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Alpha synchronization of acoustic responses in active listening is indicative of native 1 

language listening experience 2 

The use of acoustic cues for speech perception is shaped by language experience. For 3 

example, in English the word ‘bee’ can be produced with various pitch contours, e.g., rising or 4 

falling, and may be interpreted as a question or statement, but never as another word. However, 5 

in Chinese Mandarin, a lexical tone language, similar changes in pitch will lead to a change in 6 

word meaning, e.g., the syllable /bi/ produced with rising pitch means nose and a falling pitch 7 

means wall. While behavioural studies have investigated the perception of lexical tones by non-8 

native speakers and cochlear implant users (Burnham et al., 2015; Nie, et al., 2019; So & Best, 9 

2010; Wang, Spence, Jongman & Sereno, 1999), how native language experience shapes the 10 

way the brain encodes acoustic information in speech remains unclear. This understanding is 11 

important because many English-speaking countries have large populations of bilingual 12 

speakers. For example, in both Australia and the US, about 20% of people speak a language 13 

other than English (ABS, 2016; U.S. Census Bureau, 2013). This study takes another step 14 

towards a better understanding of how language experience shapes the way the brain encodes 15 

acoustic information.  16 

There are a limited number of studies that have investigated cortical responses cross-17 

linguistically. Most have used MMN as the cortical response to investigate language experience 18 

on speech perception. However, MMN is not always reliably detected in all adults due to its 19 

small amplitudes (Picton, Alain, Otten, Ritter & Achim, 2000; Rivera-Gaxiola., Csibra, 20 

Johnson & Karmiloff-Smith, 2000).  The Acoustic Change Complex (ACC) is a pre-attentive 21 

response which is elicited in the absence of active attention to an acoustic change occurring 22 

within an ongoing sound in the auditory cortex (Martin & Boothroyd, 1999; 2000). The ACC 23 

is useful because it can be elicited in response to a wide range of acoustic changes and is aligned 24 

temporally with changes. It can be reliably elicited by acoustic changes in the transition from 25 
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consonants to vowels (Kaukoranta, Hari & Lounasmaa, 1987, Ostroff, Martin & Boothroyd, 1 

1998), by a change from pure tone to noise (Martin & Boothroyd, 1999) or a change in the 2 

frequency of pure tones, e.g., from 1kHz to 2kHz (Ganapathy, Narne, Kalaiah & Manjula, 3 

2013), a change in spectral vowel structure, e.g., from /u/ to /i/ (Martin, Boothroyd, Ali & 4 

Leach-Berth, 2010), or a change in amplitude perceived as loudness (Martin & Boothroyd, 5 

2000). It has also been used to examine non-native listening. For instance, one adult study 6 

found an ACC response in English monolinguals while they listened to a Hindi consonant 7 

contrast, the dental /d/ and retroflex /D/ (Small & Werker, 2012). Using the disyllable /daDa/, 8 

Small and Werker (2012) found an ACC response for English-speakers and concluded that the 9 

ACC must be a response to acoustic change not influenced by language experience. However, 10 

this study did not include a native group. In a study which did compare native vs. non-native 11 

listeners but using synthesized pitch stimuli, Krishnan, Gandour and Suresh (2015) found a 12 

larger ACC response to lexical tones in native compared non-native listeners, suggesting that 13 

language experience did influence acoustic responses. What is currently unclear is whether 14 

using natural speech signal as in Small and Werker (2012) will also produce an ACC difference 15 

across native vs. non-native listeners.  16 

Another response where the effect of native language processing has been studied is 17 

the P300, a cortical response elicited by an active listening paradigm. The P300 response is a 18 

cortical potential elicited in active listening tasks by the detection of an auditory oddball in an 19 

ongoing stream of standard stimuli (Luck, 2005), e.g., detecting ‘bee’ in a stream of repeating 20 

‘pea’, usually occurs between 250 and 500ms from the onset of the oddball (Picton, 1992). A 21 

study using the P300 response investigating the same Hindi dental vs. retroflex stop as Small 22 

and Werker (2012), similarly found a P300 response from non-native speakers suggesting that 23 

the P300 is not influenced by language experience (Rivera-Gaxiola, Csibra, Johnson, & 24 

Karmiloff-Smith, 2000; Shen, & Froud, 2019). On the other hand, Chandrasekaran, Krishnan, 25 
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and Gandour (2007) found that when compared to English-speakers, Mandarin-speakers 1 

showed larger P300 responses to change in lexical tone category. These differences in cortical 2 

responses for consonant vs. lexical tone for non-native speakers might be related to the type of 3 

stimuli used. Both native and non-native listeners have stop contrasts in their language, even 4 

though the number and type of contrasts differ. Lexical tones on the other hand are not used as 5 

phonological categories in non-tonal languages, therefore non-native speakers do not have any 6 

experience with tonal categories – leading to larger differences in response between native vs. 7 

non-native listeners. However, learners of Mandarin (with some tone language experience) do 8 

show a larger P300 compared to the naïve English-speakers, suggesting that this may be the 9 

result of an allocation of resources to a new language skill (Shen & Froud, 2019). The results 10 

also suggest that lexical tone might be more sensitive for detecting differences between native 11 

vs. non-native responses, and despite the novelty of hearing lexical tone, non-native listeners 12 

do not show larger acoustic responses than native listeners.  13 

In summary, there are only a few studies that have investigated the effect of language 14 

experience on cortical responses to speech categories with inconsistencies in the methods used 15 

(with/without comparison to a native control group, real vs. synthetic speech) and the 16 

interpretation of the finding from both active and passive paradigms. In addition, past studies 17 

have only included auditory evoked potentials that are time and phase locked to acoustic 18 

changes within or across stimuli such as the ACC and P300. However, EEG recordings also 19 

include responses that are not time locked to the stimulus, known as “induced” activity. 20 

Induced activity is modulated by an integrated system of sensory, cognitive and/or linguistic 21 

processes (Makeig, Debener, Onton, & Delorme, 2004). These induced activities are rhythmic 22 

or oscillatory, representing frequency-dependent changes which can indicate how cognitive 23 

resources such as attention is allocated during active (ACC) and passive (P300) listening.  24 
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One way to analyse induced activities is by using Time-frequency analyses (TFA). TFA 1 

works by analysing the electrophysiological data into its component frequencies such as alpha, 2 

theta, beta and gamma components across time, to isolate time points at which the neuronal 3 

oscillatory activity is strongest (Klimesch, Doppelmayr, Roehm, Pöllhuber, & Stadler, 2000). 4 

Current understanding of neural oscillations suggests that neural activity within specific 5 

wavelengths is reflective of different cognitive processes. Alpha for example is most closely 6 

linked to directed attention (Klimesch, Schimke, Ladurner, & Pfurtscheller, 1990). The induced 7 

activity can also be described as being either relatively increased (event-related synchronised) 8 

or decreased (event-related desynchronised) (Oostenveld, Fries, Maris, & Schoffelen, 2011). 9 

For example, increased synchronization in the alpha-band is thought to reflect increased 10 

inhibition while desynchronisation in the alpha-band is reportedly reflective of focussed 11 

attention  (Klimesch et al., 2012). Thus, TFA can assist in providing information on how the 12 

brain orchestrates the processing of linguistically relevant acoustic information.   13 

In a training study, Kaan et al (2013) found alpha activity to be strongest in native Thai 14 

speakers compared to English and Mandarin speakers while listening to Thai tones. The authors 15 

concluded that enhanced alpha activity in native listeners was indicative of the efficient 16 

processing of familiar words. So far, induced activity has only been investigated by Kaan et al 17 

(2013). The current study was designed, to bridge this gap and determine the influence of 18 

linguistic experience on both evoked and brain oscillatory activities within a single study. This 19 

is possible as TFA can be used to extract from the EEG signal both the evoked and induced 20 

activities.  21 

Objectives of this Study 22 

The objective of this study was to probe the effect of linguistic experience, using lexical 23 

tone, on auditory speech processing at the cortical level, specifically the passive (ACC) and 24 

active potentials (P300), using Global Field Power (GFP) and TFA. While lexical tones are not 25 
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used in English to contrast word meaning, Mandarin uses four lexical tones that primarily 1 

change in pitch contour to contrast word meaning. The four lexical tones are T1 high flat pitch, 2 

T2 low rising to high pitch, T3 mid dipping to low then rising to high pitch, and T4 high falling 3 

to low pitch (see Figure 1 from Xu, 1997). This study used two dynamic Mandarin lexical 4 

tones, the T2 (rising) and T3 (dipping) tones which have similar pitch onsets but differ in terms 5 

of trajectory (point of inflection) and pitch offset (Shen & Lin, 1991). T3 is more complex in 6 

having additional acoustic cues such as irregular pitch period at point of inflection, a reliable 7 

cue for discrimination between T2 and T3. However, these two tones are most difficult to 8 

discriminate for non-native speakers (Wang, Jongman, & Sereno, 2003; Wang, Spence, 9 

Jongman, & Sereno, 1999) and so should evoke ERPs that are maximally different between 10 

native vs. non-native listeners.  11 

 12 

Figure 1. From Y., Xu. (1997). Contextual Tonal Variations in Mandarin, Journal of 13 

Phonetics, 25, p. 67. (Note the broken lines, T2 and T3, have similar contours). * indicates 14 

the two tones used in the current study. 15 

For the passive listening (ACC) task, based on previous research, we make the 16 

following hypotheses: If the ACC is sensitive to language experience then: 17 
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H1: Mandarin-speakers should have larger amplitude to onset and pitch changes occurring 1 

within each tone compared to English-speakers. 2 

H2: Given that the ACC is time-locked to acoustic changes in the stimuli, the latencies of the 3 

ACC response should differ between the two groups as Mandarin-speakers with more 4 

experience in processing lexical tones might show responses that should be tightly time locked 5 

to acoustic changes compared to English monolinguals without such linguistic experience.  6 

For the active listening (P300) task, if active listening is an essential requirement of 7 

language experience then: 8 

H3: The amplitude of the evoked responses to the tones should be larger for Mandarin-speakers 9 

compared to English-speakers.  10 

H4: For TFA, Mandarin-speakers should show larger ERS in the alpha region for the active 11 

paradigm implying more focused attentional response to the lexical tones when compared to 12 

English-speakers.  13 

Methods 14 

Participants 15 

Thirteen monolingual Australian English-listeners (male to female ratio 4:9) aged 16 

between 18 to 38 years (M = 22) participated in this study. Another three English-listeners were 17 

removed post data-analysis due to noisy data that resulted in the rejection of over 50% of their 18 

data.  19 

Ten native Mandarin-listeners (male to female ratio 3:7) between 20 to 30 years (M = 20 

24) were included in the final data analysis. An additional Mandarin-listener was removed due 21 
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to excessive noise in the data. All the Mandarin-listeners reported continued daily usage of 1 

Mandarin.   2 

All participants had self-reported normal hearing in both ears and no history of 3 

neurological or hearing problems. Normal middle ear function was established by the presence 4 

of a type “A” Tympanogram, measuring the function of the eardrum (Jerger, 1970) and present 5 

Distortion Product Otoacoustic emissions within the normal range, a measure of cochlear outer 6 

hair cell functioning (Lonsbury-Martin & Martin, 2007).  7 

All participants provided written consent following a detailed explanation of all 8 

procedures before the beginning of the experiment. Ethics approval was granted by the Human 9 

Research Ethics Committee for Medical Sciences of (University, City removed for review).  10 

Design 11 

We had two groups of native speakers (Mandarin & English). Each participant 12 

completed the passive (ACC) and the active (P300) recordings. Each tone, T2 and T3, were 13 

analysed and reported separately.  14 

Stimuli 15 

The stimuli were recorded by a female native speaker of Chinese Mandarin, who 16 

produced the syllable /ba/ in T2 and T3. From these syllables, the final vowel /a/ were excised 17 

and used as stimuli (see Figures 2a & 2b). A native Mandarin listener confirmed that these 18 

tokens were prototypical of the tones produced in natural speech. For T2, the point of inflection 19 

(pitch turning point) occurred at 114ms after vowel onset. For T3, the point of inflection and 20 

the onset of creaky voice (irregular pitch periods) occurred at approximately 78ms after vowel 21 
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onset. In naturally produced speech, T3 is typically longer in duration than T2, therefore to 1 

ensure minimum differences between the stimuli, 2 tokens closest in duration were selected.   2 

 3 

Figure 2a. Waveform and spectrogram of /a/ in T2 with the blue line indicating pitch (f0) 4 

tracking (onset = 159Hz & offset 222Hz) and the broken line indicating the inflection point 5 

 6 
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Figure 2b. Waveform and spectrogram of /a/ in T3 with the blue line indicating pitch (f0) 1 

tracking (onset = 160Hz & offset 168Hz) and the broken line indicating creaky voice 2 

(irregular pitch periods) starting at 78ms 3 

The recordings were produced in an acoustically attenuated recording studio using 4 

directional microphones at a sampling rate of 44.1 kHz and digitised at 16bits. The recordings 5 

were captured by a PC using the CoolEdit 2000 audio recording and analysis software. The 6 

vowel portion of the syllable, which carries the tone information, was excised using Praat 7 

speech analysis software and normalised (Boersma & Weenink, 2012). The duration of the 8 

excised vowels was matched as closely as possible, T2 (348ms) and T3 (367ms), to avoid 9 

duration related responses rather than responses to pitch information.  10 

Procedure 11 

ERP recordings were conducted in a sound-attenuated and electrically shielded room. 12 

Participants were seated comfortably in a chair facing a television screen. They were asked to 13 

avoid moving and blinking excessively.  Neuroscan system 4.5 (Compumedics) software was 14 

used to record continuous electroencephalograph (EEG) using a gain at 1k via a 64-channel 15 

cap connected with AgCl electrodes. The EEG is recorded using an online filter of 0.01 to 16 

100Hz. Only responses from the 25 centrally located electrodes within the boundaries formed 17 

by electrodes at F3 to P3 and F4 to P4, were recorded. This 25 channel recording is in 18 

accordance with the international 10-20 system for ERP recording (Klem, Lüders, Jasper, & 19 

Elger, 1999)  and included F3, F1, Fz, F2, F4, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2, C4, 20 

CP3, CP1, CPz, CP2, CP4, P3, P1, Pz, P2, P4, M1 and M2 on the easy cap. The reference 21 

electrode was located on the left mastoid with horizontal and vertical eye-movements captured 22 

by electrodes placed above and below the right eye as well as adjacent to each eye. Electrode 23 
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impedances were maintained at a level below 5kΩ. The variation between electrode sites was 1 

maintained under 3kΩ.   2 

Stimuli were presented binaurally through standard insert earphones at a level of 70±1 3 

dB SPL using Stim software ® (Compumedics) which is supra threshold (CAEPs amplitude 4 

saturates at moderate levels and is therefore unlikely to be influence by the normal variation in 5 

hearing thresholds across participants, Billings, Tremblay, Stecker, & Tolin, 2009). At 70dB 6 

SPL, this is a comfortable listening level, adequate for speech intelligibility in individuals with 7 

normal hearing (Hochberg, 1975). Stimuli were calibrated to this level using a sound level 8 

meter and an oscilloscope to measure the peak-to-peak voltage of each stimulus. Voltages were 9 

then converted to dB SPL and adjusted to the aforementioned level.   10 

Passive listening (ACC) task data collection: Mandarin T2 and T3 were represented in two 11 

blocks, with 100 repetitions within each block. A total of four blocks were presented, two for 12 

each tone, with the order of presentation for T2 and T3 counterbalanced across participants. 13 

An inter-stimulus interval (ISI) of 1000ms was used between the offset of the preceding 14 

stimulus and the onset of the next one. During ACC recordings, participants watched a silent 15 

film of their selection with subtitles and were instructed to ignore the sounds. All subtitles were 16 

in English for both groups. As the ACC is elicited in the absence of attention, these recordings 17 

were always conducted before the active P300 oddball paradigm.  18 

Active listening (P300) task data collection: T2 and T3 stimuli were presented in an oddball 19 

paradigm. The standard was presented 80% of the total number of trials with each T2 and T3 20 

as the standard in two separate blocks. Participants were instructed to attend closely to the 21 

stimuli and press a button as soon as they hear a change. The deviant probability was set to 22 

20% to ensure active attention on the task, in one sequence T2 was the deviant and T3 the 23 

standard and vice versa in the second sequence. For the analysis, only the standard was 24 

analysed. Each sequence, consisting of 150 trials, presented twice with the order of 25 
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presentation counter-balanced across participants. The ISI was fixed at 1500ms from stimulus 1 

offset to the onset of the next stimulus. The two groups did not differ significantly in identifying 2 

presence of deviants (Mandarin-listeners: M = 98%, SD = 15%; English-speakers: M = 85%, 3 

SD = 36%).  4 

Data Analysis: All the Cortical Auditory Evoked Potentials (CAEPs) were analysed offline 5 

in Neuroscan Edit 4.5 (Compumedics). The continuous EEG data were re-referenced to the 6 

average of the left (M1) and right (M2) mastoids which ensures that activity from both 7 

hemispheres are similarly represented (Teplan, 2002). Continuous EEG files were epoched 8 

from 100 ms before stimulus onset to 900 ms post offset, creating a response window of 1 9 

second in total. Epochs were baseline corrected (100ms pre-stimulus) and band-pass filtered 10 

from 0.1 to 30 Hz (24 dB/octave roll-off, zero phase-shift FIR filter). Epochs including 11 

artefacts greater than ±75 µV were rejected before averaging. The two similar blocks were 12 

averaged to identify onset N1-P2, Passive responses (N1 ACC, P2 ACC) and Active responses 13 

(P1-N1-P2) from standard stimuli only.  14 

Onset P1-N1-P2 responses were identified in active and passive paradigms by visual 15 

inspection of the grand average waveforms. Onset P1 was identified as the first positivity 16 

between 35 to 70ms latency after the onset of the stimulus, Onset N1 latency as the first 17 

negativity between 75 to 200ms after the stimulus onset, and Onset P2 as the positivity 18 

following Onset N1 with latency from 150 to 200ms after the stimulus onset (Martin & 19 

Boothroyd, 1999, 2000).  20 

Passive listening (ACC) task: Averaged responses were created for each participant from a 21 

minimum of 180 accepted trials over two blocks for each tone. The first negative peak to 22 

change within the stimuli referred to as N1ACC and positive peak following the change is 23 

referred to as P2ACC peaks of passive ACC response.  24 
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Active listening (P300) task: Averages were created for each tone when presented as the 1 

standard. Due to participant fatigue-related body movements the minimum number of accepted 2 

trials for calculating averages were 180 (out of 240) for the standard for each participant. 3 

Global Field Power (GFP) is the spatial standard deviations of electrical activity at each time 4 

point on the scalp. The GFP is used to determine the spread of the activity across the various 5 

electrodes of interest. One advantage of using the GFP is that it considers the information from 6 

all the channels rather than just at any one electrode as is the case for identifying peaks 7 

(Lehmann & Skrandies, 1980). Inferential T-statistics for the N1-P2 responses between the 8 

population group were performed and Bonferonni correction was used to correct for multiple 9 

comparisons.  10 

Time-Frequency domain analysis (TFA) A sliding time window which decreases in length 11 

with increased frequency was used to calculate TFA (wavelet transform). The offline time-12 

frequency domain analyses of the EEG were performed using Neuroscan and fieldtrip 13 

toolboxes (Oostenveld et al., 2011)  in MATLAB 2012a. Portions of the EEG with large 14 

movement-related artefacts were removed from the analysis by visual inspection and ocular 15 

artefacts were corrected using Neuroscan’s Ocular Artifact Reduction. The method is based on 16 

an EEG-VEOG (vertical ocular electrodes) covariance and linear regression analyses to create 17 

a linear combination representation of an eyeblink which are then used to perform a point-by-18 

point proportional subtraction of the eyeblinks from each of the EEG channels.  The data were 19 

then loaded into fieldtrip and were segmented into epochs using a longer window which starts 20 

from 1000ms to 1300ms relative to stimuli onset. The segmented data were then re-referenced 21 

to the average of left (M1) and right (M2) mastoids and high pass filtered with a cut-off of 22 

0.5Hz. Additional artefacts were removed by rejecting epochs that have variances greater than 23 

300μV2. Each participant had at least 75% of trials accepted per condition and the percentage 24 

of accepted trials did not differ significantly across conditions. Time-frequency analysis was 25 
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performed based on the wavelet kernels (Oostenveld et al., 2011), with Morlet wavelets as 1 

implemented in fieldtrip. For a good compromise between frequency and time resolution, a 2 

five-cycle wavelet was used. The time-frequency power spectrums were converted to a relative 3 

power measure or Event-Related Spectrum Perturbation (ERSP) with a power baseline of -200 4 

to 0ms. The ERSP is calculated by subtracting each time-frequency window by the mean of 5 

the baseline window and then dividing the difference by the mean of the baseline. The 6 

difference ERSP plots were used to determine which oscillation frequencies to compare across 7 

the two groups. Based on these difference ERSP plots, the figures suggest that the differences 8 

were mainly seen on the alpha band (frequencies 8-12 Hz). 9 

TFA was performed to determine which attentional processes are involved in the 10 

passive (ACC) and active (P300) listening onset responses. This analysis allows for the 11 

investigation of alpha- and beta-band activity, which may be indicative of selective attention 12 

and higher-level cognitive processing (Busch, Schadow, Fründ, & Herrmann, 2006) in 13 

addition to the evoked responses. Due to many electrode sites, a non-parametric, independent 14 

cluster-based permutation T-test was used to analyse the results of the time-frequency 15 

analysis between the two groups of speakers (Maris & Oostenveld, 2007). This method was 16 

used to explore potential patterns of neural synchronisation within different frequency bands 17 

across time for native vs. non-native speakers of lexical tone. 18 

Results 19 

Passive Onset and ACC responses  20 

Figure 3 shows onset and ACC response to T2 and T3 respectively from Fz in both groups 21 

(Martin & Boothroyd, 2000) (Fz and Cz sites have been reported by Martin & Boothroyd 22 

(1999) to have the largest ACC response). There were no latency and amplitude differences 23 

at Fz or Cz for the onset and ACC responses between the two groups. Figure 3 also shows 24 

that T2 elicited only the onset response and no ACC.  25 



14 
 

 
 

 1 

 2 

Figure 3 ERP group averaged waveforms at Fz for native Mandarin-Speakers (grey broken 3 

line) and English-speaker (black line) with shaded area indicating standard errors. Arrows 4 

indicate changes in the ERP time-locked to the stimuli (ACC) where P1-N1-P2 are the onset 5 

responses to T2 (Top) and T3 (Bottom). 6 

Global field power (GFP) analyses were conducted for both onset (response to the 7 

start of the sound) and ACC (change within the tone) responses for tones T2 and T3 (figure 8 

4). GFP analyses were calculated based on the ERP responses from the 25 channels. Larger 9 

GFP response suggests less distributed evoked responses and more localised effects. No 10 

significant differences were found across the two groups for either tone T2 [N1(100-130ms), t 11 

= -1.01, p = 0.366 & P2 (170-200ms), t = -1.61, p = 0.126] or T3 [P2 (170-200ms), t = -1.98, 12 

p = 0.065 & ACC(250-350ms), t = -0.97, p = 0.345]. 13 
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 1 

Figure 4. GFP group averaged waveforms for native Mandarin-Speakers (grey broken line) 2 

and English-speaker (black line) with shaded area indicating standard errors. 3 

Time-Frequency analyses (TFA) for Passive responses (ACC) did not reveal any 4 

significant differences in the synchronisation of neural oscillations between Mandarin- and 5 

English-listeners for either tone (Figure 5 - bottom row). This suggests that no differences in 6 

the use of attentional resources were found between native and non-native groups for lexical 7 

tone perception during passive listening.  8 
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 1 

Figure 5. Comparisons of event-related spectral perturbation (% change) between 2 

Mandarin-speaking (top row), English-speaking (middle row), the difference between 3 

Mandarin – English speaking (bottom row) listeners for the T2 (left column) and T3 (right 4 

column) for the passive responses. (The greyscale density shows whether there is an increase 5 

or decrease change of neural activities.) 6 

Active (P300) paradigm Onset responses 7 
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Figure 6 shows onset responses to T2 and T3 respectively from Fz in both groups. There were 1 

no differences for the onset responses between the two groups in this active paradigm for 2 

either tones.  3 

4 

 5 

Figure 6. ERP group averaged waveforms at Fz for native Mandarin-Speakers (grey broken 6 

line) and English-speaker (black line) with shaded area indicating standard errors. Arrows 7 

indicate changes in the ERP time-locked to the stimuli, P1-N1-P2 are the responses to the 8 

onset of the T2 (Top) and T3 (Bottom).  9 

GFP analyses for active paradigm (P300) responses included the onset responses, P1-10 

N1-P2 from only the standard stimuli [see Figure 7 for T2 and T3]. The 240-315ms time 11 

window (around the P300 latency) showed approaching significant difference across groups 12 

for both tones: for T2 [P3 (240-315), t =-1.47; p = 0.058] and T3 [P3 (240-315), t = -1.23; p 13 

= 0.061] – more broadly distributed responses for Mandarin-listeners compared to the 14 

English monolinguals.  15 
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 1 

 2 

Figure 7. GFP group averaged waveforms for native Mandarin-Speakers (grey broken line) 3 

and English-speaker (black line) with the shaded area indicating standard errors. 4 

TFA for active responses (P300) for the T2 showed a significantly higher alpha ERS 5 

for the Mandarin-listeners compared to the English monolinguals in the 100 – 180 ms time 6 

window (t =-2.24, p = 0.026) (Figure 8). However, T3 did not reach significance.  7 
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 1 

Figure 8.  Comparisons of event-related spectral perturbation (% change) between 2 

Mandarin-speaking (top row), English-speaking (middle row), the difference between 3 

Mandarin – English speaking (bottom row) listeners for the T2 (left column) and T3 (right 4 

column) for the active responses. 5 

Discussion 6 

The present study aimed to investigate two cortical responses, the passive ACC and 7 

active responses (P300), to native vs. non-native processing of lexical tones using the two 8 
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dynamic tones in Mandarin, T2 (rising) and T3 (dipping). Two cortical responses were 1 

measured in native Mandarin- and English-listeners, the passive (ACC) response elicited by 2 

pitch changes within the tone and the active (P300) response elicited by changes in tone 3 

category. The hypothesis was that, if the passive (ACC) and active (P300) responses are 4 

influenced by language experience then native Mandarin-listeners should show larger more 5 

targeted response to lexical tones compared to the non-native listeners (English) irrespective 6 

of the type of paradigm. 7 

Specifically, for the passive listening (ACC) task, we hypothesised that (H1) if the ACC 8 

is sensitive to language experience then Mandarin-speakers should have larger amplitude to 9 

onset and pitch changes occurring within each tone compared to English-speakers, and (H2) 10 

the latencies of the ACC response should differ between the two groups as Mandarin-speakers 11 

with more experience in processing lexical tones might show responses that are tightly time 12 

locked to acoustic changes compared to English monolinguals without such linguistic 13 

experience. For the active listening (P300) task, we hypothesised that (H3) the amplitude of 14 

the evoked responses to the Mandarin tones should be larger for Mandarin-speakers compared 15 

to English-speakers, i.e., native listener advantage. For TFA we hypothesised that (H4) ERS 16 

should be larger showing greater targeted attention for Mandarin-speakers in the alpha region 17 

compared to English-speakers. 18 

First, the passive (ACC) response results did not support H1 and H2, i.e., no 19 

differences in amplitude or latency were detected between native vs. non-native groups based 20 

on GFP. Also no differences were detected across the two groups on TFA analyses (H4 for 21 

ACC). While T2 did not elicit a passive ACC response in either group, T3 did elicit one, but 22 

this response did not differ across the two groups. T2 and T3 have distinct acoustic cues; 23 

where T2 only involves a gradual pitch change of 63Hz across a 348ms window (1Hz 24 

change/5.5ms, see Fig. 2a), T3 has multiple distinct acoustic changes within the syllable 25 
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including a significant period of creaky voice (irregular pitch period) from 78ms to 206ms in 1 

addition to changes in pitch from onset to offset (Fig., 2b). The transition into and out of 2 

creaky voice (irregular pitch) for T3 is a salient acoustic cue to both groups and are 3 

independent of language experience. This finding is in contrast to previous studies which 4 

used synthetic speech that did not contain creaky voice. Therefore, despite T3 having greater 5 

acoustic complexity (coordinating various acoustic cues), ACC responses are sensitive to 6 

changes between continuous pitch and irregular pitch periods in creaky voice regardless of 7 

language experience (elicited in both native & on-native listeners). These results suggest that 8 

the ACC, as a pre-attentive and early response to the acoustic features of speech, is not 9 

influenced by language experience. 10 

In contrast, the GFP analyses for attentive (P300) responses did show approaching 11 

significance across the groups for both T2 and T3. In the 240-315 milliseconds time window, 12 

English speakers showed a trend towards larger GFP relative to Mandarin speakers. Because 13 

GFP indicates the consistency of the signals recorded across the entire electrode array, these 14 

results suggest that the Mandarin-speakers may have a broadly distributed and more uniform 15 

response. This suggests that a more targeted study designed to test GFP analysis for attentive 16 

responses may be needed to detect any significant differences. 17 

The TFA analysis showed support for H4, i.e., significant group differences were 18 

found for T2, where alpha synchronisation was significantly higher for Mandarin-speakers 19 

while performing the attentive task. This suggests that the Mandarin-speakers are directing 20 

more focused attention to monitoring tonal changes than English-speakers. The lack of 21 

significant differences between groups for T3 may be explained again by the multiple 22 

acoustic changes which are also salient to English-speakers. Together these results suggest 23 

that monitoring the subtle and continuous changes in pitch within T2 requires native language 24 

experience. Therefore, while the active paradigm may be influenced by native language 25 
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experience it is not uniformly so across all speech stimuli, with greater effects shown in 1 

stimuli with more gradual changes then sudden changes in acoustic information.  2 

These results do not support past studies using passive ACC paradigms which have 3 

shown native language advantage in perceiving a range of synthetic pitch stimuli created from 4 

lexical tone (Krishnan, Gandour, Ananthakrishnan, & Vijayaraghavan, 2015; Krishnan, 5 

Gandour, Xu, & Suresh, 2017). Unlike these previous studies, the current study used real 6 

speech stimuli so listeners had access to the full range of acoustic signal naturally occurring in 7 

speech, which may explain the different results (but this warrants further investigation).  8 

On the other hand, these results do support studies using active listening P300 9 

paradigms showing native language advantage over non-native listeners (Chandrasekaran et 10 

al., 2007; Kaan, Barkley, Bao, & Wayland, 2008). Our study also goes beyond previous studies 11 

in showing that different responses are linked to the different ways native and non-native 12 

listeners directed their attention when monitoring tonal changes, i.e., targeted for native-13 

listeners vs. non-specific (easily captured by salient acoustic events) for non-native-listeners. 14 

Therefore, including the TFA analyses were critical in providing converging evidence across 15 

multiple paradigms. Importantly, using both evoked and induced analyses provided further 16 

evidence on the integration of sensory, perceptual, and cognitive processes while listening to 17 

speech, i.e., that focused active attention is required for engaging higher level language 18 

processes.  19 

Taken together these results suggest that while both the passive and active paradigms 20 

elicit acoustic evoked responses, the pre-attentive passive responses are not influenced by top-21 

down language experience, but the attentive responses are influenced by top-down processes. 22 

This is especially evident in Mandarin T2 where the tracking of subtle changes in pitch requires 23 

native language experience, suggesting that not all stimuli are equally sensitive in tapping 24 

language experience.  25 
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One limitation of this study is that the effect of acoustic salience, i.e., complexity 1 

(number of acoustic cue/changes) vs. novelty (distinctiveness of the stimuli from native 2 

speech sounds), on attention were not able to be teased apart. This is an important question 3 

for future studies to explore to better understand what captures attention in native vs. non-4 

native listeners and how this relates to native language processing. It is also unclear how a 5 

listener of another tone language, experienced with lexical tones, but not Mandarin tones, will 6 

perform in this task. Such studies are needed to tease apart the effect of general experience 7 

from specific language experience in speech perception and will provide more answers about 8 

the role of attention and other cognitive mechanisms on acoustic processing of speech.  9 

Conclusion 10 

This study showed that brain evoked responses in active listening paradigms are influenced 11 

by language experience. These results have important implications for speech processing and 12 

suggest that even at the acoustic level of speech processing, language experience already 13 

plays a role and may be the start of a cascade of divergent processes driven by language 14 

experience seen at higher levels of speech processing, i.e., phonemic, lexical, etc. Also, by 15 

gathering converging evidence using multichannel recordings (GFP) of evoked responses and 16 

TFA we may develop a more comprehensive understanding for the role of language 17 

experience on brain responses and avoid partial (incomprehensible) evidence from a single 18 

source of evidence. 19 

These results also suggest that the selection of speech stimuli might determine the 20 

strength of the response, with smaller responses from non-native speakers when using stimuli 21 

with gradual acoustic changes (like T2) but more native-like responses for stimuli with 22 

sudden or salient acoustic changes (like T3). This has relevant practical implications for 23 
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research and clinical practice where the clinical population may be non-native speakers of 1 

English.  2 

(5463 words)  3 
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