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Abstract 

In speech comprehension, listeners recalibrate their 

interpretation of variable speech signals through exposure and 

disambiguating information. Recalibration is attested both 

segmentally and suprasegmentally, but little is known about 

what constrains it in lexical tone. This project investigated the 

effects of phonological categories and phonetic similarity on 

perceptual learning. We exposed Chinese listeners to pitch 

contours ambiguous between two tone categories (realised with 

a level or rising pitch contour) and lexically biased their 

perception to one interpretation. Crucially, the rising pitch 

contour could be from two different phonological tone 

categories. Perceptual learning was observed not only in the 

rising contours used for exposure but also across phonetically 

similar but phonologically different rising contours, suggesting 

that perceptual learning in tone is not constrained by 

phonological tone categories but is facilitated by the phonetic 

similarity of pitch contours.  

Index Terms: speech perception, lexical tone, perceptual 

learning, Standard Chinese, phonological categories, phonetic 

similarity 

1. Introduction 

Listeners rapidly and successfully adjust their perception of 

variable speech signals. They can use supplementary 

information, such as knowledge of the lexicon [1], lip 

movements [2], or other contextual cues [3] to infer how they 

should categorise an ambiguous speech sound, and can 

generalise this learning to new contexts through sufficient 

exposure. For example, when repeatedly confronted with s-final 

words (e.g., glass) where the /s/ is replaced by a sound 

ambiguous between [s] and [f], listeners learn to associate this 

ambiguous sound with /s/ due to lexical bias, since /glaf/ is not 

a word. Their perception of such ambiguous sounds is 

subsequently skewed towards /s/ [1], also in lexically 

ambiguous contexts (e.g., lice – life) that they have not 

previously encountered [4]. This phenomenon is known as 

lexically guided perceptual recalibration. 

Given that recalibration effects generalise to new contexts, 

it has been argued that abstraction plays a role in perceptual 

learning [4], [5], [6]. Recalibration can then be seen as an 

adjustment in the mapping between the auditory speech signal 

and abstract speech sound representations. However, there is a 

discussion in the literature on exactly what form of abstraction 

guides and constrains the generalisation of recalibration. A few 

experimental studies have attempted to gather support for 

different linguistic units that could function in perceptual 

learning, such as phonemes [7], phonological features [8], and 

allophones [9], yet there is no consensus on one particular 

linguistic unit of prelexical representation. 

Instead, support for a panoply of different units that could 

underlie perceptual learning has been generated [10], [11], [12]. 

Still, counter-evidence due to conflicting data demonstrates the 

shortcomings of these linguistic categories in outlining the 

extent of perceptual learning. Crucially, experimental data 

suggest that lower-level information, e.g., acoustic similarity, 

can at times trump higher-level linguistic categories in 

perceptual learning [10]. For instance, Bowers, Kazanina, and 

Andermane [7] made strong claims in favour of phonemes 

based on findings of selective adaptation effects across the same 

phoneme in different syllable positions. However, Samuel [10] 

did not find the same effects in a replication where acoustic 

similarity due to plosive release noise had been reduced. 

Similarly, Kraljic and Samuel [8] found that exposure to 

ambiguous /t/ or /d/ phonemes in lexically biasing contexts did 

not only recalibrate the /t/ – /d/ contrast, but also affected the 

/p/ – /b/ contrast, which has a different place of articulation but 

shares the same [± voice] feature. While they conclude that 

recalibration takes place at the level of phonological features, 

Mitterer et al. suggest that the observed cross-categorical 

generalisation was rather due to phonetic similarity (namely, 

post-plosive aspiration noise) between the realisations [3, p. 

112]. They further support the role of phonetic similarity with 

their study on recalibration in /plain/ and /tense/ stops in 

Korean, where /plain/ stops are realised as [tense] in some 

phonetic contexts. They observed generalisation to 

underlyingly different representations (/tense/ to /plain/ and 

vice versa), but only if these were phonetically similar ([tense]). 

They also observed generalisation to phonetically different 

realisations ([tense] to [plain] and vice versa), but only if these 

had the same phonemic underlying representation (/plain/), 

although this effect was less robust. 

The role of the underlying phoneme in perceptual learning 

was further questioned by Mitterer et al. [9]. They observed that 

recalibration of one allophonic variant of the Dutch /r/ – /l/ 

contrast (e.g., [r] – [l]) did not affect other allophonic 

implementations of this same phonemic contrast (e.g., [ɹ] – [ɫ]). 

Although they propose that context-specific allophones 

constrain recalibration, they also harken back to the relevance 

of phonetic similarity by stating that “listeners’ generalisations 
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of perceptual learning are tightly bound to the acoustic patterns 

they experience” [9, p. 360]. There is even evidence supporting 

context-specific recalibration, where generalisation only occurs 

in identical phonetic contexts. Reinisch et al. [13] examined 

learning on the /b/ – /d/ contrast and found that learning did not 

generalise from [aba] – [ada] to [ibi] – [idi]. 

Overall, there is little consensus regarding a single 

linguistic unit playing the lead role in constraining and 

facilitating recalibration. Moreover, existing literature suggests 

that both higher-level linguistic categories, lower-level acoustic 

information, and the linguistic context, play significant roles in 

governing perceptual retuning in speech processing.  

The current study applies the lexically guided perceptual 

learning paradigm to lexical tone, to investigate the role of 

phonetic similarity and phonological categories in facilitating 

or constraining the generalisation of tone recalibration. 

Previous perceptual learning studies focused on the segmental 

domain, but recalibration was also observed suprasegmentally, 

for example in intonation contours [14], lexical stress [15], and 

lexical tones . Although lexical tone contrasts are cued 

differently from segmental contrasts (their acoustic cues usually 

extend over a full syllable [16]), Mitterer, Chen and Zhou [6] 

found recalibration effects in Standard Chinese tones to be 

analogous to those observed segmentally. They exposed 

listeners to tone contours manipulated to be ambiguous between 

tone 1 (level; T1) and tone 2 (rising; T2) in lexically biased 

contexts. In the test phase, they observed recalibration effects 

in both previously presented and newly encountered 

monosyllabic items. The effects were slightly stronger for the 

familiar items, but generalisation to new words indicates that 

abstraction concerning lexical tone category information plays 

a role. Yet, little is known about further factors that facilitate 

and constrain the generalisation of lexical tone recalibration. 

Building on Mitterer et al. [6], the current study replicated 

their observation of lexical tone recalibration and extended the 

investigation of its spread to underlyingly different but 

phonetically similar tones in a bisyllabic tonal context. To this 

end, we made use of tone 3 sandhi, a phonological process in 

Standard Mandarin Chinese (Putonghua) where tone 3 (low; 

T3) followed by another T3 is realised with a rising f0 contour, 

which is comparable to that of T2 (see 1-2) [17]. Although 

sandhi T3 and T2 are not phonetically identical [17], they are 

similar enough that native speakers typically fail to distinguish 

them in perception [18]. (See, e.g., [19], [20] for further details 

on the representation and processing of T3 sandhi.)  

(1) T3 sandhi: 

T3 → Rising tone /__T3 

(2) /jing3/ + /dian3/ → [jing3rising dian3] 

We manipulated tone contours to be ambiguous between T1 and 

T2 (transcribed hereafter as [½]), as well as T1 and sandhi T3 

([⅓]). Using an exposure-test design, we presented syllables 

with these manipulated contours in lexically biasing contexts in 

the exposure phase and in lexically ambiguous contexts in the 

test phase. To induce recalibration during the exposure phase, 

one tone contour in a contrast was consistently replaced by a 

manipulated contour, while the other was left unaltered. For 

example, to bias a participant’s perception of the T1–T2 

contrast towards T2, we consistently replaced T2 contours with 

                                                                 

 
1 Participants grew up in the following regions: Beijing, Tianjin, Hebei 

Province, Henan Province, Shandong Province, Heilongjiang Province, 

Jilin Province, or Liaoning Province. 

[½] in contexts that lexically favoured a T2 interpretation, while 

presenting all instances of T1 naturally. By testing whether 

perceptual learning in T2 generalises to sandhi T3 and vice 

versa, we can examine whether generalisation only occurs 

within phonological categories or can also occur over 

phonetically similar but phonologically different tones. 

2. Methods 

2.1. Participants 

140 native speakers of Standard Chinese, aged between 18 and 

50 (M = 23.4), completed the online experiment for 

compensation. They were recruited via Chinese social media 

platforms (Weibo; WeChat), at Leiden University, and through 

personal networks. All participants grew up in northeastern 

regions of China, where the local dialects, like Standard 

Chinese, belong to the Mandarin family.1 According to their 

self-reports, about half of the participants spoke another local 

Mandarin dialect, but all had acquired Standard Chinese as a 

young child, at the latest since primary school.  

2.2. Materials 

The experimental materials consisted of auditory stimuli 

accompanied by visual stimuli. The auditory stimuli recordings 

were made by a male native speaker of Standard Chinese who 

was born and raised in Beijing. For the recordings, we used the 

sentence frame given in (3), where the empty slot was filled 

with bisyllabic targets. These target words were selected from 

the SUBTLEX-CH database, taking into account word 

frequency. 2  The visual stimuli were target words clearly 

displayed on screen in Chinese characters. 

(3) ta1 shuo1 __ zhe4 ge4 ci2 

‘(s)he said the word __’ 

For the first syllable of the exposure phase targets, we 

selected 40 T1–T2 minimal pairs and 40 T1–T3 minimal pairs. 

The second syllable of each target was T3 so that any T3 

contours in the first syllable would be realised with a rising 

contour. This second syllable differed segmentally between two 

members of a pair, serving to disambiguate which lexical tone 

was intended on the first syllable. Sample target pairs for the 

two exposure conditions are shown in (4) and (5). An additional 

40 pairs of filler items were recorded in the same sentence 

frame and were used in both exposure conditions. To resemble 

the structure of the target items, the first syllable of each pair 

was an identical tone 4 (falling; T4) syllable, while the second 

syllable differed both segmentally and suprasegmentally, 

alternating between T1 and T2 (6).  

Sample target pairs for the exposure phase: 

(4) T1 – T2 exposure pairs (n = 40): 

tian1 shi3 ‘angel’ – tian2 pin3 ‘dessert’ 

(5) T1 – T3 exposure pairs (n = 40): 

yin1 ying3 ‘shadow’ – yin3 pin3 ‘beverage’ 

(6) Fillers (n = 40): 

da4 jia1 ‘everyone’ – da4 xue2 ‘university’ 

The test phase targets were bisyllabic minimal pairs, crucially 

differing only in the lexical tone of the first syllable (see 7 – 8). 

The second syllable was identical for both members of each pair 

2 There is no consensus on what constitutes a word in Chinese; we 

selected bisyllabic items that are frequent and commonly considered 

lexical collocations, if not words.  
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to prevent lexical disambiguation. All carried T3. We selected 

20 T1–T2 minimal pairs and 20 T1–T3 minimal pairs, none of 

which had been used in the exposure phase. 

Sample target minimal pairs for the test phase: 

(7) T1 – T2 test pairs (n = 20) 

chu1xue3 ‘first snow’ – chu2xue3 ‘snow removal’ 

(8) T1 – T3 test pairs (n = 20) 

qi1 wu3 ‘to bully’ – qi3 wu3 ‘to dance’ 

Ambiguous tone contours for the exposure and test phase 

targets were created using Praat [21]. The first syllables of both 

members of a pair were manually selected and their duration 

was normalised (i.e., set to the average of the two syllables). F0 

contours were estimated via pitch points, which were 

interpolated to create five steps on T1–T2 and T1–T3 continua, 

as illustrated in Figure 1. Finally, the original recordings were 

re-synthesised by replacing the original f0 contours with the 

interpolations using the Pitch-Synchronous-Overlap-and-Add 

(PSOLA) method. The midpoint ambiguous contour (50% T1; 

50% T2 or sandhi T3) was used in the exposure phase. In the 

test phase, the three intermediate steps (25%, 50%, 75% T1) 

from the f0 continua replaced the original f0 contours on the T1 

recordings. The unambiguous endpoints of the continua were 

excluded since the goal was to test the perception of ambiguous 

tone contours (see also [1], [6]). 

 

Figure 1: 5-step f0 continuum between the pitch curves 

of ‘qi1’ and ‘qi3’ 

2.3. Apparatus and procedure 

The experiment was created in the Gorilla Experiment Builder 

(www.gorilla.sc) so that the experiment could be hosted 

remotely [22]. Participants were instructed to respond to trials 

by clicking with the mouse. After passing an equipment check 

and receiving written instructions, participants were randomly 

assigned to one of four exposure conditions listed in Table 1. 

Half of the participants heard [½], while the other half heard 

[⅓]. Within the first group, one subgroup was biased to interpret 

the ambiguous contour as T1, while the other subgroup was 

biased to interpret the ambiguous contour as T2. Analogously, 

the second group also had a T1 and T3 bias group, respectively.  

In the exposure phase trials, an auditory stimulus was 

played immediately following the onset of an accompanying 

visual target displayed as two Chinese characters. Participants 

were instructed to click on the on-screen button if they heard 

the visually displayed characters in the audio. Participants had 

5000ms (from the onset of the trial) to respond, while a time-

out was a negative response. Each participant reacted to a total 

of 160 randomly ordered trials, composed of 40 T1 items and 

40 T2 or T3 items, depending on the condition the participant 

was assigned to, as well as 80 fillers. The visual and auditory 

targets matched in approximately half of the trials of each type. 

Table 1: Between-subjects bias conditions in the 

exposure phase. T3 or [3] refers to sandhi T3. 

Exposure 

contrast 

Bias condition 

group 

/level 

contour/ 

/rising 

contour/ 

T1 – T2 level [½] [2] 

 rising [1] [½] 

T1 – T3 level [⅓] [3] 

 sandhi rising [1] [⅓] 

 

The test phase was set up as a forced-choice identification 

task. Both members of bisyllabic T1T3–T2T3 and T1T3–T3T3 

minimal pairs were present on screen simultaneously with an 

auditory stimulus in which the target was ambiguous on the T1–

T2 or T1–T3 continuum. Participants had to indicate with a 

mouse-click which one they perceived. There were 120 trials, 

consisting of 60 T1T3–T2T3 trials and 60 T1T3–T3T3 trials 

(20 minimal pairs × 3 continuum steps each), none of which had 

occurred in the exposure phase. These were presented in a 

random order to each participant and the location of minimal 

pair members on the screen (left or right) was also randomised. 

2.4. Analysis 

Categorisation responses were analysed using the generalised 

linear mixed-effects model (GLMM) with the binomial family. 

All the statistical analyses were  run in R Studio [23] with the 

lme4 package [24]. The binomial dependent variable was 

participants’ categorisation of the test stimuli as having either a 

rising f0 contour (for either T2 or sandhi T3) or a level f0 

contour (for T1) in the first syllable. A maximum model was 

constructed first, including fixed effects of Test Pair (T1T3–

T2T3 vs. T1T3–T3T3), Bias Group (level-bias and rising-bias 

with T1T3–T2T3 and T1T3–T3T3 exposure), Step (Step2, 3, 4 

of the stimulus f0 contours) and the interaction between all 

fixed factors, as well as by-subject and by-item random 

intercepts and random slopes for each fixed term. We employed 

the package buildmer [25] to find the maximum model that 

converged and performed stepwise elimination on each factor. 

3. Results  

As shown in Figure 2, categorisation data in the test phase were 

visualised by calculating the proportions of the rising tone 

responses. As we can see, higher steps on the f0 continuum (i.e., 

manipulated more towards the rising pitch contour) led to more 

rising tone responses, regardless of whether the responses were 

T2 in T2T3 or sandhi T3 in T3T3. The left two panels present 

the proportion of rising tone responses in categorising T1T3–

T2T3 minimal pairs, while the right two panels illustrate the 

results in categorising T1T3 versus T3T3. The upper two panels 

– which appear visually identical, but do not plot individual 

variation – present the proportion of rising tone responses when 

participants were biased to interpret the ambiguous contour (in 

the exposure) as either T2 (i.e., rising-bias; dotted line) or T1 

(i.e., level-bias; solid line). The lower two panels show results 

of participants who were biased to interpret the ambiguous 

exposure contour as either T3 (i.e., sandhi rising-bias; dotted 

line) or T1 (i.e., level-bias; solid line). In each of the four 

panels, there is a clear difference between the level-bias and the 

rising-bias groups. As the test stimuli were more likely to be 

perceived as a rising contour (for lexical T2 or sandhi T3) by 

the rising-bias groups, these patterns indicate the effects of 

recalibration across different exposure groups and test pairs. 

Normalised time 

f0
 (

H
z)
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Figure 2: Proportion of rising tone responses in the 

test phase. 

The final GLMM consisted of fixed effects of Bias Group, 

Step, the interaction between Bias Group and Step, and the 

random intercept for Subject. Test Pair and its interaction with 

Bias Group and Step did not significantly improve model fit (p 

= 0.212). As there was a significant interaction between Bias 

Group and Step (p < 0.001), pairwise comparisons between 

Bias Group and Step were computed using the R package 

emmeans [26]. The holm-Bonferroni method was implemented 

to correct family-wise errors [27]. According to the model 

summary, there were significantly more rising responses in the 

rising-bias groups than in the level-bias groups at each step, 

regardless of whether they were exposed to a rising f0 with 

T2T3 or T3T3 (all p < 0.001). This shows clear evidence for 

recalibration effects. Moreover, there was no significant 

difference between responses of the rising-bias in T2T3 and that 

in T3T3 at each step (Step2, p = 0.135; Step3, p = 1; level-bias: 

Step4, p = 1). Overall, we observed the recalibration of pitch 

cues to lexical tone in Standard Chinese. Importantly, the same 

categorisation pattern between T1T3–T2T3 and T1T3–T3T3 

exposure groups, as well as the absence of a Test Pair effect, 

indicated that the recalibration of tonal cues is not significantly 

affected by the lexical tonal categories. 

4. Discussion and conclusion 

This study investigated the role of phonological categories and 

phonetic similarity in perceptual learning in Standard Chinese 

tones. We found that exposure to an ambiguous tone contour in 

a lexically biasing context led to perceptual learning on that 

tonal contrast. Participants biased to perceive pitch contours 

ambiguous between T1 and T2 ([½]) as a rising contour (for 

lexical T2) also generalised this learning to contours ambiguous 

between T1 and sandhi T3 ([⅓]) and vice versa. Thus, 

perceptual learning was not only generalised to new syllables 

with the same tonal contrast, but also to phonetically similar 

contours belonging to phonologically different tonal categories. 

These findings serve as a replication of lexical tone 

recalibration, as observed by Mitterer et al. [6], since the 

recalibration effect was generalised from exposure phase to test 

phase syllables. This supports the idea that listeners can equally 

adapt to segmental and suprasegmental variability and make 

use of abstraction [15], [28]. Furthermore, our results extended 

the findings to a bisyllabic context. We replicate the perceptual 

recalibration effect of tone in the word-initial position, where 

perceptual recalibration was found to be inhibited, at least in the 

segmental domain [28]. This might be because tone contours 

extend across a full syllable, thus differing from the limited 

temporal nature of a word-initial segment. 

Our results are informative about the role of phonological 

categories in recalibration. We had expected that recalibration 

effects would be restricted to the phonological contrast 

participants heard in the exposure phase if phonological 

categories constrain perceptual learning. However, in our 

findings, recalibration of one rising contour spread cross-

categorically to the acoustically similar but phonologically 

different tones (i.e., lexical T2 rising and T3 sandhi rising) that 

were not previously encountered. This suggests that 

recalibration is not constrained by phonological categories but 

is instead facilitated by acoustic similarity. 

This echoes findings from segmental studies, e.g., Mitterer 

et al. [3], who similarly observed cross-categorical recalibration 

of stops in Korean, given close phonetic resemblance. In 

addition, they found that recalibration effects could spread to 

phonetically different allophones of the same phoneme, though 

with a weaker effect. Given that the T3 sandhi may be 

considered allophonic with T2, a follow-up experiment could 

investigate further whether phonetic similarity in lexical tones 

does not only play a facilitating role but also a constraining role 

(such that recalibration does not spread to categorically the 

same but phonetically dissimilar tones).  

Observations from perceptual learning experiments can 

shed further light on what forms of abstraction are used in pre-

lexical processing. While there have been efforts to find out if 

linguistic units such as phonemes and allophones play a role in 

pre-lexical processing, the idea that one particular linguistic 

unit plays such a role in the first place may be ungrounded [10]. 

Our findings are consistent with the view that recalibration 

makes reference to phonetically definable units. Mitterer et al. 

[3] propose that these can be “fine-grained phonetic events” 

such as “aspiration noise” or “short noise burst.” In lexical tone, 

generalisation then operates on phonetically definable 

properties such as f0 contours. This resonates with Scott’s [29], 

findings that recalibration effects can be ear-specific if induced 

by presenting ambiguous sounds to one ear and unambiguous 

sounds to the other. This is interpreted as an indication that 

recalibration “targets low-level, possibly pre-linguistic, sound 

representations” [29, p. 165]. Our observation that lower-level 

information seems to play a role also makes sense in light of 

Samuel’s view that higher-level “linguistic units, such as 

phonemes or allophones, do not have any privileged status in 

the process of spoken word recognition” [10, p. 46].  

Overall, the current research provides strong evidence for 

the role of phonetic similarity, rather than phonological 

categories, in facilitating perceptual learning. More research is 

necessary to clarify the criteria for defining phonetic similarity 

and to determine to what extent it limits recalibration. Our 

results do not rule out the facilitating role of more abstract 

representations; they raise questions about the sufficiency and 

necessity of conditions under which phonetic similarity and 

abstract phonological representations facilitate or constrain 

perceptual recalibration. Furthermore, a cautionary note is 

warranted, as listeners have been reported to respond differently 

to artificial and natural stimuli [30]. Therefore, the recalibration 

effects induced by the carefully tailored stimuli in the current 

study may not reflect fully how listeners adapt to variable 

speech in natural contexts. Future research is needed to gain a 

comprehensive understanding of how listeners cope with 

variability in speech.  
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