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Word recognition in tone languages like Mandarin is influenced not only by phonological structure but also by lexical tone. Prior research using auditory lexical decision tasks has shown that real monosyllables are generally processed more quickly and accurately than tonal gaps i.e., impossible syllable-tone combinations. However, these studies often did not control for syllable overlap between tonal gaps and real monosyllables, potentially underestimating lexical competition effects. The present study addressed this gap by contrasting real monosyllables, syllable-matched tonal gaps, and syllable-unmatched tonal gaps in a controlled auditory lexical decision task with 54 native Mandarin speakers. Results revealed that reaction times were significantly faster and accuracy higher for real monosyllables compared to both syllable-matched tonal gaps and syllable-unmatched tonal gaps. More importantly, syllable-matched tonal gaps elicited slower reaction times than syllable-unmatched tonal gaps, indicating increased lexical competition when tonal gaps share the same syllable as real monosyllables. These findings emphasize the critical role of phonological similarity and lexical competition in Mandarin word recognition. By controlling syllabic overlap, this study improves upon previous methodologies and offers a clearer assessment of auditory word processing in tone languages.
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Introduction

Word recognition is a complex multifaceted process that involves the decoding and identification of meaning. Research methodology in understanding word recognition (Slowiaczek and Pisoni, 1986; Milberg et al., 1988; Goldinger, 1996; Luce and Pisoni, 1998; Vitevitch and Luce, 1999; Ernestus and Cutler, 2015; Ferrand et al., 2018; Nenadić and Tucker, 2020; Nenadić et al., 2023) often involves contrasting the processing of real words and non-words in an auditory lexical decision task (ALDT). This word recognition process, in tone languages such as Mandarin, is further complicated by the presence of lexical tones that signal meaning. In order to study word recognition in Mandarin, existing studies (Wang et al., 2012; Wiener and Turnbull, 2016; Yao and Sharma, 2017; Neergaard, 2018; Sharma, 2020; Chang and Hsieh, 2022; Gong et al., 2024) have utilized tonal gaps—combinations of syllables and tones that are not possible in the language—along with real monosyllables (RW). However, ALDT in the existing studies in Mandarin (Wang et al., 2012; Wiener and Turnbull, 2016; Yao and Sharma, 2017; Neergaard, 2018; Sharma, 2020) involved tonal gaps and RW that did not match in terms of syllable, causing a potentially reduced competition in delineation of the two types of stimuli. For example, ta2 which is a tonal gap did not have a corresponding real monosyllable ta1 in the previous experiments. To get a more fine-grained understanding into Mandarin word recognition, in the current study, we used tonal gaps that matched the RW on syllables (e.g., ta2 tonal gap and ta1 real monosyllable that match on syllable ta), and tonal gaps that did not match the RW on syllables (e.g., le2 is a tonal gap for which no corresponding real monosyllable sharing the syllable le was included in the present stimulus set).

Mandarin is a tone language where monosyllables serve as the fundamental units of the lexicon, with each monosyllable corresponding to a Chinese character. A monosyllable consists of an onset, a rime, and a lexical tone. The onset refers to the consonant, while the rime includes a vowel or diphthong, with or without a coda, and is combined with one of the four lexical tones in Mandarin. When tones are excluded, there are roughly 400 possible syllables, but when tones are considered, the total increases to around 1,300 syllables which correspond to at least one Chinese character. This discrepancy highlights that not all potential combinations of syllables and tones are possible resulting in tonal gaps. Tonal gaps are impossible combinations of syllables and tones, where a particular syllable may appear with other tones but not with a specific tone. For example, while monosyllables such as ta1 (他), ta3 (塔), and ta4 (踏) exist in Mandarin, ta2 does not, making ta2 a tonal gap.

Previous research on word recognition in Mandarin using ALDT has shown varying results regarding the processing of RW and tonal gaps. Some studies have found differences in accuracy and reaction times (RT) between these two types of stimuli (Wang et al., 2012; Wiener and Turnbull, 2016; Yao and Sharma, 2017; Neergaard, 2018; Sharma, 2020), while others have not specifically analyzed the pseudosyllables (Wang et al., 2012). Overall, RW are recognized significantly faster compared to tonal gaps (Wang et al., 2012; Wiener and Turnbull, 2016; Yao and Sharma, 2017; Neergaard, 2018; Sharma, 2020), and there is some evidence suggesting they are also recognized more accurately (Yao and Sharma, 2017; Sharma, 2020).

It is important to note that these studies have typically included not only RW and tonal gaps but also syllable gaps, which are combinations of onset, rime, and tone that do not exist in any form in Mandarin, as part of their experimental designs (Wiener and Turnbull, 2016; Yao and Sharma, 2017; Neergaard, 2018; Sharma, 2020). Additionally, some studies have not clearly indicated whether tonal gaps were included in their tasks. A major limitation in this body of research is that none of these studies have matched tonal gaps with its corresponding RW in terms of syllable, within the experiment (e.g., for ta1 real monosyllable, there is no ta2 tonal gap included in the previous studies' experiments). This omission may potentially dilute the competition between tonal gaps and RW in ALDT, potentially affecting the validity of the findings. The present study aims to address this gap by including matched RW corresponding to the tonal gaps, thereby providing a more accurate reflection of how these stimuli may compete during Mandarin word recognition.

In the current study, to gain a more fine-grained understanding of Mandarin word recognition, we used stimuli that included tonal gaps matching the RW in syllable [hereafter, syllable matched tonal gaps (MTG)], tonal gaps not matching the RW in syllable [hereafter, syllable unmatched tonal gaps (UTG)], and real monosyllables, in an ALDT paradigm with native speakers of Mandarin as subjects. We hypothesized that lexical competition would be influenced by the degree of syllable overlap among stimuli. Specifically, we expected that RW would elicit faster, and more accurate responses compared to both types of tonal gaps. Furthermore, we predicted that MTG would result in longer reaction times and slightly reduced accuracy relative to UTG, reflecting stronger lexical competition from their real-word counterparts.



Method


Participants

A total of 59 participants (12 males, 47 females; mean age = 22.10 years, SD = 1.88) took part in the study. All participants were recruited from the Sichuan University and were native Mandarin speakers, having been born and raised in mainland China. The research was approved by the Research Ethics Committee at the West China Hospital of Sichuan University (# 2023–2376). Informed written consent was obtained from all participants. The participants reported no history of speech or hearing impairments. All the participants were screened for hearing in both ears from 250–8,000 Hz and only those who had ≤ 20 dB HL on all tested frequencies were enrolled to take part in the experiment. As a result, five participants were removed, and we went ahead with 54 participants.



Materials

The experiment used the existing material (Yao and Sharma, 2017; Sharma, 2020) containing 216 monosyllabic stimuli, divided into two categories: 108 RW and 108 pseudosyllables (see Table 1). The pseudosyllables were accidental gaps due to lexical tone in Mandarin, also known as tonal gaps. Of the 108 pseudosyllables, 30 were MTG, while the remaining 78 served as UTG. For the 108 real monosyllables, 30 were RW, 30 were real monosyllables balanced for lexical tone with the RW, 30 were real monosyllables balanced for lexical tone with the MTG, and the final 18 were real monosyllable fillers. The distribution of stimuli across subcategories (see Table 1) was necessary to meet the requirements of ALDT, in which 50% of the stimuli must be legal (real) syllables and 50% illegal (pseudosyllables) to maintain task balance and control decision-making processes. Although six stimulus categories were created to achieve tonal and lexical balance, only the 30 RW, 30 MTG, and 78 UTG were included in the main analyses; the remaining real-monosyllable sets served to ensure tonal balance but were excluded from statistical comparisons. All stimuli were recorded by a female native speaker of Mandarin. The stimuli had a mean duration of 612 ms (SD = 96 ms), and a one-way ANOVA revealed no significant differences in duration across the RW, MTG, and UTG conditions, F(2, 135) = 0.14, p = 0.874. Given the absence of significant variation, reaction times were analyzed without applying any duration-based correction.

TABLE 1 Distribution of stimuli by type, number of items, and representative example stimuli used in the experiment.


	Type of stimuli
	Number of items
	Example





	Real monosyllables (RW)
	30
	ta1



	Real monosyllables balanced for lexical tone with RW
	30
	fang1



	Syllable matched tonal gaps (MTG)
	30
	ta2



	Real monosyllables balanced for lexical tone with MTG
	30
	fang2



	Syllable unmatched tonal gaps (UTG)
	78
	xin3



	Real monosyllable fillers
	18
	kan4







Procedure

ALDT was carried out using E-Prime 3.0 (Psychology Software Tools, Inc, 2016). Participants were presented with a randomized list of 216 stimuli, each presented twice throughout the experiment. The experiment was run on a ThinkPad X1 Carbon Gen 10 LTE1 laptop, connected to Sennheiser HD 280 Pro studio monitoring headphones. The experiment took place in a soundproof room to minimize environmental noise interference.

Before the experiment began, participants were seated comfortably in front of the laptop. Each trial began with a fixation cross displayed at the center of the screen for 500 ms, followed by the auditory stimulus. A 4,000 ms response window began at stimulus onset, allowing approximately 3.3 s after the average stimulus duration of 612 ms. This duration provided participants with sufficient time to fully process the auditory stimulus and determine whether it could be associated with a legal Chinese character before executing a response. Participants were instructed to listen carefully to each single-syllable Mandarin sound and determine, as quickly and accurately as possible, whether it corresponded to an actual word in Mandarin. If the sound could be linked to at least one existing Chinese character (i.e., a real monosyllable), they pressed the “A” key. If the sound could not be associated with any known character (i.e., a pseudo-syllable or tonal gap), they pressed the “L” key. The keys were counterbalanced across participants. If the participant did not respond within the 4,000 ms time frame, the trial automatically advanced to the next stimulus.

RT and accuracy were recorded. RT were recorded from the onset of the stimulus until the participant's response. Before beginning the main experiment, participants completed a practice session with 12 items, during which feedback was provided. None of the stimuli in the practice session were used in the main experiment. The entire experimental session lasted no more than 20 min.




Results

The data from 54 native young adult speakers of Mandarin were analyzed for RT and accuracy. RT analyses were conducted exclusively on correct trials. Broadly, the results of the study indicated that RT were shortest for RW (mean = 1,044.14 ms; SD = 155.11 ms) compared to tonal gaps (mean = 1,477.62 ms; SD = 391.16 ms), and accuracy was highest for RW (mean = 0.90; SD = 0.07) when compared to tonal gaps (mean = 0.83; SD = 0.16). Within the tonal gaps category, the MTG resulted in the longer RT as compared to UTG (i.e., 1,516.33 ms for MTG vs. 1,438.89 ms for UTG). Regarding accuracy, the highest performance was observed for RW followed by accuracy for MTG followed by UTG (i.e., RW = 0.90 > MTG = 0.85 > UTG = 0.84). Conditional accuracy functions (CAFs), computed across five RT quintiles, revealed consistently higher accuracy for MTG compared to UTG, with no crossover of curves. Based on the CAFs, MTG responses remained more accurate than UTG responses even at slower RTs, potentially due to increased lexical competition rather than a speed–accuracy trade-off (Supplementary Figure S1).

To compare RW with MTG and UTG (i.e., the tonal gaps examined in the previous studies), we conducted inferential statistical analysis using RT and accuracy as dependent measures. Repeated measures ANOVA revealed a significant difference in RT across conditions [F(1.63) = 73.94, p < 0.001]. Post-hoc pairwise comparisons using the Holm correction revealed significant differences between RW and MTG (p < 0.0001), RW and UTG (p < 0.0001), and between MTG and UTG (p = 0.02; Figure 1A).
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FIGURE 1
 Comparison of real monosyllables (RW), syllable matched tonal gaps (MTG), and syllable unmatched tonal gaps (UTG) on (A) reaction time (RT) and (B) accuracy. *p < 0.05; ***p < 0.01; ****p < 0.0001.


For accuracy, as the assumption of normality was not fully met, as one of the conditions (RW) showed a significant deviation from normality (RW: W = 0.928, p = 0.0038; MTG: W = 0.961, p = 0.0781; UTG: W = 0.980, p = 0.518), a Kruskal-Wallis test was conducted, which showed a significant difference between the three stimuli conditions [H(2) = 11.32, p = 0.003]. Pairwise comparisons using the Wilcoxon rank-sum test revealed a significant difference between RW and UTG (p = 0.002; Figure 1B).



Discussion

The present study aimed to provide a more nuanced understanding of Mandarin word recognition by controlling for syllabic overlap between RW and tonal gaps—an important methodological refinement over previous studies. Our findings revealed significantly faster RT and higher accuracy for RW compared to tonal gaps (both MTG and UTG). More importantly, we found significantly slower RT for MTG compared to UTG supporting our hypothesis that when tonal gaps share the same syllable structure as the real monosyllable, lexical competition increases. Although accuracy generally followed a similar overall pattern to reaction times (RW > MTG > UTG), the relationship between MTG and UTG revealed an important dissociation. More specifically, CAFs indicated that MTG responses remained more accurate than UTG responses across slower reaction times, consistent with increased lexical competition rather than a speed–accuracy trade-off.

These findings are broadly consistent with previous research on Mandarin word recognition using ALDT, which has shown mixed results regarding the processing of RW and tonal gaps. Some studies have reported significant differences in RTs and accuracy between RW and tonal gaps (Wang et al., 2012; Wiener and Turnbull, 2016; Yao and Sharma, 2017; Neergaard, 2018; Sharma, 2020), while others have not specifically analyzed pseudosyllables (Wang et al., 2012). Overall, real words are recognized significantly faster than tonal gaps (Wang et al., 2012; Wiener and Turnbull, 2016; Yao and Sharma, 2017; Neergaard, 2018; Sharma, 2020), and some evidence also suggests higher accuracy for RW (Yao and Sharma, 2017; Sharma, 2020). However, unlike prior research, our study employed a more rigorously controlled design where tonal gaps and RW were matched on syllable structure and found that there was a significant difference in RT for tonal gaps matched for syllables (i.e., MTG) with the RW and tonal gaps not matched for syllables (i.e., UTG) with the RW. This methodological improvement allows for a more accurate examination of lexical competition. In earlier studies, tonal gaps and RW did not match on syllabic composition, which could have inadvertently decreased the cognitive competition between stimulus types and weakened the validity of the results.

The slower rejection of syllable-matched tonal gaps likely reflects transient activation of specific lexical neighbors that share identical syllabic frames, consistent with neighborhood activation models of spoken word recognition (Luce and Pisoni, 1998; Vitevitch and Luce, 1999). In contrast, syllable-unmatched tonal gaps may elicit broader activation at the phonotactic level. Future studies using a controlled experimental design that systematically manipulates the presence or absence of syllable-matched tonal gaps could more directly test their influence on real-word recognition latencies and further elucidate how contextual factors shape lexical competition.

Our results highlight the importance of fine-grained phonological control in auditory lexical decision tasks, particularly in tone languages like Mandarin, where monosyllables and tonal distinctions carry lexical meaning. The finding that even UTG and MTG elicited significantly different RT supports the robustness of the lexical competition effect under carefully controlled conditions.

In conclusion, this study demonstrated that Mandarin speakers experience greater processing times when encountering syllable-matched tonal gaps compared to unmatched tonal gaps, highlighting the critical role of phonological similarity and lexical competition in tone language perception. The improved experimental control in this study offers a clearer window into these dynamics and paves the way for future research examining tone language processing in populations with language or hearing impairments, as well as in developmental and aging contexts. Additionally, this design can be adapted for cross-linguistic comparisons in other tone or pitch-accent languages, further broadening its applicability.
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