does not have, or has a less dramatic effect on tone identity, then tonal and intonational information, seemed to interact differently during speech processing. This is indicated by the absence of an N400-like effect in high-mid tones at the end of questions relative to the same tones at the end of statements (see Figure 2).

In summary, the results of Experiment 1 support the prediction that the interaction between tone and intonation can affect lexical identification and processing. The effect was particularly strong when tone and intonation yielded conflicting information when an rising contour of question intonation was added to the low tones. The present findings were taken as an indication that conflicting information leads to integration difficulties as reflected by the N400-like effect and triggers a monitoring response as reflected by the P600 effect. 

Experiment 2
Ye and Connine (1999) showed that tone information can be pre-activated by a highly semantically-constrained context. This raises an important question: can this pre-activation of tone information by lexical context counteract the effect of intonation on tone perception? This question was addressed in Experiment 2. Specifically, the aim of Experiment 2 was to investigate if an immediate lexical context, in addition to the interaction of tone and intonation affects online speech comprehension. The immediate lexical context was manipulated by embedding the critical word in a compound composed of two monosyllabic words. The critical word was always the second member of the compound. We predicted that based on the first member of the compound, there would be a very high expectancy for the second member of the compound, which would be the critical word in this case. The design of Experiment 2 was the same as that of Experiment 1, except that the critical words were embedded in two-word compounds situated at the end of questions as in example (6) and statements as in example (7). 

(6)
  你
頭
先
答

抱負 (苦)?
nei23
thɐu21
sin55
tɐp33

phou-fu22-6  (fu25-6)? 
“You 
just

answered 
aspiration *(embrace-bitter)?”

      (7)  我
頭
先
答
抱 負
ŋɔ23
thɐu21
sin55
tɐp33
phou-fu22-6   
“I
just
answered 
aspiration”
Based on Ye and Connine (1999)’s proposal that highly-constrained semantic context pre-activates tone information of the forthcoming word, we predicted that critical words embedded in compounds would have higher accuracy rates than when the same critical words were presented in isolation as in Experiment 1. For ERPs, we predicted that a question intonation elicits a larger N400-effect than a statement intonation because it requires more effort to integrate the information of the lexical tone in combination with the additional rising contour of the question with the immediate lexical context. Furthermore, it could be even more effortful to process information about low tones at the end of questions because the tonal identity of the low tones is also affected by the question intonation. If this is the case, then the N400 effect should be even larger for low tones with a question intonation relative to all the other conditions. 

Methods

Participants, Task, Procedure, EEG data acquisition

The participants, procedure, EEG data acquisition were the same as in Experiment 1.
Materials

The materials were the same as in Experiment 1, except for the word-stimuli. In Experiment 2, bi-syllabic compounds were used as word stimuli instead of monosyllabic single words. These bi-syllabic compounds consisted of the 24 single-word stimuli used in Experiment 1 (see example (6) and (7) ) and another 24 monosyllabic words. These 24 single words used in Experiment 1 were the critical word and were preceded by one of the other 24 monosyllabic words. The compounds were used to create a highly constrained lexical context that elicits a strong semantic expectation for the critical word located at the end of the compound. The words preceding the critical word were also common words found in the Hong Kong Chinese Lexical Lists for Primary Learning (September 15, 2008) and they have the same or a similar tone as the critical word to avoid the tone carryover-effect from the previous word on the critical word. This resulted in a total of 24 compounds used in the test trials (see appendix for the word list). Similar to the single-word stimuli used in Experiment 1, the compound stimuli were always situated at the end of questions and statements in Experiment 2.

EEG data analysis
The data were preprocessed using the same procedure as in Experiment 1. In Experiment 2, 23.23 % of the trials were excluded because of artifacts. The same set of analyses as in Experiment 1 was carried out.
Results
Behavioural results

Table 5 shows the confusion matrix for the perception of the six tones embedded in a compound at the end of questions and statements. The high-level tone (55) at the end of statement and the high-rising tone (25) had the highest mean accuracy rate (100% correct). In contrast, the low-level tone (22) at the end of questions had the lowest mean accuracy rate (72.50% correct). This was followed by the low-rising tone (23) in questions (73.75% correct).
Since ceiling effects were observed for several target tones, we used Wilcoxon signed rank test and Friedman test, instead of parametric statistics, to compare the perceptual accuracy for each tone among various conditions. A series of Wilcoxon signed rank tests were conducted to test if there is a difference in the perception of tones at the end of questions and statements. Bonferroni correction was used to adjust the p-value (the new p = .008) and to control for family-wise errors across comparisons. Correct identifications were similar for five of the six tones between questions and statements (all ps > .01). The only tone that showed difference in correct identification between questions and statements was tone 22 (p <.001). 

We also assessed whether there was a difference in the perceptual accuracy among the six tones when they were at the end of questions and statements using Friedman test. The test showed that there was a significant difference among tones at the end of questions, χ2 (5, N = 20) = 75.53, p < .001, but not for statements, χ2 (5, N = 20) = 5.51, p > .05. Follow-up pairwise comparisons were conducted for the tones in questions using a Wilcoxon signed-rank test. Bonferroni correction was used to adjust the p-value (the new p = .003). A significant difference was found between the low tones (23, 22) and the high-mid tones at the end of questions (all ps < .003); as well as between tone 23 and tone 21 ( p < .003).
In addition, a series of Wilcoxon tests were conducted to compare if there was a difference in the percentages of correct identification of tones between Experiment 1 (when the tones were presented alone) and Experiment 2 (when the tones were embedded in compounds). Bonferroni correction was used to adjust the p-value (the new p = .008). The tests revealed significant differences in the correct identification rate for all low tones (21, 23, 22) at the end of questions between Experiment 1 and Experiment 2, but not for the high-mid tones (all ps > .01). At the end of statements, the low tones (23, 22) had higher perceptual accuracy rates in Experiment 2 than in Experiment 1 (all ps < .008).
ERP results

Figure 3 shows the grand average waveforms time-locked to the sentence-final critical words. According to visual inspection, both high-mid tones and low tones with a question intonation elicited a N400-like effect starting from 100 ms up to 400 ms than their counterparts with a statement intonation. The N400-effect elicited by high-mid tones appeared to be different from the one of low tones at the end of questions. High-mid tones elicited an N400 with an earlier and larger peak at around 200 ms. Furthermore, a larger late positivity starting from 450 ms till 1000 ms was observed for high-mid tones with a question intonation compared to the high-mid tones with a statement intonation. 

Insert Figure 3 here

The exploratory time-course analysis revealed a main effect of intonation between 200 ms and 300 ms. Also, there was a significant two-way interaction between intonation and electrodes between 150 ms and 350 ms as well as two-way interactions of intonation by hemisphere between 400 ms and 500 ms and between 850 ms and 950 ms. Furthermore, there was also a four-way interaction of intonation by tone by hemisphere by electrodes between 50 ms and 350 ms as well as between 450 ms and 650 ms. An overview of the results is provided in Table 5.
The N400 window (100-350 ms). Based on the results of the time-course analyses, the N400-like effect was quantified in the 100 to 350 ms time window.  Separate midline and lateral analyses were performed for the low tones and for the high-mid tones. For the low tones, a main effect of intonation was found for the midline sites (F (1, 19) = 7.10, p < .05) but not for the lateral sites (F < 1.2). The analyses for the lateral sites yielded a two-way interaction of intonation by electrodes (F (10, 190) = 5.72, p < .01), and a three-way interaction of intonation by hemisphere by electrodes (F (10,190) = 8.48, p < .01). Single-site analyses indicated that larger N400-like effect was found for low tones with a question intonation compared with the same tones with a statement intonation at the left centroparietal sites (C3, CP5, P3, P7, PO7: all ps < .05). 

For the high-mid tones, no main effect of intonation was found for the midline sites (F (1,19) = 2.12, p > .05) but an interaction between intonation and site was present (F (1, 38) = 8.63, p = .001). Single site analyses demonstrated an N400-effect at Pz but not at other sites. Likewise, no main effect of intonation for the lateral sites (F < 1) but an intonation x electrode interaction, (F (10,190) = 11.56, p < .001), and an intonation x hemisphere x electrode interaction was found (F (10,190) = 13.01, p < .001). Single site analyses revealed a larger N400-like effect for high-mid tones with a question intonation compared with the same tones with a statement intonation at frontal (AF7, AF8, F7: all ps < .05) and parietal sites (P3, P4, P7, P8, PO7, PO8: all ps < .05).  

According to visual inspection, high-mid tones showed a larger N400-like peak than low tones at the end of questions relative to statements. Hence, we conducted follow up analyses to assess if the difference in amplitude was significant. No main effect of tone was found for the midline sites or lateral sites.  However, both analyses revealed significant interactions. Specifically, interactions between tone and electrodes were found for the midline sites (F (2,38) = 5.19, p < .05) and for the lateral sites  (F (10,190) = 9.85, p < .001).  Furthermore, an interaction of tone by hemisphere by electrodes was observed (F (10, 190) = 11.68, p < .001). However, follow-up single-site analyses did not reveal any reliable differences in N400 amplitude.   
The late positivity windows (450-650 ms; 650-1000 ms). Based on the results of the time-course analyses, the late positivity was quantified in the 450 ms to 650 ms time window. Separate midline and lateral analyses were performed for the low tones and for the high-mid tones. For the low tones, no effect of intonation was observed (all Fs < 1). The analysis for lateral sites revealed an interaction of intonation by hemisphere by electrodes (F (10,190) = 3.18, p = .01). However, single-site analyses did not yield any reliable differences.
For the high-mid tones, no effect of intonation was found for midline and lateral sites (both Fs < 1.5.). For the lateral sites, an intonation x hemisphere interaction was present (F (1, 19) = 5.49, p < .001). Single-site analyses revealed that high-mid tones with a question intonation elicited a larger positivity at the right frontotemporal sites (AF8, F4, F8, FT8 and T8: all ps < .05). 

Visual inspection suggests that this larger positivity at the right frontotemporal sites elicited by the high-mid tones with a question intonation persisted until 1000ms. Thus, we investigated this positivity using another time window with a range between 650 ms and 1000 ms. Even though no main effect was present (both Fs < 1.5), the lateral analyses yielded two interactions: an interaction of intonation by electrodes (F (10, 190) = 4.11, p < .01), and an  interaction of intonation by hemisphere (F (1, 19) = 7.29, p < .05). Single-site analyses, indicated that this larger positivity was restricted to the right frontotemporal sites (AF8, F8, FT8 and T8: all ps < .05).

Discussion

The aim of Experiment 2 was to investigate to what extent immediate lexical context, in addition to tone and intonation, affects online speech comprehension. In particular, we tested whether the pre-activation of tone information from a immediate highly-constraing lexical context can counteract the effect of intonation added on tones in questions. This question was investigated using a tone identification task and ERPs as an online measure of speech comprehension.
The performance in the tone identification task supported our prediction that the critical words embedded in compounds yield a higher accuracy relative to the same critical words presented in isolation. This was demonstrated by the significant reduction in error rates in Experiment 2 compared to Experiment 1, the overall perceptual accuracy was higher. In particular, there was a boost in the perceptual accuracy of all the low tones at the end of questions and tones 22 and 23 at the end of statements. Also, more tones (e.g. tones 33, 21) have a ceiling performance in identification. 

The improvement in performance was attributed to the presence of an immediate highly constraining lexical context. This finding is consistent with the results of Ye and Connine (1999), who showed that tone discrimination was faster when the critical word was presented in idioms (a highly constraining context) than in a semantically neutral phrase. This result was taken as an indication that processing of tone information is highly sensitive to lexical information in that contextual information can activate the lexical representation of the forthcoming lexical item, and in turn, activates its tone information. In line with this, we explain the superior performance in Experiment 2 than in Experiment 1, by a stronger involvement of the lexical context provided by the compound in the processing of tone information.
With regard to the ERPs, we observed that relative to a statement, both high-mid tones and low tones at the end of questions yielded a larger N400-effect between 100 ms and 350 ms.  However, there were differences in N400-effects elicited by high-mid tones and low tones, in terms of timing and topography. The high-mid tones yielded an earlier N400 with a larger peak than low tones at the end of questions. However, note that, the size of the N400-effect elicited by high-mid tones was not as large as that elicited by low tones at the end of questions when they were compared to their counterparts at the end of statements. Secondly, the N400-effect of high-mid tones was widely and bilaterally distributed over the parietal region, whereas that for the low tones was restricted to the left centroparietal region. 

The ERP results support the present prediction that a question intonation elicits a larger N400-effect than a statement intonation both for high-mid tones and low tones. Based on the assumption that N400 reflects the ease with which a word fits into context (e.g. Chwilla et al., 1998; Li et al., 2008b; Van Berkum et al., 1999), the N400-effect reported here is taken to signal an effortful integration of a vast amount of information into the immediate lexical context. This vast amount of information was composed of F0 information of the lexical tone in combination with the F​0 information of the question intonation. Compared to the corresponding tones at the end of statement, low tones at the end of questions elicited a larger N400-effect because of the difficulty in matching the tone information about the intonation-induced F0 variation with the tone information pre-activated by the lexical context. Relative to low-tones with a question intonation, high-mid tones also elicited an N400-effect compared to the same tones with a statement intonation but the size of the N400-effect was smaller. The reason for this could be that intonation did not alter the tone identity of these high-mid tones. Therefore, integration of tone information about the high-tones was easier compared to the low tones. 

To conclude, Experiment 2 shows that an immediate highly-constraining lexical context can modulate the effect of intonation on tone, and hence, can affect processes of lexical identification. This is supported by the superior performance of the participants in the lexical identification task in Experiment 2 compared to Experiment 1, and by the difference in ERP patterns, specifically in the N400- and P600-effects between the two Experiments.
General Discussion
We conducted two ERP experiments to investigate to what extent the online interplay between tone, intonation and context has an effect on speech comprehension in Cantonese Chinese. The results of Experiment 1 indicated that the interaction between tone and intonation can speech comprehension in real-time in Cantonese Chinese. The effect was particularly strong when the interaction yields conflicting, exemplified by low tones with a question intonation. In Experiment 2, we showed that an immediate lexical context can modulate the effect of intonation on tone, and hence, affect lexical processing and identification. Based on these findings, we conclude that there is an immediate interaction between tone, intonation and context during speech comprehension and different kinds of information are immediately used during speech processing in real time. Two further implications can be derived from the current conclusion. First, the present findings highlight the significance of context during processing of tone and intonation information in Cantonese Chinese. Second, this is also the first ERP study that shows a monitoring process in the auditory domain. The present ERP findings demonstrated the important role played by monitoring process in speech comprehension. In the following sections, we will discuss the findings of the two experiments in relation with previous literature in further details.
The effect of interaction between tone, intonation and context on speech comprehension

Experiment 1 and 2 provided evidence for the simultaneous use of tone, intonation and context information during online speech comprehension. In Experiment 1, we focused on whether tone perception is affected by intonation if F0 information of tone and intonation becomes available at the same time; and if so, how this affects lexical processing. In Experiment 2, we investigated if the immediate lexical context also plays a part in the whole process.

Before examining the effect of the interaction of tone and intonation on speech processing, we first zoom in on how intonation can affect tone perception. Consistent with early findings (Fok-Chan, 1974; Ma et al., 2006), we found that tone perception can be influenced by intonation contour when tone and intonation provide conflicting F0 information in a semantically neutral context (Experiment 1). This is particularly the case for low tones in combination with the rising contour of question intonation. The perception of these low tones (21, 23, 22) was the poorest amongst all conditions and 53.6% to 78% of the identification errors were caused by a misperception of the target low tones as the high-rising tone (25).

A major cause for the misperception of the low tones as the high-rising tone at the end of questions is that the rising contour of question intonation altered the canonical F0 pattern of the low tones. Earlier studies showed that F0 is the most important acoustic cue for tone perception (Fok-Chan, 1974; Ma et al., 2006; Vance, 1976). Since F0 characterise tone in terms of three dimensions, contour, height and direction (Laver, 1994), an intonation-induced modification in one of these three dimensions can disrupt tone perception if a listener relies more on that dimension than the other dimensions for tone perception (Ma et al., 2006). In the case of low tones with a question intonation, the rising contour of the question intonation altered the F0 contour and direction of the low tones at the end of questions. This resulted in a resemblance in the F0 contour between the low tones and the high-rising tone at the end of questions. If a listener uses F0 contour and direction as the major acoustic cues for tone perception, then it is very likely for the listener to perceive the low tones as the high-rising tone at the end of questions. In comparison with the low tones, the perception of high-mid tones at the end of questions was much less affected by the question intonation as the rising contour changes the direction of the F0 movement but not the contour of the high-mid tones at the end of questions. If it is the case that F0 contour is the major acoustic cue for tone perception,  perception of these high-mid tones at the end of questions should not be impaired. Hence, the effect of question intonation on high-mid tones and low tones indicated that intonation can modulate tone perception (if intonation altered the F​0 ​​​contour drastically and if F0 contour is a major acoustic cue for tone perception).
The present article builds on previous studies, which showed that intonation influences tone perception and that tone information is immediately accessed and used during lexical processing (e.g. Brown-Schmidt & Canseco-Gonzalez, 2004; Li et al., 2008; Schirmer et al., 2005).  The goal of this article was to further examine whether, and if so, how a tone-language speaker’s brain deals with conflicting information about the diverging F0 movements of the lexical tone and the intonation contour. The main finding of Experiment 1 was that low tones with a question intonation (the condition which yields a maximal conflict between the information provided by the tone and intonation) elicit a biphasic N400-P600 pattern. No such pattern was observed for the other conditions. Consistent with previous ERP studies on Chinese dialects (Brown-Schmidt & Canseco-Gonzalez, 2004; Li et al., 2008; Schirmer et al., 2005), the present ERP results support that conflicting F0 information provided by tone and intonation is immediately accessed and used for speech processing. This was signalled by an N400-effect elicited by low tones at the end of questions with an onset as early as 74 ms. The N400-effect here is interpreted to reflect a failure in integrating the available lexical information into the ongoing context (e.g. Chwilla et al., 1998; Li et al., 2008b; Van Berkum et al., 1999). This failure can be caused by the activation of two equally possible lexical representations (the word with the target tone and the homophone but with a high-rising tone) by the F0 information provided by low tones with a question. This failure in integration leads to a reanalysis of the input to check for the possibility of a perceptual error signalled by the P600-effect (e.g. Kolk and Chwilla, 2007; Van de Meerendonk, 2009).
Till now, we have only focused on the effect of the interaction between tone and intonation on speech processing. In Experiment 2, we showed that the interaction between tone and intonation in speech processing and lexical identification can be modulated by an immediate highly constraining lexical context.  In terms of lexical identification, especially for words with low tones at the end of questions, there was a significant improvement in the accuracy rate when the lexical tones were embedded in a compound. The misperception rate of the low tones as the high-rising tone at the end of questions was also clearly reduced even though the F0 information provided by tone and intonation was still conflicting as in Experiment 1.

In terms of the ERPs, the waveforms elicited by the critical words in a compound differed from those elicited by the same words presented alone. Compared to Experiment 1, low tones with a question intonation elicited an N400-effect with an earlier peak (around 60 ms earlier) but these low tones no longer triggered a P600-effect. Likewise, high-mid tones elicited an N400-effect in the presence of an immediate lexical context in Experiment 2 but not in Experiment 1. 

There are two possible reasons for the differences between Experiment 1 and Experiment 2. First, processing of tone information depends on the immediate input from the lexical context by means of pre-activating the tone information of the forthcoming word (Ye and Connine, 1999). Second, it has been shown  that comprehension in Cantonese and other Chinese dialects has stronger reliance on contextual information than Indo-European languages (e.g. Chen, 1992; Chen, Cheung Tang, & Wong, 2000). This can be due to the large number of homophones in the language. On average, 7.6 Chinese characters share the same syllable on, and in addition, 2.95 characters share the same tone (Zhang & Zhang, 1987). Thus, it is plausible in Cantonese that context information immediately modulates speech processing once the information becomes available because context information is required to disambiguate homophones and to arrive at the correct interpretation of the word. This can explain the sizeable improvement in tone perception in the presence of a lexical context.

These two explanations can also account for the differences in the performance of tone identification and the N400-effect as well as the absence of a P600-effect when an immediate lexical context was provided. First of all, compared to the condition where no lexical context is provided, it can be more effortful to process the combined F0 information of tone and intonation in a lexical context because the combined F0 information has to be matched with the tonal information provided by the immediate lexical context. This additional processing effort could be reflected by the larger N400-effect found for both high-mid tones and low tones with a question intonation relative to the ones with a statement intonation. Furthermore, the earlier N400-effect observed in Experiment 2 than in Experiment 1 could be explained by the intervention of context information in an early stage of lexical processing. Likewise, the intervention of context information could explain the absence of a P600-effect when a lexical context was present. Even though it can be still more effortful to process the conflicting F​0 information of tone and intonation, conflicting F0 information did not lead to an integration failure in this case because the immediate lexical context intervened to provide additional information for selecting the target lexical tone. The present findings are consistent with the claim that there is a strong context dependency in Cantonese during speech comprehension (e.g. Chen, 1992; Chen et al., 2000; Schirmer et al. 2005)1.
The nature of P600 and conflict monitoring 
The present ERP results of Experiment 1 and 2 provide further evidence for the monitoring hypothesis of P600. According to the monitoring hypothesis, P600 reflects a more general process of reanalysis to check for possible perceptual errors (e.g. Kolk et al., 2003; Kolk and Chwilla, 2007; Van de Meerendonk, 2009; Vissers et al., 2006, 2008). The reanalysis is prompted by a strong conflict between a highly expected representation and the actual representation of the same lexical item. In the current study, the strong conflict lies in the low tones at the end of questions when the tones were presented alone. This was reflected by a biphasic N400-P600 pattern elicited by these tones. Since all lexical tones at the end of a question received a rising contour in addition to their canonical pitch contour, the rising contour of the question intonation altered the F0 contour and height of the low tones at the end of questions. This resulted in a resemblance in the F0 contour between the low tones and the high-rising tone at the end of questions. During lexical processing, information from the modified pitch contour of the low tone can activate two equally possible lexical candidates (a word with the target low tone and the homophone with the high-rising tone) for the perceived lexical item. Since both lexical candidates were equally possible (depending on which F0 cue is used), it led to a strong conflict in selecting between these two possible lexical representations. The strong conflict caused a failure in integrating the information into the existing context, which was reflected by the N400-effect. The failure in integration then triggers a monitoring response to check for possible perceptual errors, which was reflected by a P600-effect.
 Alternatively, when the low tones with a question intonation were embedded in a lexical context, the P600-effect vanished. This is consistent the findings of Van de Meerendonk and colleagues (2009), who reported critical nouns that were mildly implausible in a given sentence context (e.g., The eye consisting among other things a pupil, iris and eyebrow…) only elicit an N400-effect but not a P600-effect because the semantic incongruity was not strong enough to elicit a conflict that triggers a reanalysis. This also holds for the low tones with a question intonation embedded in a compound in Experiment 2. Low tones with a question intonation can activate two equally plausible lexical representations. A strong conflict arose if the listener failed to select one of the two representations. This triggers a monitoring response, which is signalled by P600. However, with the presence of an immediate highly-constraining lexical context, this strong conflict can be resolved because information provided by the lexical context helps arrive at the correct interpretation of the word. Thus, no monitoring response was triggered, and hence no P600-effect was observed.
The present findings support the monitoring hypothesis that P600 reflects a more general process of reanalysis to check for possible perceptual errors (e.g. Kolk et al., 2003; Kolk and Chwilla, 2007; Van de Meerendonk, 2009; Vissers et al., 2006, 2008). The reanalysis is prompted only by a strong conflict between two possible representations for the same lexical item. However, one may argue that the P600-effect reported in this study differs from that elicited by syntactic and semantic violations because our P600 effect shows an earlier onset (e.g. see Kuperberg, 2007; Kutas et al., 2006 for a review). In the present study, the P600-effect occurred in the 350 to 550 ms time window while the monitoring P600 effects have been reported in the 500 to 800 ms time window. However, it is important to point out that there is evidence for variation in the time course of the P600-effects reported in earlier visual studies (e.g. see Vissers et al. 2008). Distinct types of violations have been shown to elicit P600 effects with differences in time course. For instance, Vissers and colleagues (2006) reported that misspellings embedded in a highly constraining context elicit a P600-effect starting at about 500ms. 
What is important to the present study is that all previous studies testing the monitoring hypothesis have been conducted in the visual domain. A comparison of the ERPs in the visual and auditory domain has shown that ERP effects in the auditory modality often show an earlier onset than those in the visual modality (Anderson & Holcomb, 1995; Holcomb & Neville, 1991). For example, while the N400 in the visual modality typically shows an onset at about 250 to 300 ms, in connected speech N400 effects have been reported as early as 50 ms after word onset. Therefore, we consider it more likely that the early onset of the P600 effect in the present studies relates to the continuous nature of the auditory speech signal.  This proposal fits with a study of Besson and colleagues (1998) who observed an early positivity starting around 400 ms for musical harmonic violations. Finally, we would like to add that the monitoring hypothesis can account for the differences in the timing of the P600 effect. The difference in the latency is related to the type of input (e.g. picture, word, sentence, discourse), and also, the complexity of the input that has to be checked for possible processing error (e.g. Visser et al., 2006). 

Conclusion

In the present article, two ERP experiments were conducted to investigate to what extent the online interplay between tone, intonation and context has an effect on speech comprehension in Cantonese Chinese. The results of Experiment 1 indicated that interaction between tone and intonation can affect lexical identification and speech processing. The effect was particularly when the interaction yields conflicting F0 information. This was reflected by the very high error rates for the low tones with a question intonation and the biphasic N400-P600 pattern elicited by these low tones. In experiment 2, we showed that an immediate lexical context can modulate the effect of intonation on tone, and thus affect lexical processing and identification. This is indicated by the significant reduction in number of errors for low tones with a question intonation and the absence of a P600-effect for these tones. 
In sum, the current ERP findings provide evidence for the immediate interaction between tone, intonation and context during speech comprehension. Two implications can be drawn from our findings. First, they highlight the significance of context during speech comprehension and particularly the case for Cantonese Chinese. Second, this is the first ERP study that provides evidence for a monitoring process (as indicated by a P600 effect) in the auditory domain. The demonstration of a P600-effect in connected speech - only in the case of a strong conflict between two competing representations to the same lexical item – provides a strong support for P600 reflecting a monitoring process of a general nature in language comprehension.  
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Appendix A
Table A1 
List of the Single-word and Compound Stimuli used in Experiment 1 and 2 
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Appendix B: Acoustic Analysis

Since we used natural speech material recorded from two speakers, and in daily life, listeners have to adapt to inter-speaker variability in speech style, we did not control for the duration of the sentence and the critical word. Thus, the following acoustic analyses were conducted to ensure there was underlying difference in the F0  pattern between the low tones (21, 23 and 22) and the high-rising tone (25) at the end of questions.
Experiment 1
Figures B1-B8 show the F0 patterns of six tones at the end of questions and statements. From visual inspection, we observe that all tones has a rising tail regardless of its canonical form at the end questions compared to the corresponding tone at the end of statements. Moreover, the F0​ ​contour of the low tones (21, 23, 22) differed in questions and statements. When the low tones were at the end of questions, there was a resemblance in the F0 contour among the low tones and the high-rising tone (25) at the end of questions but there was a difference in the F​​0 height of these tones.

Experiment 2

Figures B9-B16 show the F0 patterns of six tones in a compound at the end of questions and statements. Based on visual inspection, we observe that all tones has a rising tail regardless of its canonical form at the end of questions compared to the corresponding tone at the end of statements. This is consistent with what we observe in experiment. Moreover, the low tones (21, 23, 22) show different F0 movement in questions and statements. When the low tones were at the end of questions, the F0 contour of the low tones and the high-rising tone (25) at the end of questions were similar to each other but still the F​​0 height of these tones differ.
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Figure B1. The F0 pattern of the syllable fu at the end of questions. 
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Figure B2. The F0 pattern of the syllable fu at the end of statements. 
[image: image4.emf]Time (s)

0 0.4854

P

i

t

c

h

 

(

H

z

)

0

500

0

50

100

150

200

250

300

350

400

450

500


Figure B3. The F0 pattern of the syllable si at the end of questions. 
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Figure B4. The F0 pattern of the syllable si at the end of statements. 
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Figure B5. The F0 pattern of the syllable sui at the end of questions. (The black line represents Tone 55. The red line represents Tone 25. The blue line represents Tone 33. The green line represents Tone 21. The magenta line represents Tone 23. The cyan line represents Tone 22) 
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Figure B6. The F0 pattern of the syllable sui at the end of statements. 
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Figure B7. The F0 pattern of the syllable jɐn at the end of questions. 
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Figure B8. The F0 pattern of the syllable jɐn at the end of statements. 
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Figure B9. The F0 pattern of the syllable fu in a compound at the end of questions. 
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Figure B10. The F0 pattern of the syllable fu in a compound at the end of statements. 
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Figure B11. The F0 pattern of the syllable si in a compound at the end of questions. (The black line represents Tone 55. The red line represents Tone 25. The blue line represents Tone 33. The green line represents Tone 21. The magenta line represents Tone 23. The cyan line represents Tone 22)
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Figure B12. The F0 pattern of the syllable si in a compound at the end of statements. 
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Figure B13. The F0 pattern of the syllable sui in a compound at the end of questions. 
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Figure B14. The F0 pattern of the syllable sui in a compound at the end of statements. 
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Figure B15. The F0 pattern of the syllable jɐn in a compound at the end of questions. 
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Figure B16. The F0 pattern of the syllable jɐn in a compound at the end of statements. 

Footnotes

1To this point, we only considered the effect of intonation on tone but not the other way round – the effect of tone on intonation. There were indications showing that tone and context also affect processing of intonation information when all information was available at the same time and the F0 information was first processed to extract the tone information before being processed for intonation meaning. In Experiment 2, where tone perception was shown to be well preserved for all tones, high-mid tones with a question intonation elicited a larger N400 and a larger positivity in the right frontotemporal region than the same tones with a statement intonation. Similarly, low tones with question intonation also elicited an N400 but the amplitude was smaller. Moreover, these low tones did not elicit any late positivity similar to that observed in the high-mid tones with a question intonation. We proposed that there is a difference in the waveforms between high-mid tones and low tones with a question intonation because for the low tones with a question intonation, the additional rising contour was processed as part of the lexical tone during speech processing. Thus, the intonational meaning of the additional rising contour was not further integrated into the higher order meaning representation of the context. This proposal is consistent with previous findings by Li and colleagues (2008a) who showed an earlier N400 peak for tone-induced semantic violations relative to a pitch-accent violation. This N400 pattern suggests earlier processing of lexical tone information than pitch accent information. In a similar vein, we proposed that F0 information is exploited for lexical access before it is further processed for intonational meaning.
As pointed out before, context appears to play a role in modulating the processing of intonation information. Since compared to the same tones with a statement intonation, high-mid tones with a question intonation elicited a late positivity in the frontotemporal region in both experiment 1 and 2. Interestingly, this region has been related to the processing of intonation information (e.g. Astesáno et al., 2004; Fournier et al., in press; and see review of Baum and Pell., 1999; Gandour, 2007). Note however that, there is a difference in the pattern of lateralisation between experiments. In the absence of an immediate lexical context, the late positivity was restricted to the left hemisphere while in the presence of an immediate lexical context, the late positivity was lateralized to the right frontotemporal regions. In agreement with earlier work (e.g. Fournier et al., in press; Gandour, 2007), we proposed that this lateralisation of prosodic processing depends on the language experience, the linguistic complexity of the prosodic signal and the task. 

Based on the present ERP findings, we propose that tone, intonation and context information was accessed and used simultaneously and immediately during speech comprehension in Cantonese Chinese. Moreover, tone, intonation and context information interact with each other during speech processing. Our results demonstrate that intonation and tone can jointly affect speech processing and context modulates this interaction during online speech processing.

Table 1 
Design of the present study with examples. 
	Conditions

​
	Examples

	Intonation
	
	Tone
	

	Question
	
	High-mid


	(4)         你
頭
先
答

苦 ?
  nei35
thɐu21
sin55
tɐp33

fu25-6 ? 
  “You 
just

answered 
bitter?”

	
	
	Low
	(5)         你
頭
先
答

負?
  nei35
thɐu21
sin55
tɐp33

fu22-6 ? 
  “You 
just

answered 
negative?”

	Statement
	
	High-mid


	(6) 
  我
頭
先
答
           苦。 

  ŋɔ35
thɐu21
sin55
tɐp33
          fu25  
      
  “You 
just

answered 
bitter.”

	
	
	Low


	(7) 
  我
頭
先
答
           負。 

  ŋɔ35
thɐu21
sin55
tɐp33
          fu22  
      
  “You 
just

answered 
negative.”


Note. The critical words are in bold. The additional rising contour of question intonation is represented by -6 after the canonical tone numbers.

	Table 2 
Experiment 1: Confusion Matrix for the Perceptual Accuracy of the Target Tone at the End of  Questions and Statements 

	

	
	
	　
	　
	　
	　
	　
	　
	Intonation
	　
	　
	　
	　
	　

	
	
	Question
	　
	Statement

	Target tone
	
	Perceived tone 
	
	Perceived tone 

	
	　
	55
	25
	33
	21
	23
	22
	　
	55
	25
	33
	21
	23
	22

	55
	
	94.94 
	2.53 
	1.27 
	
	1.27 
	
	
	93.67 
	
	2.53 
	1.27 
	2.53 
	

	25
	
	
	87.50 
	2.50 
	1.25 
	6.25 
	2.50 
	
	
	88.75 
	
	
	11.25 
	

	33
	
	
	2.53 
	83.54 
	1.27 
	3.80 
	8.86 
	
	3.75 
	1.25 
	78.75 
	
	12.50 
	3.75 

	21
	
	2.50 
	60.00 
	
	23.75 
	11.25 
	2.50 
	
	
	1.25 
	
	90.00 
	
	8.75 

	23
	
	
	67.50 
	3.75 
	
	8.75 
	20.00 
	
	1.27 
	12.66 
	27.85 
	8.86 
	44.30 
	5.06 

	22
	　
	　
	46.84 
	29.11 
	3.80 
	7.59 
	12.66 
	　
	　
	　
	18.75 
	7.50 
	15.00 
	58.75 


Note. High-level tone (55), high-rising tone (25) and mid-level tone (33) constituted the high and mid tones, low-falling tone (21), low-rising tone (23) and low-falling (22) constituted the low tones. Cell numbers represent the mean percentage of response for each target tone. The numbers in bold appearing on the diagonal of the matrix are the mean rate of correct identifications.
Table 3
Experiment 1: F values of the Main Effects of Intonation (I) for the Midline Analysis and the Lateral Analysis and Interactions with Tone (T,) Electrodes (E) and Hemisphere (H) for the Different Time Windows. 

[image: image18.emf]I I*T I*E I*T*E I*H I*T*H I*H*E I*T*H*E

Midline Lateral Midline*E Midline Lateral Midline*E

0-50 <1 <1 <2 <1 <1 4.94* 2.21 3.54* <1 <1 <2 2.73*

50-100 <1 <1 5.22* <2 3.51# 9.98** 5.99* 4.61* <1 <1 2.78* 6.10**

100-150 <1 <2 <2 2.78 <2 4.48* 2.22# 2.05 <2 <1 4.15** 2.77#

150-200 <1 <1 <1 3.03 # 4.77* <1 <2 <1 2.74 <1 2.87* <2

200-250 <2 <2 <1 <1 <2 <1 <1 <1 3.27# <2 <2 2.91**

250-300 6.13* 5.61* <1 <1 <2 <1 <2 <1 <1 <1 <2 5.98***

300-350 2.64 <2 <1 <1 <1 <1 2.48# <1 <1 <1 <2 7.16***

350-400 <2 4.70* 2.00 <2 <1 <1 6.94*** <1 <1 <2 <1 11.84***

400-450 <1 4.13# <2 <1 <1 <1 5.50** <1 <1 <1 <2 11.12***

450-500 2.16 3.87# <1 2.17 <1 <1 4.92** <2 2.21 3.06# <1 8.55***

500-550 3.86# 3.78# <2 <1 <1 <2 2.98* <2 1.00 <2 <1 3.17*

550-600 2.99 <2 2.09 <1 <1 2.69# <1 <2 <1 2.09 <2 <2

600-650 <1 <2 <2 2.78 <2 4.48* 2.22# 2.05 1.36 <1 4.42** 2.77#

650-700 <1 <1 4.48* <1 <1 4.16* <2 <2 <1 <2 <2 <2

700-750 <1 <1 3.02# <2 <1 4.23* 2.38# <2 <1 <1 <2 3.92**

750-800 <1 <2 <1 <2 <1 3.23# 2.65# <2 <1 <1 <2 3.94**

800-850 <1 <2 <1 <1 <1 <2 <2 <2 1.11 <1 <2 <2

850-900 <1 <1 <1 <1 <1 <1 <1 <2 1.19 <1 <1 <1

900-950 <1 <1 <1 <1 <1 <1 <1 <1 3.80# <1 <2 <1

950-1000 <1 <1 <1 <1 <1 <2 <1 <2 <2 <1 <2 <1

Time

window

(msec)


# p < .1.

* p < .05.

* *p < .01.

* **p < .001.

Table 4.
	Experiment 2: Confusion Matrix for the Perceptual Accuracy of the Target Tones embedded in Compounds at the End of  Questions and Statements

	

	
	
	　
	　
	　
	　
	　
	　
	Intonation
	　
	　
	　
	　
	　

	
	
	Question
	　
	Statement

	Target tone
	
	Perceived tone 
	
	Perceived tone 

	
	　
	55
	25
	33
	21
	23
	22
	　
	55
	25
	33
	21
	23
	22

	55
	
	95.00
	3.75
	
	
	1.25
	
	
	100.00
	
	
	
	
	

	25
	
	
	100.00
	
	
	
	
	
	
	98.73
	
	
	1.27
	

	33
	
	
	
	93.75
	1.25
	
	5.00
	
	
	
	96.20
	1.27
	1.27
	1.27

	21
	
	
	1.27
	
	93.67
	3.80
	1.27
	
	
	
	
	97.47
	1.27
	1.27

	23
	
	
	2.50
	2.50
	
	73.75
	21.25
	
	1.27
	
	1.27
	1.27
	96.20
	

	22
	　
	　
	2.50
	1.25
	2.50
	21.25
	72.50
	　
	　
	　
	6.25
	　
	2.50
	91.25


Note. High-level tone (55), high-rising tone (25) and mid-level tone (33) constituted the high and mid tones, low-falling tone (21), low-rising tone (23) and low-falling (22) constituted the low tones. Cell numbers represent the mean percentage of response for each target tone. The numbers in bold appearing on the diagonal of the matrix are the mean rate of correct identifications.
Table 5

Experiment 2: F values of the Main Effects of Intonation (I) for the Midline Analysis and the Lateral Analysis and Interactions with Tone (T,) Electrodes (E) and Hemisphere (H) for the Different Time Windows. 

[image: image19.emf]I I*T I*E I*T*E I*H I*T*H I*H*E I*T*H*E

Midline Lateral Midline*E Midline Lateral Midline*E

0-50 2.64 2.22 6.40** <1 <1 <1 9.48*** <2 <1 3.03# <1 2.71#

50-100 8.21* 8.92** 3.65* <1 <1 <1 19.99*** 3.52* <1 9.19** <2 10.61***

100-150 <1 <1 2.12 <1 <1 <2 <2 5.89* <2 5.89* <2 16.44***

150-200 2.16 <1 6.06* <1 <1 <1 16.83*** 11.63*** <1 9.70** 2.02# 23.01***

200-250 9.58** 2.01 8.22** <1 <1 <2 8.76*** 8.67*** <1 2.33 <1 19.78***

250-300 13.26** 4.76* 6.61** <2 3.97# 2.74# 6.80** 4.86** <1 <1 <1 16.78***

300-350 3.30# <1 4.94* <1 <2 3.66* 6.17** <2 <1 <1 <1 5.58***

350-400 <1 <1 3.94* <1 <1 4.16* 4.51* <1 <2 <1 <1 <2

400-450 <1 <2 4.59* <1 <1 6.07* 5.35** <2 7.20* 4.35# <2 <2

450-500 2.94 3.89# 2.89# <1 <1 6.34** 5.28** <2 8.76** 2.21 <1 3.19**

500-550 <1 <2 2.77# <1 <1 6.86** 7.97** <2 2.16 <1 <1 3.53*

550-600 <1 <1 <2 <2 <2 2.99# 6.78** 2.09 4.39# <2 <1 3.56*

600-650 <1 <1 2.12 <1 <1 <2 13.05* 7.02*** <2 5.89* <2 16.44***

650-700 <1 <1 <2 <1 2.07 <2 4.86** <2 <2 2.84 <1 <1

700-750 <1 <1 <1 <1 <1 2.74# 3.34* <2 <2 2.37 <1 <1

750-800 <1 <2 <1 <2 3.05# 3.15# <2 2.39# <2 <2 <1 <2

800-850 <1 <1 <1 <1 <1 2.04 <2 <2 2.25 6.38* <2 2.37#

850-900 <1 <1 <1 <1 <1 <1 <2 <1 4.57* <2 <2 <1

900-950 <1 <1 <1 <1 <1 <1 2.75# <1 5.57* <1 <2 <1

950-1000 <1 <1 <2 2.35 4.07# <1 2.95* <1 2.27 <2 <2 <2

Time

window

(msec)


# p < .1.

* p < .05.

* *p < .01.

* **p < .001.
Figure Caption

Figure 1. Electrode-montage used in the experiment. The black electrodes were used (Bögels et al., 2006)
Figure 2. Grand average waveforms time-locked to the onset of the sentence-final critical words in Experiment 1. Negativity is plotted upwards.

Figure 3. Grand average waveforms time-locked to the onset of the sentence-final critical words in Experiment 2. Negativity is plotted upwards.
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		Time window (msec)						I												I*T										I*E				I*T*E				I*H				I*T*H				I*H*E				I*T*H*E

						Midline				Lateral				Midline*E				Midline				Lateral				Midline*E

		0-50		2.64				2.22				6.40		**		<1				<1				<1				9.48		***		<2				<1				3.03		#		<1				2.71		#

		50-100		8.21		*		8.92		**		3.65		*		<1				<1				<1				19.99		***		3.52		*		<1				9.19		**		<2				10.61		***

		100-150		<1				<1				2.12				<1				<1				<2				<2				5.89		*		<2				5.89		*		<2				16.44		***

		150-200		2.16				<1				6.06		*		<1				<1				<1				16.83		***		11.63		***		<1				9.70		**		2.02		#		23.01		***

		200-250		9.58		**		2.01				8.22		**		<1				<1				<2				8.76		***		8.67		***		<1				2.33				<1				19.78		***

		250-300		13.26		**		4.76		*		6.61		**		<2				3.97		#		2.74		#		6.80		**		4.86		**		<1				<1				<1				16.78		***

		300-350		3.30		#		<1				4.94		*		<1				<2				3.66		*		6.17		**		<2				<1				<1				<1				5.58		***

		350-400		<1				<1				3.94		*		<1				<1				4.16		*		4.51		*		<1				<2				<1				<1				<2		

		400-450		<1				<2				4.59		*		<1				<1				6.07		*		5.35		**		<2				7.20		*		4.35		#		<2				<2		

		450-500		2.94				3.89		#		2.89		#		<1				<1				6.34		**		5.28		**		<2				8.76		**		2.21				<1				3.19		**

		500-550		<1				<2				2.77		#		<1				<1				6.86		**		7.97		**		<2				2.16				<1				<1				3.53		*

		550-600		<1				<1				<2				<2				<2				2.99		#		6.78		**		2.09				4.39		#		<2				<1				3.56		*

		600-650		<1				<1				2.12				<1				<1				<2				13.05		*		7.02		***		<2				5.89		*		<2				16.44		***

		650-700		<1				<1				<2				<1				2.07				<2				4.86		**		<2				<2				2.84				<1				<1		

		700-750		<1				<1				<1				<1				<1				2.74		#		3.34		*		<2				<2				2.37				<1				<1		

		750-800		<1				<2				<1				<2				3.05		#		3.15		#		<2				2.39		#		<2				<2				<1				<2		

		800-850		<1				<1				<1				<1				<1				2.04				<2				<2				2.25				6.38		*		<2				2.37		#

		850-900		<1				<1				<1				<1				<1				<1				<2				<1				4.57		*		<2				<2				<1		

		900-950		<1				<1				<1				<1				<1				<1				2.75		#		<1				5.57		*		<1				<2				<1		

		950-1000		<1				<1				<2				2.35				4.07		#		<1				2.95		*		<1				2.27				<2				<2				<2		
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Sheet1

		Single Word								Compound

		IPA		Chinese		Meaning				IPA		Chinese		meaning

		jɐn55		欣		joy				fun55 jɐn55		歡欣		joy

		jɐn25		忍		to endure				jʊŋ21 jɐn25		容忍		to tolerate

		jɐn33		印		to print				kœk33 jɐn33		腳印		foot print

		jɐn21		人		human				hou25 jɐn21		好人		nice person

		jɐn23		引		to pull/draw				kʰɐp5 jɐn23		吸引		to attract

		jɐn22		孕		pregancy				wai21 jɐn22		懷孕		to be pregnant

		siː55		師		teacher/instructor				lou35 siː55		老師		teacher

		siː25		史		past/history				lɪk22 siː25		歷史		history

		siː33		試		to try				hau25 siː33		考試		exam

		siː21		時		time				tsam22 siː21		暫時		temporary

		siː23		市		market/town				kai55 siː23		街市		market

		siː22		事		matter				kuː33 siː22		故事		story

		sɵy55		衰		bad				jœŋ25 sɵy55		樣衰		ugly

		sɵy25		水		water				hei33 sɵy25		汽水		soft drink

		sɵy33		稅		tax				min35 sɵy33		免稅		tax-free

		sɵy21		垂		to hang down				haː22 sɵy21		下垂		hanging down

		sɵy23		緒		mental state				tsɪŋ21 sɵy23		情緒		emotion

		sɵy22		睡		sleep				ŋ21 sɵy22		午睡		nap/siesta

		fuː55		夫		husband; male adult				tʃœŋ22 fuː55		丈夫		husband

		fuː25		苦		bitterness				tʰʊŋ33 fuː25		痛苦		suffering

		fuː33		富		rich				tʃʰɔɪ21 fuː33		財富		wealth

		fuː21		符		symbol				lɪŋ21 fuː21		靈符		charm

		fuː23		婦		married woman				jɐn22 fuː23		孕婦		pregnant woman

		fuː22		負		negative; burden				pʰou23 fuː22		抱負		aspiration

		wɐi55		威		might				faːt33 wɐi55		發威		to become powerful

		wɐi25		毁		to destroy				tsaː33 wɐi25		炸毁		to bomb

		wɐi33		慰		comfor				ɔn55 wɐi33		安慰		to console/console (n)

		wɐi21		圍		to encircle				faːn33 wɐi21		範圍		scope, range

		wɐi23		偉		great				wɐŋ21 wɐi23		宏偉		spectacular

		wɐi22		位		position				pou22 wɐi22		部位		parts






Sheet1

		Time window (msec)						I												I*T										I*E				I*T*E				I*H				I*T*H				I*H*E				I*T*H*E

						Midline				Lateral				Midline*E				Midline				Lateral				Midline*E

		0-50		<1				<1				<2				<1				<1				4.94		*		2.21				3.54		*		<1				<1				<2				2.73		*

		50-100		<1				<1				5.22		*		<2				3.51		#		9.98		**		5.99		*		4.61		*		<1				<1				2.78		*		6.10		**

		100-150		<1				<2				<2				2.78				<2				4.48		*		2.22		#		2.05				<2				<1				4.15		**		2.77		#

		150-200		<1				<1				<1				3.03		#		4.77		*		<1				<2				<1				2.74				<1				2.87		*		<2

		200-250		<2				<2				<1				<1				<2				<1				<1				<1				3.27		#		<2				<2				2.91		**

		250-300		6.13		*		5.61		*		<1				<1				<2				<1				<2				<1				<1				<1				<2				5.98		***

		300-350		2.64				<2				<1				<1				<1				<1				2.48		#		<1				<1				<1				<2				7.16		***

		350-400		<2				4.70		*		2.00				<2				<1				<1				6.94		***		<1				<1				<2				<1				11.84		***

		400-450		<1				4.13		#		<2				<1				<1				<1				5.50		**		<1				<1				<1				<2				11.12		***

		450-500		2.16				3.87		#		<1				2.17				<1				<1				4.92		**		<2				2.21				3.06		#		<1				8.55		***

		500-550		3.86		#		3.78		#		<2				<1				<1				<2				2.98		*		<2				1.00				<2				<1				3.17		*

		550-600		2.99				<2				2.09				<1				<1				2.69		#		<1				<2				<1				2.09				<2				<2

		600-650		<1				<2				<2				2.78				<2				4.48		*		2.22		#		2.05				1.36				<1				4.42		**		2.77		#

		650-700		<1				<1				4.48		*		<1				<1				4.16		*		<2				<2				<1				<2				<2				<2

		700-750		<1				<1				3.02		#		<2				<1				4.23		*		2.38		#		<2				<1				<1				<2				3.92		**

		750-800		<1				<2				<1				<2				<1				3.23		#		2.65		#		<2				<1				<1				<2				3.94		**

		800-850		<1				<2				<1				<1				<1				<2				<2				<2				1.11				<1				<2				<2

		850-900		<1				<1				<1				<1				<1				<1				<1				<2				1.19				<1				<1				<1

		900-950		<1				<1				<1				<1				<1				<1				<1				<1				3.80		#		<1				<2				<1

		950-1000		<1				<1				<1				<1				<1				<2				<1				<2				<2				<1				<2				<1








