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A B S T R A C T   

Past research on how listeners weight stress cues such as pitch, duration and intensity has reported two 
inconsistent patternss: listeners’ weighting conforms to 1) their native language experience (e.g., language 
rhythmicity, lexical tone), and 2) a general “iambic-trochaic law” (ITL), favouring innate sound groupings in cue 
perception. This study aims to tease apart the above effects by investigating the weighting of pitch, duration and 
intensity cues in stress-timed (Australian English) and non-stress-timed and tonal (Taiwan Mandarin) language 
speaking adults using a mismatch negativity (MMN) multi-feature paradigm. Results show effects that can be 
explained by language-specific rhythmic influence, but only partially by the ITL. Moreover, these findings 
revealed cross-linguistic differences indexed by both MMN and late discriminative negativity (LDN) responses at 
cue and syllable position levels, and thus call for more sophisticated perspectives for existing cue-weighting 
models.   

1. Introduction 

Sensitivity to speech rhythm permits the segmentation of words from 
fluent speech. In English, the perception of speech rhythm largely relies 
on analysing auditory cues pertinent to lexical stress (Cutler & Norris, 
1988), including pitch, duration and intensity (Adams & Munro, 1978). 
Two theoretical frameworks have emerged regarding how these cues are 
weighted during stress perception. On the one hand, listeners are sen
sitive to and can segment speech based on the rhythmic properties of 
their native language(s) (e.g., stress- vs. syllable-timed) (Goyet, de 
Schonen, & Nazzi, 2010; Houston, Santelmann, & Jusczyk, 2004). On 
the other hand, listeners may also use what is considered a domain- 
general method – the iambic-trochaic law (ITL) – for sound grouping. 
The ITL refers to an innate tendency to group sounds that vary in pitch 
and intensity into trochaic (strong-weak grouping) patterns and sounds 
that vary in duration into an iambic (short-long grouping) pattern 
(Hayes, 1995; Nespor et al., 2008). To date, most comparative studies of 
these two frameworks have investigated languages with trichaic/iambic 
stress bias. For example, the prediction of language-specific influence 

and the ITL in terms of pitch and intensity grouping bias overlap but the 
prediction for duration bias differs for lanugages like English and 
German. However, there is a paucity of studies investigating these ef
fects in languages that are less conforming to the ITL, such as Mandarin, 
a tonal and syllable-timed language, where cues such as pitch and 
duration may highlight differences in ways that point to differences 
between language-specific influence and the ITL. The present study fo
cuses on evaluating these effects by assessing the neural acoustic cor
relates of English lexical stress cues among native speakers of English 
and Mandarin. In the following, we review experimental research on 
stress cue-weighting from perspectives of language-specific and the ITL, 
and then assess lexical stress cue-weighting by Mandarin and English 
speakers using a mismatch negativity (MMN) multi-feature paradigm. 

1.1. Language-specific influence on stress cue-weighting 

Researchers have proposed three main categories of speech rhyth
micity, characterised by the distinct unit of perceived isochronous 
recurrence: stress-, syllable-, or morae-timed languages (Abercrombie, 
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1964, 1967; Ladefoged & Johnson, 2014; Pike, 1945). Although 
contrastive stress placement (i.e., “PERmit” vs. “perMIT” in English) is 
common in stress-timed languages (Fry, 1958), native speakers of these 
languages show a trochaic bias in word segmentation relevant to stress 
patterns. For example, English speakers use a metrical segmentation 
strategy wherein disyllabic words are segmented faster and more reli
ably when the stress is at the initial syllable position (Cutler & Norris, 
1988), since words with initial stress appear about three times more 
frequently than words without initial stress in English (Cutler & Carter, 
1987). 

Another way stress is analysed is through the perceptual cue- 
weighting. Acoustically, stress is characterised by stronger pitch, dura
tion, and intensity measures (Adams & Munro, 1978). Some studies have 
attempted to map out the perceptual hierarchy of these cues using 
behavioural paradigms. Using a forced-choice auditory identification 
task, Chrabaszcz, Winn, Lin, and Idsardi (2014) found that English 
speakers weighted pitch (height) as the most important cue for accurate 
judgment of stress placement (in disyllabic non-words), followed by 
intensity and then duration. The findings did not fully match the hy
potheses derived from the literature, which state that pitch is the most 
important cue (e.g., Fry, 1958) but intensity is the least important (e.g., 
Mattys, 2000) for English speakers. Additionally, the assumption that all 
manipulated changes across cues are comparable ignores the role of cue 
salience (Ellis & Jones, 2009). It is difficult to gauge whether the iden
tification was based on language-specific reliance on a particular cue or 
its salience (how acoustically easy it is to perceive a sound). 

To gain a clearer view of cue-weighting and perceptual salience, 
studies have increasingly focused on neural paradigms, including 
measuring event-related potentials (ERPs) and, in particular, the 
mismatch negativity (MMN) response and the late discriminative 
negativity (LDN) response. The MMN response, with peaks around 
100–250 ms after the change onset in adults, has been extensively used 
to investigate auditory discrimination, although the precise neural 
function has been debated (see Fitzgerald & Todd, 2020 for a review). It 
is elicited by violations in the regular aspects of the auditory stimula
tion, and is larger when the difference between the standard and deviant 
is more marked (for a review, see Paavilainen, 2013; Fitzgerald & Todd, 
2020). Occasionally, MMN is followed by another component, LDN, 
around 300–600 ms after the change onset (e.g., Korpilahti, Krause, 
Holopainen, & Lang, 2001; Martynova, Kirjavainen, & Cheour, 2003). 
Although the functional significance of the LDN remains inconclusive, 
evidence suggests that it can be (1) language-specific (Korpilahti et al., 
2001; Yu, Shafer, & Sussman, 2017), (2) the establishment of more 
permanent internal representations of recurring regularities in the 
incoming auditory stream (Zachau et al., 2005), and/or (3) attention- 
related, representing involuntary reorienting of attention back to the 
main task following distraction (Escera, Alho, Schröger, & Winkler, 
2000; Shestakova, Huotilainen, Čeponien, & Cheour, 2003), or is a 
manifestation of attention to a recently presented stimulus, indicating 
surprising or difficult processing (Cheour, Korpilahti, Martynova, & 
Lang, 2001; Courchesne, 1977; 1978). 

In a study examining cue salience in a passive oddball paradigm, 
Zora, Schwarz, and Heldner (2015) recorded English-speaking adults’ 
MMN responses to changes in pitch and intensity for words and pseudo- 
words. Both pitch and intensity deviants elicited MMN responses, with 
larger amplitude in words than pseudo-words and with pitch eliciting 
larger MMN responses than intensity. In addition, this study found early 
and late responses after the change onset for real words, whereas only a 
late response was found for the pseudo-words, which indicates attention 
to changes but difficulty in processing according to the authors. It was 
concluded that, in terms of cue-weighting, intensity is an important 
prosodic cue for determining word stress and contributes to lexical ac
cess, even though it is not as salient as pitch. In another study, duration 
as a stress cue was manipulated in an attempt to elicit MMN responses to 
stress in both the speech and the music contexts in English-speaking 
adults (Peter, McArthur, & Thompson, 2012). Results showed that 

long-short but not short-long speech stimuli elicited MMN responses, 
which was interpreted as a stronger brain sensitivity to familiar stress 
patterns relative to listeners’ native language. LDN responses for both 
long-short and short-long stress patterns in music (but not speech) 
stimuli were observed, possibly due to higher processing cost in music 
than in language. Interestingly, although a number of studies found a 
novelty effect of LDN (e.g., Chen, Peter, Wijnen, Schnack, & Burnham, 
2018; Peter et al., 2012; Zora et al., 2015), there has also been inter
pretation of LDN as a language-specific familiarity effect. In a lexical 
tone study, English and Mandarin adults’ MMN responses to (Mandarin) 
distinct tone contour contrast (T3-T1) and less distinct tone contour 
contrast (T2-T3) was investigated in a multi-feature paradigm (Yu et al., 
2017). Results showed overall larger LDN in the native language 
(Mandarin) group than in the non-native language (English) group and 
larger LDN for the acoustically more distinct contrast than the less 
distinct contrast. 

While all listeners rely on cues such as pitch, duration and intensity 
to segment words, the cue-weighting mechanism of the target language 
is dependent on the rhythmic class, bias and acoustic attributes of pro
sodic contrasts of their native language(s) (Goyet et al., 2010; Houston 
et al., 2004; Jusczyk, Cutler, & Redanz, 1993). As most comparative 
studies (e.g., stress-timed vs. syllable-timed) in this field have been 
conducted with European languages, it is not well-understood how 
native speakers of tonal languages such as Mandarin weight English 
stress, due to a lack of research. Nevertheless, (Taiwan) Mandarin is an 
ideal candidate for stress cue-weighting due to its multifaceted nature. 
Firstly, Mandarin can be classified as a syllable-timed language by 
acoustic analysis (Mok, 2009), and there is no consistent claim that 
Mandarin has a iambic/trochaic bias at the word level (see Lavin, 2002). 
Secondly, it is a tonal language where pitch contour variations are lex
ical, but duration variations are not obvious (Qin, Chien, & Tremblay, 
2017). These mean that although Mandarin adults are sensitive to pitch 
cues, they may not be able to segment English speech efficiently because 
1) Mandarin speakers may not be familiar with the metrical segmenta
tion strategy and thus might not have a general trochaic bias like their 
English-speaking counterparts; 2) contrastive stress placement within a 
word in Mandarin is less common compared to English; and 3) they 
don’t assign all three cues of pitch, duration and intensity to stress. As a 
result, Mandarin speakers might exhibit diminished sensitivity to some 
of the stress cues or to stress in general. 

There has been behavioural and neural evidence that Mandarin 
speakers show poorer sensitivity to English stress cue-weighting 
compared to the native speakers of English. Using a behavioural 
forced-choice paradigm, Wang (2008) reported pitch as a decisive cue 
for stress perception in Mandarin learners of English when compared to 
English speakers who used all three cues in stress perception of English 
disyllabic non-words. The author suggested that Mandarin listeners are 
‘deaf’ to duration and intensity contrasts (Wang, 2008). This finding was 
also replicated in other studies using similar behavioural paradigms (Ou, 
2010; Vickie & Andruski, 2010). In Chrabaszcz et al. (2014), English 
speakers showed overall better stress discrimination signaled by 
segmental and suprasegmental cues, although both English speakers and 
Mandarin speakers weighted pitch (height) as the most important cue 
for accurate judgment of stress placement (in disyllabic non-words), 
followed by intensity and then duration. In a similar vein, Chung and 
Bidelman (2016) found that while both English and Mandarin adults can 
track stress for the non-word pair ‘‘nocTICity” and ‘‘NOCticity”, English 
adults had larger ERPs than Mandarin adults, indicating better tracking 
of intensity changes. 

In another behavioural study, however, Cantonese adults who were 
highly competent in English showed an advantage instead of a disad
vantage in stress processing compared to English adults (Tong, Lee, Lee, 
& Burnham, 2015). Specifically, Cantonese (a syllable-timed and tonal 
language) adults speaking English and Cantonese had marginally higher 
accuracy than did English adults when they were asked to decide the 
syllabic position of stress in a range of disyllabic non-words. 
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Nevertheless, it is not clear whether the first syllable and the second 
syllable of these non-words were equally probable when eliciting stress 
perception in these adults. Thus, more carefully controlled studies are 
needed in this area to discern any task-specific performances from lis
teners’ perceptual sensitivity. 

Taken together, Mandarin participants’ perception of English in both 
behavioural and neural paradigms has generally revealed diminished 
sensitivity to some of the stress cues, possibly due to their lower profi
ciency in English. Higher sensitivity to stress cues is possible when 
Mandarin participants also show high competency in English. However, 
these studies did not look into how their sensitivity to particular syllabic 
positions would compare to their English counterparts. Thus, it is still 
not clear whether Mandarin speaker also use the ITL. 

1.2. Iambic-trochaic law on stress cue-weighting 

While cross-language studies point to a language-specific influence 
on stress cue-weighting, the iambic-trochaic law (ITL) (Hayes, 1995) – a 
domain-general law of sound grouping – posits that sounds varying in 
pitch or intensity are grouped trochaically (or strong-weak pattern), and 
those varying in duration are grouped iambically (or weak-strong 
pattern) (see Crowhurst, 2020 for a review). There has been evidence 
for this perceptual grouping pattern not only in human, but also non- 
human species (Cook, Rouse, Wilson, & Reichmuth, 2013; Fitch, 2012; 
Gámez et al., 2018; Hasegawa, Okanoya, Hasegawa, & Seki, 2011; Patel, 
Iversen, Bregman, & Schulz, 2009; Schachner, Brady, Pepperberg, & 
Hauser, 2009). In human studies, there has been evidence for this in 
cross-modal studies (e.g., Peña, Mehler, & Nespor, 2011), and in audi
tory studies using non-speech (Bolton, 1894; Iversen, Patel, & Ohgushi, 
2008; Jeon & Arvaniti, 2016; Kusumoto & Moreton, 1997; Woodrow, 
1909, 1951) and speech stimuli (Bhatara, Boll-Avetisyan, Unger, Nazzi, 
& Höhle, 2013; Bion, Benavides-Varela, & Nespor, 2011; Crowhurst, 
2016; Crowhurst & Olivares, 2014; Hay & Diehl, 2007; Nespor et al., 
2008). For example, Hay and Diehl (2007) tested rhythmic grouping in 
native listeners of French and English using both speech and non-speech 
stimuli. In both cases, French and English listeners grouped intensity- 
varied sequences as trochees and duration-varied sequences as iambs. 
Similar findings have been replicated among Italian speakers for pitch 
and duration (Bion et al., 2011). Italian adults were better at remem
bering pairs of syllables that had prominence signaled by pitch in the 
first syllable, whereas they were better at remembering pairs of syllables 
with prominence signaled by duration in the second syllable. Recall that 
in Peter et al. (2012), English speakers showed larger MMN responses to 
long-short compared to short-long patterns, which was interpreted as a 
familiarity effect of MMN reflecting a trochaic bias for duration cues. 
Likely, such responses are instead effects from the ITL if the MMN was 
interpreted as a novelty effect. Thus, while the grouping bias for dura
tion cues in stress-timed language speakers may differentiate language- 
specific influence from the ITL, it may be subject to interpretation if 
control conditions (pitch and intensity conditions where predictions of 
language specific influence and the ITL align) are not included. 

Although the ITL has been replicated in various studies, the 
language-specific influence seems to influence results in studies using 
paradigms designed to test ITL. For example, Iversen et al. (2008; see 
also Kusumoto & Moreton, 1997) tested the ITL by assessing English and 
Japanese adults’ grouping of streams of complex tones where every 
second tone varied in either intensity or duration. Although English 
listeners showed higher accuracy for an iambic grouping of duration 
cues, Japanese listeners showed less consistent grouping patterns for 
duration cues, with a bias toward a trochaic grouping. Similarly, in 
Bhatara et al. (2013), the language-specific influence of French was 
found in addition to the ITL, when both French and German adults were 
required to group sequences of continuous sequences of segmentally 
varying coarticulated syllables alternating in intensity, duration or 
neither. Both French and German speakers showed grouping preferences 
as predicted by the ITL such that sequences with intensity variation were 

judged to be trochaic and sequences with duration variation were 
judged to be iambic above chance level. However, French participants 
showed this effect less consistently and needed stronger acoustic con
trasts (i.e., larger differences between syllables in intensity and dura
tion) than German speakers. 

1.3. The present study 

The mechanisms underlying the perceptual weighting of pitch, in
tensity and duration cues in speech are not yet fully understood: most 
studies that have examined the ITL have found some language-specific 
effects, and studies that looked specifically into native vs. non-native 
language processing yielded inconsistent findings and did not take 
general sound processing mechanisms (such as the ITL) into consider
ation. Moreover, a confound between the domain-specific and domain- 
general accounts of stress cue-weighting still exists: as the language- 
specific influence for stress-timed language speakers is based off 
trochaic grouping, it can be argued as just a part of the ITL. So is iambic 
grouping with a syllable-timed language – French. To differentiate the 
language-specific influence from the ITL, the language spoken by the 
participants should have features that are less conforming to the ITL in 
theory, such as Mandarin. The present study investigateed language- 
specific influence and the ITL in English and Mandarin adults, assess
ing their weighting of the stress cues of pitch, intensity and duration. We 
adopted an MMN paradigm, with /dede/ as the standard sound for the 
paradigm. Deviants were created by manipulating pitch, duration or 
intensity at either the first or the second syllable of the disyllabic non- 
word. The deviants with (incremental) changes at the first syllable 
were considered as stress-initial, or trochaic, and the ones with (incre
mental) changes at the second syllable were considered stress-final, or 
iambic. 

We used the MMN multi-feature paradigm as used by multiple 
studies with adults (Honbolygó, Kolozsvári, & Csépe, 2017; Partanen, 
Vainio, Kujala, & Huotilainen, 2011; Sorokin, Alku, & Kujala, 2010). 
The multi-feature paradigm was firstly proposed in Näätänen, Pakar
inen, Rinne, and Takegata (2004) to optimize the traditional oddball 
paradigm, such that multiple deviants (i.e., unfamiliar or non-repeated 
sounds) could be incorporated in one EEG recording session, 
compared to the traditional oddball paradigm where only one deviant is 
included. Results recorded from the multi-feature paradigm were similar 
to those recorded in the traditional oddball paradigm (Pakarinen et al., 
2009). In addition to replicating previous results about English adults, 
this study anticipated both effects of language-specific and the ITL ef
fects in Mandarin adults. We expected discrimination effects either as a 
novelty effect, indexed by a larger MMN to non-native linguistic features 
compared to native features (e.g., Honbolygó & Csépe, 2013), or as a 
familiarity effect (Peter et al., 2012), indexed by a larger MMN to native 
linguistic features compared to non-native features. In terms of the LDN 
responses, the present study also expected either a novelty effect (Chen 
et al., 2018; Peter et al., 2012; a marker of language-related processing 
difficulty) or a language specific familiarity effect (Yu et al., 2017). 
Specifically,  

(1) If the participants’ stress cue-weighting was predicted by 
language-specific influence, English adults would show a trochaic 
grouping preference. Mandarin adults, speaking a syllable-timed 
language without obvious stress, should have no iambic/trochaic 
bias across the syllable positions for each of the three cues.  

(2) If participants’ stress cue-weighting was predicted by the ITL, 
both English adults and Mandarin adults would exhibit a trochaic 
grouping preference for pitch and intensity cues but an iambic 
grouping preference for duration cues.  

(3) In terms of the perceptual hierarchy, English adults may weight 
pitch as the most important cue of the three cues and intensity the 
least important, whereas Mandarin adults would weight pitch 
cues as the most important and duration the least important. 
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2. Methods 

2.1. Participants 

The current sample consisted of 20 Mandarin adult listeners (age 
range: 19–35 years; mean = 21.5; 10 females) recruited at National 
Taiwan University and 18 Australian English listeners (age range: 21–32 
years, mean = 24.3; 7 females) recruited at Western Sydney University. 
Informed consent was obtained from all participants. The sample size of 
the present study is comparable to those in Partanen et al. (2011) and 
Pakarinen et al. (2009), where multiple cue-weighting data from 14 to 
15 participants were collected in a multi-feature paradigm. Addition
ally, power analysis showed that a minimum of 14 participants per 
language group would be sufficient for a small-to-median effect (f =
0.25) (Faul, Erdfelder, Lang, & Buchner, 2007). Participants reported 
normal hearing and normal or corrected-to-normal vision. According to 
the Language Experience and Proficiency Questionnaire (LEAP-Q) 
(Marian, Blumenfeld, & Kaushanskaya, 2007) completed, all Mandarin 
adults had L2 English classes in standard school education (year7-year 
12), did not speak English in their daily life, and had never lived in an 
English-speaking country at the time of testing. While their main lan
guage exposure was Mandarin, some of these adults were also exposed to 
a spoken Chinese dialect (Southern Min = 5). Their exposure to the 
dialect(s) ranged from zero to 30% as measured by the LEAP-Q. All 
English adult participants were monolingual, although some (N = 2) of 
their parents also speak a language in addition to English (Egyptian). 
None of the participants was musicians or reported receiving con
sistent/formal music training. This research project was approved by the 
ethics committee for human research at Western Sydney University 
(Approval number: H13161). 

2.2. Stimuli 

To ensure that there would be no lexicality effect in the MMN 
paradigm (e.g., Shtyrov & Pulvermüller, 2002), we selected a stimulus 
that was not a word in either English or Mandarin. A syllable /de/ (180 
ms; 65 dB; 190 Hz) with a neutral pitch contour was produced by a 
monolingual Australian English female speaker and recorded using 
Adobe Audition in a sound-proof booth in MARCS Institute Phonetics 
Lab. The syllable was then concatenated to form a bisyllabic non-word 
(in both English and Mandarin) /dede/ with 20 ms silence gap be
tween the syllables (to ensure the naturalness of the stimuli). This 
allowed us to control the acoustic features between the first and the 
second syllable. The disyllabic non-word with an intensity of 65 dB, F0 
at 190 Hz, and a duration of 380 ms served as the ‘standard’ stimulus in 
the MMN paradigm. Stress deviants were manipulated in Praat software 
(Boersma & Weenink, 2013) with pitch, intensity and duration changes 
at either the initial or final syllable position (see Table 1). Specifically, 
pitch and intensity incremental changes were on the whole syllable, but 
duration incremental changes are made on the vowel only. Please note 
that, as this study is carried out together with a mirrored study collecting 
data from infants aged 7–8 months and 10–11 months, these magnitudes 
of acoustic change were determined by English monolingual infants’ 
threshold of sound change perception in a behavioural paradigm. The 
manipulated syllable is either 10% higher in fundamental frequency 
(from results of a pilot study to determine the discriminatory threshold 

of pitch changes in infants), 6 dB louder, or 33% longer than the un
manipulated syllable (Bull, Eilers, & Oller, 1984). 

2.3. Procedure 

An MMN multi-feature paradigm was employed. During the experi
mental session, the standard sounds alternated with each of the six 
randomized deviants (in the oddball block). The standard/deviant 
probability ratio was 50/50 (Näätänen et al., 2004). A control block 
consisting of six sub-blocks was also included, with each sub-block 
repeating one of the six deviants for 100 trials and the order presenta
tion of the six sub-blocks randomised. There were 1800 stimuli in total, 
with 600 deviants for the control block, 600 standards and 600 deviants 
for the oddball block. The stimuli were presented with an inter-stimulus 
interval of 500 ms at a constant intensity of 65 dB SPL. The total dura
tion of the experiment was 30 min. 

Participants were seated in a sound-attenuated room ~ 0.5 m from a 
Genelec 8010A speaker where the sound stimuli were played. While 
listening to the stimuli presented through Presentation software 
(Version 21.0; Neurobehavioral Systems, Inc.), participants were fitted 
with a 32-channel EEG cap (ActiCAP Slim, Brain Products) attached 
with gel and electrodes. The continuous EEG signal was recorded at a 
sampling rate of 500 Hz with the reference electrode at FCz. Electrode 
impedances were kept below 50 kΩ at the start of the recording. Par
ticipants’ EEG was recorded using LiveAmp amplifier and BrainVision 
Recorder. To maintain engagement during the study, a movie was 
played silently on a screen next to the speaker with subtitles in their 
native language. Importantly, thanks to the portability of the LiveAmp 
system (Brain Products), the same experimental equipment and pro
cedures were adhered to by the same research personnel across the 
Sydney and Taipei Labs. 

2.4. EEG pre-processing 

The EEG was analysed using Fieldtrip Toolbox (Oostenveld, Fries, 
Maris, & Schoffelen, 2011) in MATLAB 2019a. The continuous EEG was 
firstly band-pass filtered between 0.1 and 30 Hz using a windowed sync 
finite impulse response filter and then divided into epochs between 
− 100 and 800 ms relative to sound onsets. Epochs were then baseline 
corrected between − 100 and 0 ms. The EEG was then subjected to In
dependent Component Analysis. Components with stereotypical fea
tures of eye blinks and eye movements were removed from the EEG. The 
EEG signal was then re-referenced to the average of the mastoids. Trials 
exceeding ± 100 μV were removed and then averaged separately for 
deviant and control to obtain the event-related potential (ERP) waves. 
Difference waves were computed by subtracting the ERP for the control 
stimulus (instead of the standard stimulus) from the deviant stimulus. In 
this way, ERPs to physically identical stimuli were compared for the 
calculation of MMN responses, as it reflects the brain response to a 
change as opposed to ERP effects due to physical differences between 
standard and deviant (Jacobsen & Schröger, 2003; Peter, McArthur, & 
Thompson, 2010). Individual ERP waves were averaged to create grand- 
averaged ERPs. 

The presence of an MMN/LDN response (by comparing the ampli
tude of the difference wave to zero) was tested using nonparametric 
cluster-based permutation statistics (Maris & Oostenveld, 2007). First, a 
series of t-tests were computed at each electrode and each time point, 
comparing the deviant and control waveforms. From this, clusters were 
formed by combining the sampling points where a significant effect was 
obtained (p <.05, two-tailed) based on temporal and spatial adjacency 
and polarity of the effect. Cluster-level statistics were then calculated by 
adding together all the t values within the cluster. To control for Type I 
errors, a permutation approach was used where the condition labels 
were randomly swapped, and the t-tests were repeated 2000 times to 
generate a data-driven null hypothesis distribution. The cluster-level 
statistics from the first step were considered significant if it fell in the 

Table 1 
Manipulation of Deviants. [~dede]: pitch deviant at syllable 2, [de ~ de]: pitch 
deviant at syllable 2; [de:de]: duration deviant at syllable 1, [dede:]: duration 
deviant at syllable 2; [’dede]: intensity deviant at syllable 1; [de’de]: intensity 
deviant at syllable 2.   

Pitch Duration Intensity 

Stress on syllable 1 [~dede] [de:de] [’dede] 
Stress on syllable 2 [de ~ de] [dede:] [de’de]  
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top 2.5 or bottom 2.5 percentile of the distribution. 

2.5. Statistical analyses of amplitudes across cue and syllable positions 

To facilitate maximum experimental validity for cross-linguistic 
comparison, EEG data were collected using the same experimental 
equipment and procedures by the same research personnel across labs. 
English and Mandarin adults’ sensitivity to each cue across the syllable 
positions was measured by calculating the MMN and LDN amplitude 
values for each condition for the same analysis window for all speakers, 
and from five electrodes in the frontocentral region (Fz, FC1, Cz, FC2 
and FCz), as MMN is usually seen at fronto-central electrodes (Näätänen, 
Paavilainen, Rinne, & Alho, 2007; Peter et al., 2010). This is conducted 
by averaging the amplitude in a 40 ms time window centred around the 
most negative peak within the significant time window. For the condi
tions that showed no significant MMN or LDN responses, we used the 
time windows that were comparable across the language groups. For 
example, there were significant MMN responses for D1 for English adults 
but a lack of significant MMN responses for D1 for Mandarin adults. In 
this case, D1 amplitude for Mandarin adults was calculated based on the 
same time window (40 ms around the most negative peak) for English 
adults for D1. 

3. Results 

3.1. Statistical analyses of the ERP components 

The deviant-control difference waves for each cue for the two lan
guage groups are shown in Figs. 1 and 2. The difference waves showed 
negative peaks between 0 and 600 ms for cue position at the first syllable 
and between 200 and 700 ms for cue position at the second syllable for 
both language groups. Cluster-based permutation tests were then per
formed to confirm significant ERP components in the corresponding 

time windows. Significant time windows are shown in Table 2 and are 
also marked in the corresponding conditions in the deviant-control 
waves in Fig. 1, accompanied by topography graphs at the peaks. 
Essentially, a number of significant time windows were identified as the 
MMN, as the negative clusters fits the expected time range and peaks 
around 100–250 ms after the deviance onset. The LDN time windows 
were determined as the negative clusters peak around 300–450 ms after 
change onset. Moreover, the topographical locations of these effects are 
fronto-central, where MMN and LDN responses are expected. 

We first analysed the MMN amplitudes through a 2 × 3 × 2 ANOVA 
with language group as a between-subject variable and cue (3) and 
syllable positions (2) as within-subject variables. There was no signifi
cant main effect of language group for MMN amplitudes, F(1,36) = 1.71, 
p =.20; η2

p = .05, indicating that, overall, English adults had similar 
MMN responses to all cues and syllable positions compared to Mandarin 
adults. However, there was a significant main effect of cue, F(2,72) =
13.37, p <.001; η2

p = .27, and an interaction between language group 
and cue, F(2,72) = 3.64, p =.03, η2

p = .09. Table 3 demonstrates the 
MMN mean and SD for each cue for two language groups respectively. 
For English adults, a more prominent MMN was elicited for intensity cue 
compared to duration cue, p′ = .03, while the MMN amplitudes for pitch 
and duration were similar, p′ = .45. So were amplitudes for pitch and 
intensity, p′ = .93. For Mandarin adults, MMN amplitudes were more 
prominent for pitch compared to duration, p’ <.001, more prominent for 
intensity compared to duration. In comparison, MMN amplitudes for 
pitch and intensity were similar, p′ = .003. Moreover, English adults 
exhibited similar responses compared to Mandarin adults when 
perceiving pitch (p′ = .56) and intensity cues (p′ = .11), but had more 
prominent MMN responses compared to Mandarin adults when 
perceiving duration cues (p′ = .01). Thus, while English adults had the 
most prominent MMN for intensity cue, Mandarin adults had the most 
prominent MMN for pitch cue. Whereas both groups had similar MMN 
responses to pitch and intensity cues, English adults exhibited larger 

Fig. 1. MMN and LDN waveforms and scalp topography with highlighted significant time windows in English speaking adults, and boxplots of MMN and LDN peak 
amplitude comparison between stress on Syllable 1 and stress on Syllable 2 in English speaking adults. Significant time windows of MMN1, MMN2, LDN1 and LDN2 
are respectively highlighted in Red, Blue, Magenta and Green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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MMN responses to duration cues compared to Mandarin adults. 
We also found a significant main effect of syllable position, F(1,36) 

= 21.40, p <.001; η2
p = .37, as well as an interaction between cue and 

syllable position F(2,36) = 5.18, p =.01; η2
p = .12. Pairwise comparisons 

were performed to examine the cue and syllable position interaction, 
with Bonferroni adjustment. The MMN amplitudes across syllable po
sitions were significantly different for pitch and intensity cues, with a 
larger MMN response for P2 compared to P1, p′ < .001, and a larger 

MMN response for I2 compared to I1, p′ =.03. In contrast, D1 and D2 
values were statistically similar, p′ = .42. Table 4 presents the mean and 
SD of the MMN amplitude across cue and syllabic position in 
participants. 

To interpret English adults’ and Mandarin adults’ sensitivity to 
language-specific influence and ITL based on our priori hypotheses, we 
calculated their MMN amplitudes to each condition. Pairwise compari
son comparing amplitudes for syllable 1 and syllable 2 for each cue with 
Bonferroni score adjustment revealed that, for English adults, MMN 
responses were larger in amplitude for Syllable 2 compared to Syllable 1 
for pitch (p′ = .01), larger in amplitude for syllable 2 compared to syl
lable 1 for intensity changes (p′ = .046), but were similar in amplitude 
for Syllable 1 and Syllable 2 for duration changes (p′ = .97). For Man
darin adults, the MMN responses were larger for Syllable 2 compared to 
Syllable 1 for pitch changes (p’ <.001), but were similar in amplitude for 
Syllable 1 and Syllable 2 for intensity (p’ =.27) and similar in amplitude 
for Syllable 1 and Syllable 2 duration changes. Table 5 shows the mean 
and SD for each syllable position and cue within each language group. 

As only pitch and duration cues at the first syllable elicited LDN re
sponses for both language groups, we conducted analyses with these 
responses for cues at those positions for the two language groups. A 2 ×
3 ANOVA with language group as between-subject variable and cue (3) 
as within-subjects did not show main effects of language group, F(1,36) 
= .04, p =.85; η2

p = .001, or cue F(1,36) = .72, p =.60; η2
p = .008. No 

interaction was found between language group and cue, F(1,36) = .47, p 
=.50; η2

p = .01. This indicates that, overall, English adults showed no 
statistical difference in their LDN responses compared to Mandarin 
adults. 

Fig. 2. MMN and LDN waveforms and scalp topography with highlighted significant time windows in Mandarin-speaking adults, and boxplots of MMN and LDN peak 
amplitude comparison between stress on Syllable 1 and stress on Syllable 2 in Mandarin-speaking adults. Significant time windows of MMN1, MMN2, LDN1 and 
LDN2 are respectively highlighted in Red, Blue, Magenta and Green. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Table 2 
Significant ERP time window for pitch (P), Duration (D) and Intensity (I) in first 
(1) and second (2) syllable positions for English and Mandarin native speakers.   

Stress on Syllable 1 Stress on Syllable 2  

MMN1 LDN1 MMN2 LDN2  

P1: 160–240 
ms 

P1: 460–500 
ms 

P2: 346–438 
ms 

P2: N/A 

English D1: 216–336 
ms 

D1: 394–584 
ms 

D2: 322–540 
ms 

D2: N/A  

I1: 132–222 
ms 

I1: N/A I2: 320–404 
ms 

I2: N/A  

P1: 166–254 
ms 

P1: 358–540 
ms 

P2 340–432 
ms 

P2: 504–664 
ms 

Mandarin D1: N/A D1: 424–506 
ms 

D2: 390–468 
ms 

D2: N/A  

I1: 158–240 
ms 

P1: N/A I2: 332–402 
ms 

I2: N/A  

Table 3 
Perceptual hierarchy of cue in English and Mandarin adults indexed by MMN 
amplitude mean and SD.   

English adults Mandarin adults 

Pitch − 2.19(.43) − 2.54(.34) 
Duration − 1.59 (.21) − 0.58 (.23) 
Intensity − 2.61(.39) − 1.82(.34)  

Table 4 
Overall syllabic bias in participants indexed by mean MMN amplitudes.   

Stress on Syllable 1 Stress on Syllable 2 

Pitch − 1.49(.28) − 3.25(.40) 
Duration − 1.8(.32) − 2.62(.28) 
Intensity - .96(.27) − 1.22(.24)  
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4. Discussion 

To investigate the effects of language-specific influence and the ITL 
on stress cue-weighting, this experiment examined English and Man
darin speakers’ neural responses to pitch, duration and intensity changes 
at first and second syllable positions in a multi-feature paradigm. In 
terms of perceptual hierarchy, English adults showed the strongest 
neural encoding for intensity cues, followed by pitch and duration 
whereas Mandarin adults showed the strongest neural encoding for 
pitch, followed by intensity and duration, indexed by the MMN ampli
tudes. In terms of syllabic bias, results point to the language-specific 
influence of English in English adults but language-specific influence 
from both English and Mandarin in Mandarin adults. These effects are 
indexed by novelty effects of the MMN (Honbolygó & Csépe, 2013) and 
familiarity effects of LDN components (Yu et al., 2017). 

4.1. Cross-linguistic comparison in cue-weighting 

Our results revealed that overall, English and Mandarin adults had 
similar perceptual responses in our cue-weighting paradigm, including 
larger MMN amplitudes to the second syllable position for pitch cues 
(P1 < P2), and similar MMN amplitudes across the two syllable positions 
for duration (D1 = D2). The LDN amplitudes were also similar across the 
two language groups. However, cross-linguistic differences in the MMN 
and LDN amplitudes were also observed. For the MMN responses, results 
have demonstrated differing cue-weighting patterns across the language 
groups. While English adults were most sensitive to intensity cues and 
least sensitive to duration cues, Mandarin speakers were most sensitive 
to pitch cues and least to duration cues. In previous behavioural studies, 
it has been reported that Mandarin adults primarily use pitch cues in 
stress perception (Chrabaszcz et al., 2014; Ou, 2010; Vickie & Andruski, 
2010; Wang, 2008). Mandarin adults’ perceptual hierarchy found in this 
experiment thus aligns with cue-weighting patterns in behavioural 
studies. However, results for the English adults did not match cue- 
weighting studies in Chrabaszcz et al. (2014) where pitch was found 
to be the most important cue for English speakers, or Mattys (2000) 
where intensity was found to be the least important cue. This discrep
ancy of perceptual hierarchy from previous studies may be caused by 
differences in specific acoustic parameters of the cues used across 
studies (e.g., using a pitch deviant with a smaller pitch incremental 
change). Thus, future studies should take into account the acoustic pa
rameters of the individual cues. 

Moreover, English speakers showed a larger MMN response to 
duration changes than did Mandarin adults, pointing to enhanced 
sensitivity to stress signaled by duration cues in English adults compared 
to Mandarin adults. English adults also differed from Mandarin adults in 
their sensitivity specifically to D1 in that a significant MMN response to 
D1 was found in English adults only. This speaks to previous studies 
suggesting stress-timed languages such as English have a larger syllable 
durational variability compared to syllable-timed languages (Grabe & 
Low, 2002; Ramus, Nespor, & Mehler, 1999). It is thus possible that 
higher durational variability in a language leads to a better neural 
encoding of durational changes in native speakers of this language. For 
intensity cues, English adults showed a larger MMN amplitude to the 
second syllable position compared to the first syllable position (I1 < I2), 

whereas Mandarin adults showed similar amplitudes to intensity cues 
across the two syllable positions (I1 = I2). These met our hypotheses that 
English adults show trochaic bias in line with the language-specific in
fluence of English and the ITL whereas Mandarin show no bias in line 
with the language-specific influence of Mandarin. In terms of the LDN 
results, English adults had a significant LDN only to the P1 and D1 po
sitions whereas Mandarin adults had significant LDN responses to P1, P2 
and D1. Based on previous findings that pitch cues are the cues that 
Mandarin speakers rely upon the most (Ou, 2010; Vickie & Andruski, 
2010; Wang, 2008), the LDN results for pitch do not seem to represent 
difficulty in processing. Similarly, it is very unlikely that English adults 
would experience difficulty perceiving P1 and D1 cues, as the initial 
syllable position should be the most salient according to the metrical 
stress strategy (Cutler & Norris, 1988). Thus, we argue that the LDN 
results reflect a language-specific familiarity effect (Yu et al., 2017) 
and/or the establishment of more permanent internal representations of 
recurring regularities in the incoming auditory stream (Zachau et al., 
2005). Both of these possibilities point to enhanced sensitivity at the 
syllable positions with significant LDN amplitudes. In this case, our re
sults are in line with the language-specific effect, as Mandarin adults 
were attentive to pitch cues at both the first and second syllable posi
tions whereas English adults were attentive to pitch change at the first 
syllable position only. In terms of perceptual hierarchy, however, the 
LDN results point to more important language-specific effects of pitch 
and duration cues compared to intensity in both language groups, which 
does not match the MMN results in terms of intensity and duration. More 
research is thus needed to understand the MMN and LDN responses of 
intensity and duration cue-weighting. Below, we discuss the MMN and 
LDN effects by syllabic bias for each cue within each language group. 

4.2. MMN and LDN within the English group 

For pitch cues, significant MMN responses were elicited for both 
syllable positions, with amplitudes larger in P2 compared to P1. In 
comparison, significant LDN responses were only seen for the first syl
lable position. As we interprete the MMN response as a novelty effect 
and our LDN responses as a language-specific familiarity effect (Yu et al., 
2017) and/or the establishment of more permanent internal represen
tations of recurring regularities in the incoming auditory stream (Zachau 
et al., 2005), results from both the MMN and LDN responses are in line 
with the trochaic bias/the ITL for pitch perception. 

For duration cues, significant but similar MMN amplitudes were 
found across the syllable positions, whereas significant LDN responses 
were only present for stress at the first syllable position. While similar 
MMN amplitudes across the two syllable positions do not conform to 
trochaic/iambic bias previously found in the literature, the LDN results 
with significant responses at D1 represent a familiarity effect, thus point 
more towards a trochaic bias, in line only with the metrical segmenta
tion strategy/language-specific influence. However, the MMN finding 
here is surprising, as Peter et al. (2012) found larger MMN amplitudes in 
long-short compared to short-long stress patterns in (Australian) English 
speakers, in both speech and music stimuli, consistent with the ITL 
predictions. Their study manipulated a disyllabic non-word (/dada/), 
and the longer syllable is also around 30% longer than the control syl
lable, similar to the current study. It is then safe to exclude the possi
bility that the results difference was due to cue salience. Nevertheless, 
Peter et al. (2012) differs from our study in that only a duration cue was 
investigated, and the authors used a design where a number of standards 
varying in length were used. It is thus possible that the ITL is more easily 
elicited in an MMN paradigm for duration cues when no other cues are 
present. 

For intensity cues, significant MMN responses were found with a 
trochaic pattern but no such significant LDN responses were found in 
English adults. This perceptual pattern supports both the metrical seg
mentation strategy/language-specific influence and the ITL. As to why 
there is an absence of LDN responses for intensity but not for pitch and 

Table 5 
English and Mandarin adults’ mean MMN amplitude to each syllable/cue 
condition.   

English adults Mandarin adults  

Stress on 
Syllable 1 

Stress on 
Syllable 2 

Stress on 
Syllable 1 

Stress on 
Syllable 2 

Pitch − 1.33(.37) − 3.06(.49) − 1.65(.41) − 3.44(.62) 
Duration − 1.6(.33) − 1.58(.32) − 0.31(.31) − 0.85(.35) 
Intensity − 2.06(.51) − 3.16(.51) − 1.54(.41) − 2.09(.37)  
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duration cues, it could be that perceptual priority is given to pitch and 
durations cues, as intensity cues are relied upon the least for stress 
perception (Mattys, 2000). 

Taken together, adult English speakers exhibited a trochaic percep
tual bias for pitch (seen in the MMN and LDN results) and intensity cues 
(seen in the MMN results) and can perceive duration trochaically (such 
as seen in the LDN results) or wholly without trochaic/iambic bias (as 
seen in the MMN results). While replicating previous studies investi
gating English-learning/speaking populations which have found a 
trochaic bias both in line with the native stress perception (e.g., Cutler & 
Norris, 1988) and the ITL in behavioural and MMN paradigms (Bhatara 
et al., 2013; Crowhurst, 2016; Crowhurst & Olivares, 2014; Hay & Diehl, 
2007; Peter et al., 2012), our findings seem to be more in line with the 
account of language-specific influence. Moreover, our results reveal a 
more sophisticated pattern in perceptual sensitivity to these cues gained 
from interpreting results in neural responses, i.e., the MMN and LDN 
responses. 

4.3. MMN and LDN within the Mandarin group 

Similar to English-speaking adults, Mandarin adults showed signifi
cant MMN responses for pitch cues at both syllable positions, with larger 
amplitudes for the second syllable position compared to the first syllable 
position. Comparatively, significant but similar LDN amplitudes were 
found for the pitch cues (i.e., no difference between P1 and P2). The 
MMN responses could be interpreted as a trochaic bias from the effects 
of the ITL, whereas the LDN responses seem to point to a lack of syllabic 
bias in line with the language specific influence of Mandarin. Another 
possibility is that the trochaic bias from MMN responses comes from the 
language-specific influence of English, as the trochaic perception 
indexed by the MMN results was in line with the metrical segmentation 
strategy. This is not surprising, as for our sample of Mandarin-speaking 
adults, English was taught in school at least from year seven to year 12, 
which is typical in the Taiwan education system. Although L2 English 
adults were previously reported to have difficulty in English stress 
perception and production, there is also evidence that the experience in 
English does improve stress perception. For example, L2 learners’ self- 
reported daily use of English was found to be a significant predictor of 
their successful perception of stress (Tremblay, 2009). 

Secondly for duration perception, significant MMN responses were 
only found at the second syllable position, whereas significant LDN re
sponses were only seen at the first syllable position. This indicates that 
there might be unreliable perception of D1, as previous behavioural 
studies also reported reliance of pitch but not duration cue in the 
perception of lexical stress (Ou, 2010; Vickie & Andruski, 2010; Wang, 
2008). Nevertheless, Mandarin adults might still be able to establish a 
new memory trace after being exposed to stress signaled by a duration 
change at this syllable position. This result is similar to Zora et al. (2015) 
where late responses were reported to pseudowords, which might be the 
LDN responses. Furthermore, both MMN and LDN responses seem to 
point to a trochaic bias for duration cues, which was not predicted by 
our hypotheses of the language-specific influence of Mandarin or the 
ITL. Similar to our speculation of the trochaic bias found in the pitch 
cue-weighting in Mandarin adults, this trochaic bias for duration cues 
may indicate second language influence from English. As our study did 
not foresee this L2 effect, we are not able to ascertain the effects of L2 in 
cue-weighting. Future studies are thus needed to understand the effects 
of L2 in cue-weighting. 

For intensity cues, significant but similar MMN amplitudes were 
found in Mandarin adults. This means Mandarin-speaking adults were 
able to perceive stress signaled by intensity alone, and they exhibited 
similar sensitivity across the two syllable positions. This was predicted 
by our hypothesis in line with the language-specific influence, as 
(Taiwan) Mandarin is a syllable-timed language with no obvious iam
bic/trochaic syllabic bias (Qin et al., 2017). Similar to their English 
counterparts, no LDN was found for intensity cues in Mandarin-speaking 

adults, indicating that the intensity cue was less essential in some way 
compared to pitch and duration cues (which exhibited LDN responses) in 
stress perception for them, possibly because intensity is not a lexical cue 
in Mandarin. 

Taken together, adult Mandarin speakers showed language-specific 
influence from both English and Mandarin. They can perceive pitch 
trochaically (seen in the smaller MMN amplitudes for P1), but were 
quite sensitive to intensity cues at both syllable positions (seen in the 
comparable MMN amplitudes for this cue). For duration cues, it could be 
that they have a trochaic bias (non-significant MMN at D1 but significant 
MMN at D2). However, they also have unreliable perception for duration 
(non-significant MMN but significant LDN at D1). 

In summary, our results indicate that, when listening to English 
stimuli, both English and Mandarin speakers show an language-specific 
influence of their native language. These are indexed by trochaic biases 
from MMN and LDN results for pitch and intensity but LDN results for 
duration for English adults, and LDN results for pitch and MMN results 
for intensity for Mandarin adults. Nevertheless, the trochaic bias in pitch 
and intensity could be argued as part of the ITL effect. Moreover, 
Mandarin adults’ trochaic bias in duration (and possibly pitch) may 
come from their L2 experience of English.These are indexed by MMN 
results for pitch and both MMN and LDN results for duration in Man
darin adults. As such, these findings add to the body of evidence de
tailing differences in cue-weighting in line with language-specific 
influence (Cutler & Norris, 1988; Jusczyk, Houston, & Newsome, 1999) 
and/or the ITL (Bion et al., 2011; Hay & Diehl, 2007; Nespor et al., 
2008), and suggest that not only the MMN component, but also other 
ERP components such as the LDN are relevant measurements in auditory 
discrimination of stress. The present study has also added to the evi
dence that clarifies the functional significance of LDN and its relation to 
the processes indexed by MMN. 

4.4. Language-specific influence vs. the ITL 

From the above, results from both the English-speaking adults and 
Mandarin-speaking adults were largely in line with the language- 
specific influence account. As Mandarin-speaking adults also had some 
English knowledge from school, their language-specific influence seems 
to come from both English and Mandarin. Recall that a confound exists 
in differentiating domain-specific and domain-general accounts of stress 
cue-weighting, in that language-specific influence for stress-timed lan
guage speakers is based off trochaic grouping (at least for pitch and 
intensity cues) and thus can be argued as just a part of the ITL. Therefore, 
part of our results are also in line with the ITL. In this vein, the ITL as a 
domain-general mechanism may have been modulated across languages 
if language-specific properties do not support the maintenance of the 
ITL-bias (Boll-Avetisyan, Bhatara, Unger, Nazzi, & Höhle, 2020). Effects 
of the ITL may be present from birth (Abboub, Boll-Avetisyan, Bhatara, 
Höhle, & Nazzi, 2016). With the acquisition of the native language, 
sensitivity to the ITL would decrease when acquiring languages with 
features non-conforming to the ITL, while this initial ITL-bias would be 
maintained when acquiring languages with features conforming to the 
ITL. Future studies should look at younger Mandarin monolingual par
ticipants (e.g., children) to possibly exclude the effects of a second 
language. It is also useful to compare stress cue-weighting before and 
after the time of perceptual attunement in Mandarin infants, at which 
time trochaic bias develops in stress-timed language-learning peers. 
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Escera, C., Alho, K., Schröger, E., & Winkler, I. W. (2000). Involuntary Attention and 
Distractibility as Evaluated with Event-Related Brain Potentials. Audiology and 
Neurotology, 5(3–4), 151–166. https://doi.org/10.1159/000013877 

Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G* Power 3: A flexible statistical 
power analysis program for the social, behavioral, and biomedical sciences. Behavior 
Research Methods, 39(2), 175–191. 

Fitch, W. T. (2012). The biology and evolution of rhythm: Unraveling a paradox. 
Language and Music as Cognitive Systems, 73–95. 

Fitzgerald, K., & Todd, J. (2020). Making sense of mismatch negativity. Frontiers in 
psychiatry, 11, 468. 

Fry, D. B. (1958). Experiments in the perception of stress. Language and Speech, 1(2), 
126–152. 
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