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Huaiyuan Mandarin has three low tone sandhi rules. T1 (low-falling) sandhi and T3 (low-dipping) 
sandhi involve changing the first low tone to a mid-rising tone when two low tones occur 
consecutively, potentially yielding neutralization between the sandhi tones and T2 (mid-rising). 
Half-third sandhi involves abridging the rising portion of T3 before non-low tones, potentially 
producing neutralization between half-T3 and T1. This study investigated the tonal neutralization 
between Huaiyuan sandhi tones and their corresponding non-sandhi tones in disyllabic words. For 
each tone sandhi, 10 sandhi words and 10 non-sandhi words differing only in the first underlying 
tones were compared. Acoustic results showed nonneutralization for all tone pairs (sandhi-T1/
T2, sandhi-T3/T2, half-T3/T1). Identification results revealed complete neutralization between 
sandhi-T3 and T2, but nonneutralization for the other pairs. Discrimination results demonstrated 
that native listeners outperformed naïve Huaiyuan listeners in differentiating between half-T3 
and T1, suggesting native phonological knowledge helped the perception of sandhi words. These 
results indicated Huaiyuan low-tone sandhis generally produce noncategorical tone changes. 
T1 sandhi and T3 sandhi likely stem from phonological dissimilation, while it is hard to justify 
that half-third sandhi is phonological. These findings contribute to understanding tone sandhi 
mechanisms across Mandarin dialects.
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1.  Introduction
Huaiyuan Mandarin is a Chinese dialect spoken in the Anhui Province of China. It belongs to 
the Jianghuai Mandarin family, so it overlaps greatly in segmental information with Standard 
Mandarin, or Putonghua (i.e., the official language of China largely based on Beijing Mandarin; 
Norman, 1988; Chen, 1996; Luo, 2016; Zhang, 2014), but differs strongly from Standard Mandarin 
in tonal information. Just as Standard Mandarin, Huaiyuan Mandarin is a tone language which 
uses pitch variation at the syllable level to distinguish word meaning. Huaiyuan has four smooth 
tones, which are carried by open syllables or syllables closed with a nasal coda, and one checked 
tone, which is carried by syllables closed with a glottal stop (Gong, 2004; Geng, 2007; Shi, 2007; 
Zhang & Gong, 2010). Since previous studies investigating the tonal inventory of Huaiyuan 
mainly employed the impressionistic approach (Gong, 2004; Geng, 2007; Shi, 2007; Zhang & 
Gong, 2010), there were discrepancies in the exact tone values of Huaiyuan tones (see Table 1). 
Unlike these studies, Zhao (2024) conducted acoustic analysis on the four smooth tones in 
Huaiyuan. Using a five-point scale notation system in which 5 and 1 represent the highest and 
lowest pitch within a speaker’s pitch range (Chao, 1930, 1968), Zhao (2024) denoted Huaiyuan 
Tone 1 (e.g., 披 [pʰi] “to drape over”), Tone 2 (e.g., 皮 [pʰi] “skin”), Tone 3 (e.g., 比 [pi] “to 
compare”), and Tone 4 (e.g., 闭 [pi] “to close”) with tonal values of 311, 34, 112, and 51, 
respectively (see Figure 1). Despite the differences in the exact tone values in the literature, 
these studies generally agreed on the overall height and contour of the four smooth tones. The 
current study uses mid-low (ML), mid-high (MH), mid-low-mid (MLM), and high-low (HL) to 
describe the tone height and direction of Huaiyuan T1, T2, T3, and T4.

Interestingly, the two low tones, T1 and T3, in Huaiyuan can undergo their respective tonal 
alternations, or tone sandhi rules. T1 sandhi refers to the tonal alternation phenomenon in which 
the first T1 (ML) changes to T2, a mid-rising tone (MH), when followed by another T1, while 
T3 (MLM) sandhi depicts the tonal alternation phenomenon in which the first T3 (MLM) is 

Study T1 T2 T3 T4

Gong (2003) 21 24 212 51

Geng (2007) 424 45 213 52

Shi (2007) 31 24 224 53

Zhang & Gong (2010) 21 35 212 53

Zhao (2024) 311 34 112 51

Table 1: The smooth tone values of Huaiyuan Chinese, described using the five-point scale 
notation system developed by Chao (1930, 1968).
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converted to a mid-rising tone (MH) when followed by another T3, as given in (1) below (Gong, 
2004). These two sandhi rules can be classified into one type, which involves changing a low 
tone to a rising tone. They bear resemblance to the well-known T3 sandhi in Standard Mandarin, 
where the first low-dipping T3 changes to a high-rising tone when followed by another T3 (Chao, 
1968; Shih, 1997; Chen, 2000; Lin, 2007; Zhang & Lai, 2010). These sandhi rules in Huaiyuan 
can potentially be neutralizing, which is defined as the process where phonologically different 
sounds are treated as phonetically identical (Warner et al., 2004; Dmitrieva et al., 2010; Herd 
et al., 2010), such that sandhi T1 (ST1) and T2 can be completely neutralized, and so can sandhi 
T3 (ST3) and T2. The potential complete neutralization suggests that Huaiyuan T1 sandhi and 
T3 sandhi may yield categorical tone changes since the base T1 and base T3 may be categorically 
changed to an existing T2 in the tonal inventory of Huaiyuan.

Besides T1 sandhi and T3 sandhi, Huaiyuan T3 also undergoes half-third (HT3) sandhi when 
it is followed by a non-low tone, where the rising portion of the T3 (MLM) is truncated, resulting 
in a mid-falling tone (ML), as shown in (1) below (Gong, 2004). This sandhi can be classified 
into another type, which involves abridging a longer tone to a shorter tone, and is similar to the 
half-third sandhi in Standard Mandarin in which the low-dipping T3 becomes a low-falling tone 
(Zhang & Lai, 2010). Unlike Standard Mandarin, the half-third sandhi in Huaiyuan can potentially 
give rise to tonal neutralization between HT3 (ML) and T1 (ML), therefore being deemed a 
categorical tone changing rule, while the half-third sandhi in Standard Mandarin cannot, since 
Standard Mandarin does not have a low-falling tone in its tonal inventory. Given that very little 

Figure 1: Pitch tracks of the four tones in monosyllables in Huaiyuan Mandarin. The pitch tracks 
are smoothed. The gray bands represent the confidence interval for a level of .95.
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empirical research has been conducted on the tone sandhis of Mandarin dialects other than 
Standard Mandarin, and that both of its low tones can undergo tone sandhi, the current study 
investigated the production and perception of Huaiyuan low tone sandhis by testing the potential 
acoustic and perceptual neutralization between ST1 and T2, between ST3 and T2, and between 
HT3 and T1. Results would allow us to understand the acoustic characteristics and perceptual 
mechanisms of the low tone sandhis in Huaiyuan Mandarin.1

(1) Traditional descriptions of tone sandhi in Huaiyuan1

a. T1 + T1 → T2 + T1: ML + ML → MH + ML
b. T3 + T3 → T2 + T3: MLM + MLM → MH + MLM
c. T3 + T2/T4 → HT3 + T2/T4: MLM + MH/HL → ML + MH/HL

1.1. Tone sandhi in Mandarin
Previous tone sandhi research has largely focused on the T3 sandhi and half-third sandhi in 
Standard Mandarin, and different mechanisms have been proposed for them. Some researchers 
considered that both sandhi rules are motivated by ease of articulation. For example, Li (2004) 
proposed that contour tones tend to undergo tonal alternations when concatenated together, so 
that the articulatory efforts of producing the tone sequence can be reduced. The alternation can 
be achieved either through contour flattening, such as T3 sandhi, where the dip of T3 is reduced, 
or through contour removal, such as half-third sandhi, where a U-shaped T3 is converted to a 
linear-shaped half T3 (HT3). Liu (2004) had a similar viewpoint, suggesting that converting a 
low-dipping T3 to a rising tone (T3 sandhi) or to a low-falling tone (half-third sandhi) decreases 
the number of pitch curves in a disyllabic sequence, reducing articulatory efforts. Both T3 and 
half-third sandhi in Standard Mandarin can be explained by a similar phonetic account.

By contrast, other researchers considered the mechanisms of the two sandhi rules in Standard 
Mandarin to be different. For example, Liu (1994) proposed that T3 sandhi is a categorical 
changing rule; namely, after the application of this rule, ST3 loses its contrast with T2 (i.e., 
both are high-rising). Half-third sandhi is a noncategorical changing rule; therefore, after the 
application of this rule, HT3 and all the other tones are still contrastive. Shen (1992) as well 
as Wu (2002) suggested that T3 sandhi is a phonological rule, while half-third sandhi is due to 
coarticulation occurring at the phonetic level. Wu (2002) further indicated that T3 sandhi is 
achieved through regressive dissimilation at the phonological level, while half-third sandhi is 
realized through assimilation at the phonetic level, flattening the tonal contour and reducing 
the pitch curvature. Zhang and Lai (2010) claimed that half-third sandhi has stronger phonetic 
motivations, while T3 sandhi has stronger phonological motivations. Since the non-final position 

	 1	 In traditional description, the sandhi tone of T1 sandhi is transcribed as 24, and that of T3 sandhi is 35. Both ST1 
and ST3 are mid-rising. Meanwhile, although previous studies reported varying pitch values for T2, they consistently 
characterized it as a mid-rising tone. Hence, the question arises as to whether ST1 and T2, ST3 and T2 are acoustic-
ally and perceptually neutralized. We refer to ST1 and ST3 as T2 here for convenience.
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prefers a shorter tone, changing a low-dipping T3 to a rising ST3 does not reduce pitch contours 
on syllables with insufficient duration, whereas, abridging the rising portion of T3 makes the 
shorter HT3 fit well in this position. Moreover, since plenty of studies have shown that T3 sandhi 
leads to perceptual neutralization between ST3 and T2, the perceptual distance between the base 
T3 and the ST3 (T2) is larger than that between the base T3 and the HT3, suggesting stronger 
phonetic motivations for half-third sandhi than for T3 sandhi (Zhang & Lai, 2010).

From a diachronic point of view, Wang’s Qülü, a rhyming dictionary for classical poem 
composition written between 1573 and 1620, already documented T3 sandhi in Mandarin. Mei 
(1977), conducting historical linguistic analysis on the tone values of Mandarin in the 16th 
century, proposed that T3 was low-level, instead of low-dipping, and T2 was low-rising. Given 
that Mandarin T3 was a low-level tone in the 16th century, there was no motivation for half-third 
sandhi in that period of time. These pieces of evidence suggest that the two sandhis in Modern 
Standard Mandarin originated from different sources (Mei, 1977; Zhang & Lai, 2010; Wu, 2020).

In addition to the research about the mechanisms of the two sandhis in Standard Mandarin, 
another line of research concerns the tonal neutralization between ST3 and T2. This line of 
studies would help understand whether T3 sandhi is a categorical changing rule. In general, 
previous acoustic studies did not observe complete neutralization between ST3 and T2 (Zee, 
1980; Xu, 1997; Peng, 2000; Yuan & Chen, 2014; Wang et al., 2018; Tu & Chien, 2022). Zee 
(1980) found that ST3 has a lower turning point and lower offset pitch relative to T2; Peng 
(2000) showed that ST3 is lower in average pitch height than T2. Yuan and Chen (2014) 
performed a corpus analysis on telephone speech, finding a later turning point and a smaller 
pitch rise for ST3 than for T2. They further indicated that the acoustic differences are greater 
for high frequency words than for low frequency words. Based on the data, Yuan and Chen 
(2014) proposed that T3 sandhi does not change T3 into T2, dubbing the sandhi tone T3V (i.e., 
T3 variant). Wang et al. (2018) observed larger acoustic differences between ST3 and T2 when 
the bearing syllable is stressed, or when the sandhi syllable and its following syllable have a 
looser rhythmic relationship. These results, together, suggest that although T3 sandhi converts 
low-dipping T3 to high-rising ST3, ST3 is not acoustically neutralized with T2, showing traces of 
acoustic characteristics of canonical T3. Therefore, T3 sandhi does not lead to categorical tone 
change under the scrutiny of acoustic analysis.

Unlike production studies consistently showing nonneutralization between ST3 and T2, results 
of previous perception studies are inconclusive. Wang and Li (1967) and Peng (2000) conducted 
identification experiments, finding that native listeners of Standard Mandarin could not correctly 
identify the target words of ST3+T3 and T2+T3 minimal pairs. Identification performance was 
at the chance level. Tu and Chien (2022) conducted an eye-tracking experiment using the visual 
world paradigm, revealing that native listeners of Standard Mandarin were somewhat sensitive 
to the acoustic details between ST3 and T2, and could use the information for lexical access. 
Using a more sensitive method, Tu and Chien (2022) observed results inconsistent with most of 
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the previous studies collecting overt behavioral responses. These perception results showed that 
despite the acoustic differences between ST3 and T2, native listeners may not always be able to 
capture the differences unless a more delicate method is employed. Thus, whether T3 sandhi in 
Standard Mandarin is a categorical tone changing rule in perception is still unclear.

Unlike the above-mentioned studies focusing on Standard Mandarin, Zhang and Liu (2011) 
as well as Li and Chen (2016) acoustically analyzed the tone sandhi and tonal coarticulation 
in Tianjin Mandarin, a Mandarin dialect classified under the Jilu Mandarin family. They found 
that both T1 sandhi and T3 sandhi were nonneutralizing, leading to noncategorical tone 
changes (i.e., T1 sandhi: T1 (L) + T1 (L) → T3 (LH) + T1 (L); T3 sandhi: T3 (LH) + T3 
(LH) → T2 (H) + T3 (LH)). They also confirmed that both rules are sandhis since the F0 
realizations of the sandhi tones were unpredictable from their respective canonical tones; thus, 
they should be phonological. In contrast with Li and Chen (2016), Zhang and Liu (2011) also 
observed the nonneutralizing half-third sandhi (i.e., T3 (LH) + T4 (HL) → T1 (L) + T4 (HL)). 
Specifically, they found small pitch rise at the end of HT3, suggesting gradient reactions to 
insufficient duration for the non-final syllable to manifest a full-rising T3. Hence, they proposed 
that the half-third sandhi in Tianjin may be rooted in coarticulation. Despite thorough acoustic 
investigations, no perceptual experiment was conducted, leaving the question of perceptual 
neutralization in Tianjin tone sandhi unanswered.

In summary, previous studies on tone sandhi have primarily focused on three aspects: whether 
a sandhi rule results in neutralization, whether it constitutes a categorical change, and whether 
it operates as a phonological rule. Based on Peng (2000), Tu and Chien (2022), and Yuan and 
Chen (2014), we define a categorical sandhi rule as one that results in complete neutralization 
between the sandhi tone and an existing canonical tone within the tonal inventory. Further, 
following Li and Chen (2016) and Zhang and Liu (2011), we regard a sandhi rule as phonological 
if the realization of the sandhi tone cannot be phonologically predicted from its base tone. It 
is critical to note that while complete neutralization is a necessary condition for categoricity, 
phonological status does not inherently entail categorical tone change, as exemplified by the 
nonneutralizing yet phonologically motivated T3 sandhi in Standard Mandarin. These criteria 
address distinct dimensions of sandhi rules. Building on these foundations, the current study 
investigated the potential acoustic and perceptual neutralization of Huaiyuan’s low tone sandhis 
(T1 sandhi, T3 sandhi, and half-third sandhi) and discussed the phonological predictability of 
their realizations. By doing so, we aimed to determine whether these sandhi processes constitute 
categorical changes, phonological rules, or both, thereby contributing to a clearer classification 
of tone sandhi phenomena in understudied Mandarin dialects.

1.2. The current study
The vast majority of studies have focused on the tone sandhis in Standard Mandarin. Very few 
studies have examined both the acoustic and perceptual aspects of the neutralization of tone 
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sandhi in the other Mandarin dialects. Therefore, whether tone sandhis in these Mandarin dialects 
are neutralizing in production and perception is still unclear. Given that Huaiyuan T1 and T3 
are both low tones, and their respective sandhi rules may not result from the same mechanisms 
as the sandhi rules in the other Mandarin dialects, it is warranted to investigate the acoustic 
and perceptual neutralization between the sandhi tones and their corresponding canonical tones 
in Huaiyuan Mandarin, so that the categoricity of these low tone sandhi rules can be further 
understood and compared cross-linguistically. Unlike Standard Mandarin, Huaiyuan Mandarin 
offers us an opportunity to compare its T1 sandhi and T3 sandhi, both of which change a low 
tone to a rising tone. Through this comparison, we would be able to see whether this type of 
sandhi results from similar mechanisms. Regarding Huaiyuan half-third sandhi, the existence 
of the low-falling T1 allows us to directly compare the acoustic and perceptual neutralization 
between Huaiyuan T1 and HT3, shedding light on whether Huaiyuan half-third sandhi can be 
considered a categorical tone changing rule. Such comparisons are absent in Standard Mandarin 
due to the lack of a second low-falling tone. Through investigating the acoustic realizations of 
these sandhi tones, we would also be able to infer whether these low tone sandhis in Huaiyuan 
are phonological or not.

In order to address these issues, a production experiment, an identification experiment, and 
a discrimination experiment were conducted. Specific research questions include: 1) whether 
Huaiyuan ST1 and T2, ST3 and T2, as well as HT3 and T1 are neutralized in production, 2) 
whether Huaiyuan ST1 and T2, ST3 and T2, as well as HT3 and T1 are neutralized in perception, 
and 3) whether native Huaiyuan listeners would be able to use the acoustic differences, and their 
native phonological knowledge, in perceiving the two minimal tone pairs in Huaiyuian. These 
experiments were reviewed and approved by the Human Subjects Committee of the Department 
of Chinese Language and Literature at Fudan University.

2.  Production experiment
The production experiment aimed to empirically investigate whether Huaiyuan ST1 and T2, 
ST3 and T2, and HT3 and T1 are acoustically completely neutralized, in order to understand the 
production characteristics and the categoricity of Huaiyuan low tone sandhis. Pitch height and 
pitch contour of the two tones within a tone pair were compared. If complete neutralization is 
observed, it would indicate that the sandhi rule leads to categorical tone change in production. If 
nonneutralization is observed, it would suggest that the sandhi rule does not result in categorical 
tone change in production. In addition, whether the F0 realization of the sandhi tone is 
unpredictable from its canonical tone would be the determinant of whether or not the sandhi rule 
is phonological. An unpredictable sandhi tone would suggest that the sandhi rule is phonological, 
while a predictable sandhi tone would suggest that the sandhi rule can be explained by phonetic 
processes alone (Li & Chen, 2016).
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Based on previous production studies in Standard Mandarina and Tianjin Mandarin (Peng, 
2000; Yuan & Chen, 2014; Zhang & Liu, 2011; Li & Chen, 2016), we predicted that all the sandhis 
would lead to nonneutralization in production, revealing traces of the acoustic characteristics of 
the canonical tones from which the sandhi tones are derived. We also predicted that the tonal 
contours of ST1 and ST3 would not be predictable from that of T1 and T3, but the tonal contour 
of HT3 would be similar to the first half of T3. Therefore, although all the three sandhi rules 
would result in noncategorical tone changes in production, Huaiyuan T1 sandhi and T3 sandhi 
should be phonological, but Huaiyuan half-third sandhi would not be justified as a phonological 
rule. The production data collected in this experiment also served as the ground for the two 
perception experiments.

2.1. Participants
Twelve native speakers of Huaiyuan Chinese (7 males, 5 females), aged between 40 and 60 
(M = 44.75), were recruited as participants. In order to minimize the influence of Standard 
Mandarin, all the participants were born and raised in the city of Huaiyuan, and their parents 
and spouses were all Huaiyuan locals. They did not have any experience of living in another 
city besides Huaiyuan before joining this experiment. They all received elementary school 
education, and some also received middle school education. They had no difficulty reading the 
Chinese characters on the stimulus list. They did not have any reported language production 
or comprehension impairment at the time of testing. All the participants were asked to provide 
informed consent before the production experiment and were paid for their participation.

2.2. Stimuli
Ten minimal pairs of ST1+T1 and T2+T1 words (e.g., 巫山 “Mountain Wu” vs. 吴山 “Mountain 
Wu”, [u san]), ten minimal pairs of ST3+T3 and T2+T3 words (e.g., 彩礼 “betrothal gifts” vs. 
财礼 “monetary price”, [tsʰɛ li]), as well as ten minimal pairs of HT3+T4 and T1+T4 words 
(e.g., 企盼 “hope for” vs. 期盼 “expect”, [tɕʰi pʰan]) were selected as critical stimuli (see Appendix 
A). Confirmed by two native Huaiyuan speakers who did not participate in the experiment, all 
the critical words were common words in Huaiyuan. Moreover, since there is no corpus for 
Huaiyuan, a corpus for Standard Mandarin was used to estimate the word frequencies of the 
critical words. Results of t tests showed that ST1+T1 and T2+T1 words did not differ in word 
frequency (t(18) = 1.101, p = .288). Neither did ST3+T3 and T2+T3 words (t(18) = .502, p 
= .622), or HT3+T4 and T1+T4 words (t(18) = −.5, p = .623). Lastly, the sandhi sets and 
their corresponding non-sandhi sets were also matched in stroke number (ST1+T1 vs. T2+T1, 
t(18) = −.065, p = .949; ST3+T3 vs. T2+T3, t(18) = −.5, p = .623; HT3+T4 vs. T1+T4, 
t(18) = −1.021, p = .321).
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In addition to the critical words, ten T1+T2 (ML + MH), ten T3+T2 (MLM + MH), twenty 
T4+T2 (HL+ MH), and twenty T4+T4 (HL + HL) filler words were also included to balance 
the numbers of each tone type of the entire stimulus set. In total, 40 words began with a rising 
tone; 40 began with a low tone, and 40 began with a high-falling tone. Forty ended with a low 
tone; 40 ended with a rising tone, and 40 ended with a high-falling tone.

2.3. Procedure
Participants first completed a consent form. Then, they were seated about 70 cm in front of a 
laptop screen in a quiet room, and were recorded using the Adobe Audition software, with a 
cardioid microphone (Shure, model SM57) and a digital solid-state recorder (Zoom H4N) at 
a sampling rate of 44,100 Hz and the resolution of 16 bits. The stimuli were presented via 
Paradigm (Tagliaferri, 2019).

In a trial, a fixation cross was first presented in the middle of the screen for 500 ms, then a 
word for 2000 ms. Participants were instructed to produce the word as naturally as possible. Five 
practice trials were first provided to the participants to familiarize them with the experimental 
procedure. After the practice session, the main experiment commenced. The main experiment 
consisted of 240 trials, with 60 critical words and 60 filler words randomly presented twice. The 
whole experiment took approximately 20 minutes.

2.4. Pitch track analysis
Pitch tracks of the first syllables of the critical words were analyzed using Praat (Boersma & 
Weenink, 2023). For rising tones ST1, ST3, and T2, pitch tracks were measured from the onset 
of the second periodicity in the waveform to the peak in the pitch track analysis in Praat. For 
falling tones HT3 and T1, pitch tracks were measured from the onset of the second periodicity 
in the waveform to the lowest point in the pitch track analysis in Praat (Zhu, 2010). Ten equally 
spaced measurement points were extracted for each pitch track using the ProsodyPro Praat script 
(Xu, 2005, 2010). The extracted pitch tracks were checked for octave jumps. When there was an 
octave jump, the values of the measurement points were manually corrected using F0 = 1/T(s) 
in which T refers to the duration of one period of the waveform. The values of the measurement 
points were then log-transformed with base 10. After the process, the log-transformed values were 
z-transformed using the formula in (2) to minimize pitch variation due to gender and speaker 
identity (Zhu, 2010). The log-z scores (LZ-scores) were subject to subsequent statistical analysis.

(2) LZ = (xi−μ)/σ,

where xi refers to the log-transformed value of each measurement point, μ refers to the mean of 
the overall log-transformed values of a given speaker, and σ represents the SD of the overall log-
transformed values of a given speaker.
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2.5. Production results
Growth curve analysis (Mirman, 2014) was conducted on the LZ-scores to model the pitch tracks 
of ST1 and T2, the pitch tracks of ST3 and T2, as well as the pitch tracks of HT3 and T1 using 
the lme4 package in R (Bates et al., 2015), with p-values calculated by the lmerTest package 
(Kuznetsova et al., 2017). Considering the possible shape of Chinese tones (Tu & Chien, 2022), 
the linear, quadratic, and cubic time polynomials, which represent linear, U shape, and S shape 
of the tones, were included one at a time as fixed factors to estimate the overall tonal contour 
of each pair of tones. Participants and items were included as random intercepts for the random 
effects structure. Then, the linear, quadratic, and cubic time polynomials were entered one at a 
time as by-participant and by-item random slopes into the random effects structure. Whenever 
a model could not converge or was singular, a simpler random effects structure was used (Li, 
2023). Through this process, three models for each tone pair were generated, with one, two, 
or three time polynomials as fixed factors, and then compared using likelihood ratio tests to 
determine the optimal basic model to which subsequent fixed factors were added. For all three 
tone pairs, the basic model contained all three time polynomials (see Table 2).

ST1/T2 pair χ2 df p

Linear vs. quadratic 31.845 1 <.001

Quadratic vs. cubic 16.505 1 <.001

Best basic model: LZ-scores ~ (ot1+ot2+ot3) + (1+ ot1 | Participant) + (1 + ot1 | item)

ST3/T2 pair χ2 df p

Linear vs. quadratic 47.437 4 <.001

Quadratic vs. cubic 14.274 1 <.001

Best basic model: LZ-scores ~ (ot1 + ot2 + ot3) + (1 + ot1 + ot2 | Participant) + 
(1 + ot1 | item)

HT3/T1 pair χ2 df p

Linear vs. quadratic 27.485 4 <.001

Quadratic vs. cubic 7.824 1 .005

Best basic model: LZ-scores ~ (ot1 + ot2 + ot3) + (1 + ot1 + ot2 | Participant) + 
(1 + ot1 | item)

Table 2: Likelihood ratio tests on the number of time polynomials as fixed effects for each tone pair.



11Zhao et al: The production and perception of low tone alternations in Huaiyuan Chinese

In order to further evaluate whether the two tones of each pair were completely neutralized, 
for each tone pair, two additional models were built based on the basic model, with TᴏɴᴇPᴀɪʀ 
(sandhi vs. canonical) and interactions between TᴏɴᴇPᴀɪʀ and time polynomials, added one at 
a time as fixed factors. Likelihood ratio tests were employed to determine the optimal model.

Table 3 shows that for ST1 and T2, Model2 was significantly better than Model1 and the 
basic model; therefore, it was chosen as the best model. Within Model2, the linear, quadratic, 
and cubic time polynomials were all significant, indicating that the overall shape of ST1 and T2 
was an incomplete S-shape on an angle as compared to a horizontal line. In addition, TᴏɴᴇPᴀɪʀ 
was significant (ST1 baseline). The positive estimate revealed that T2 was significantly higher 
than ST1 in average pitch height. The interaction between TᴏɴᴇPᴀɪʀ and the linear time term 
was also significant. The negative estimate demonstrated that T2 had a more negative slope 
relative to ST1. Lastly, the interaction between TᴏɴᴇPᴀɪʀ and the quadratic time term was also 
significant. The negative estimate indicated that T2 had a less convex shape (U-shape) than ST1. 
The pitch tracks of ST1 and T2 are shown in Figure 2.

ST1/T2 pair χ2 df p

Basic vs. M1 32.780 1 <.001

M1 vs. M2 8.806 3 .032

Basic model: LZ-scores ~ (ot1 + ot2 + ot3) + (1 + ot1 | Participant) + (1 + ot1 | item)
Model1: LZ-scores ~ (ot1 + ot2 + ot3) + TᴏɴᴇPᴀɪʀ + (1 + ot1 | Participant) + 
(1 + ot1 | item)
✔ Model2: LZ-scores ~ (ot1 + ot2 + ot3) * TᴏɴᴇPᴀɪʀ + (1 + ot1 | Participant) + 
(1 + ot1 | item)

Model2 β SE t p

(Intercept) −.236 .074 −3.165 .003

Linear 1.075 .105 10.258 <.001

Quadratic .233 .043 5.393 <.001

Cubic −.128 .043 −2.967 .003

TᴏɴᴇPᴀɪʀ .634 .079 8.065 <.001

Linear:TᴏɴᴇPᴀɪʀ −.198 .088 −2.238 .036

Quadratic:TᴏɴᴇPᴀɪʀ −.123 .060 −2.050 .040

Cubic:TᴏɴᴇPᴀɪʀ .013 .060 .224 .823

Table 3: Likelihood ratio tests on fixed effects for the ST1/T2 pair and the results of fixed effects 
estimation for the best model.
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Table 4 shows that for ST3 and T2, Model4 could not significantly improve the fit over 
Model3, and Model3 was significantly better than the basic model. Thus, Model3 was selected 
as the optimal model. Within this model, the linear and cubic time polynomials were significant, 
suggesting that the overall shape of ST3 and T2 was an S-shape on an angle relative to a 
horizontal line. TᴏɴᴇPᴀɪʀ (ST3 baseline) was also significant. The negative estimate revealed 
that the average pitch height of ST3 was significantly lower than that of T2. The pitch tracks of 
ST3 and T2 are shown in Figure 2.

Table 5 reveals that for HT3 and T1, Model6 was significantly better than Model5 and 
the basic model. Hence, it was chosen as the best mode. Within Model6, the linear and cubic 
time polynomials reached significance, and the quadratic time term showed a trend towards 
significance, meaning that the overall shape of HT3 and T1 was an incomplete S-shape on an 
angle as compared to a horizontal line. Besides, TᴏɴᴇPᴀɪʀ (T1 baseline) was significant. The 
negative estimate revealed that the average pitch height of HT3 was significantly lower than 
that of T1. The interaction between the linear time term and TᴏɴᴇPᴀɪʀ was also significant. The 
positive estimate displayed that HT3 had a more positive slope than T1, meaning that the decline 

ST3/T2 pair χ2 df p

Basic vs. M3 4.552 1 .033

M3 vs. M4 1.042 3 .791

Basic model: LZ-scores ~ (ot1 + ot2 + ot3) + (1 + ot1 + ot2 | Participant) + 
(1 + ot1 | item)
✔ Model3: LZ-scores ~ (ot1 + ot2 + ot3) + TᴏɴᴇPᴀɪʀ + (1 + ot1 + ot2 | Participant) + 
(1 + ot1 | item)
Model4: LZ-scores ~ (ot1 + ot2 + ot3) * TᴏɴᴇPᴀɪʀ + (1 + ot1 + ot2 | Participant) + 
(1 + ot1 | item)

Model3 β SE t p

(Intercept) .612 .082 7.471 <.001

Linear .879 .146 6.024 <.001

Quadratic .152 .075 2.029 .066

Cubic −.128 .034 −3.781 <.001

TᴏɴᴇPᴀɪʀ −.151 .066 −2.279 .032

Table 4: Likelihood ratio tests on fixed effects for the ST3/T2 pair and the results of fixed effects 
estimation for the best model.



13Zhao et al: The production and perception of low tone alternations in Huaiyuan Chinese

of HT3 was not as drastic as that of T1. Moreover, the interaction between the quadratic time 
term and TᴏɴᴇPᴀɪʀ was significant. The positive estimate means that HT3 was more U-shaped 
than T1. Finally, the interaction between the cubic time term and TᴏɴᴇPᴀɪʀ reached significance. 
The negative estimate indicated that HT3 was less S-shaped than T1. The pitch tracks of HT3 and 
T1 are shown in Figure 2.

Taken together, these production results showed that although Huaiyuan participants 
successfully applied T1 sandhi, T3 sandhi, and half-third sandhi to the critical words, the sandhi 
tones and their corresponding canonical tones were not neutralized in production. For ST1, it 
was lower, steeper, and more U-shaped than T2; for ST3, it was lower than T2; for HT3, it was 
lower and less S-shaped than T1. The initial decline of HT3 was also not as sharp as that of T1. 
Based on these results, Huaiyuan T1 sandhi, T3 sandhi, and half-third sandhi are nonneutralizing 

HT3/T1 pair χ2 df p

Basic vs. M5 20.034 1 <.001

M5 vs. M6 24.303 3 <.001

Basic model: LZ-scores ~ (ot1 + ot2 + ot3) + (1 + ot1 + ot2 | Participant) + (1 + ot1 
| item)
Model5: LZ-scores ~ (ot1 + ot2 + ot3) + TᴏɴᴇPᴀɪʀ + (1 + ot1 + ot2 | Participant) + 
(1 + ot1 | item)
✔ Model6: LZ-scores ~ (ot1 + ot2 + ot3) * TᴏɴᴇPᴀɪʀ + (1 + ot1 + ot2 | Participant) + 
(1 + ot1 | item)

Model6 β SE t p

(Intercept) −.582 .074 −7.851 <.001

Linear −1.944 .193 −10.065 <.001

Quadratic .088 .050 1.758 .088 

Cubic .151 .045 3.398 <.001

TonePair −.581 .080 −7.238 <.001

Linear:TᴏɴᴇPᴀɪʀ .790 .163 4.843 <.001

Quadratic:TᴏɴᴇPᴀɪʀ .123 .062 1.985 .047

Cubic:TᴏɴᴇPᴀɪʀ −.126 .061 −2.050 .040

Table 5: Likelihood ratio tests on fixed effects for the HT3/T1 pair, and the results of fixed effects 
estimation for the best model.
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in production, leading to noncategorical tone changes. It is consistent with the production data 
obtained in Standard Mandarin and Tianjin Mandarin (Zee, 1980; Xu, 1997; Peng, 2000; Yuan 
& Chen, 2014; Wang et al., 2018; Tu & Chien, 2022; Zhang & Liu, 2011; Li & Chen, 2016). 
Furthermore, given that the pitch tracks of both ST1 and ST3 were unpredictable from their 
corresponding canonical tones, Huaiyuan T1 sandhi and T3 sandhi should be phonological. 
Conversely, Huaiyuan half-third sandhi can be explained by phonetic processes alone since HT3 
appeared to be the first half of its base tone (Li & Chen, 2016).

3.  Perception experiments
While the production results showed significant acoustic distinctions between ST1 and T2, ST3 
and T2, and between HT3 and T1, such acoustic differences between the two tones within a 
pair do not inherently ensure that they can be used in perception (Peng, 2000). To determine 
whether these acoustic differences are functionally encoded in listeners’ phonological categories, 

Figure 2: The top-left panel represents the pitch tracks of the first syllables of ST1+T1 and 
T2+T1 words. The top-right panel represents the pitch tracks of the first syllables of ST3+T3 
and T2+T3 words. The bottom-left panel represents the pitch tracks of the first syllables of 
HT3+T4 and T1+T4 words. The pitch tracks are smoothed. The gray bands represent the 
confidence interval for a level of .95.
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we first conducted an identification experiment, testing whether Huaiyuan ST1 and T2, ST3 and 
T2, and HT3 and T1 are perceptually neutralized or remain distinct. Based on the fact that the 
acoustic differences between ST3 and T2 appeared smaller than those between ST1 and T2, and 
between HT3 and T1, we predicted that ST3 and T2 may be perceptually neutralized, as observed 
in the Standard Mandarin study of Peng (2000). In contrast, we predicted that ST1 and T2, as 
well as HT3 and T1 would maintain perceptual distinctiveness. Such results would indicate that 
Huaiyuan ST3 may be perceived as T2, which is a categorical tone change, while Huaiyuan T1 
sandhi and half-third sandhi are not categorical tone-changing rules. This perception pattern 
would further demonstrate that although both T1 sandhi and T3 sandhi should be deemed 
phonological, as evidenced by the fact that the pitch tracks of ST1 and ST3 cannot be inferred 
from their respective canonical tones, they may exhibit different perceptual characteristics. The 
integration of the production and perception data would allow us to discern the similarities and 
differences among Huaiyuan T1 sandhi, T3 sandhi, and half-third sandhi.

In addition to the identification experiment, a discrimination experiment was also conducted 
to further investigate whether Huaiyuan phonological knowledge was also involved in helping 
Huaiyuan listeners’ sandhi word identification. In order to address this question, native 
Huaiyuan listeners and naïve Huaiyuan listeners were asked to discriminate between Huaiyuan 
minimal tone pairs. If Huaiyuan experience improves discrimination performance, it would 
suggest that native Huaiyuan listeners not only rely on surface acoustic information, but also 
depend on Huaiyuan phonological knowledge in perception. These two perception experiments 
were reviewed and approved by the Human Subjects Committee of the Department of Chinese 
Language and Literature at Fudan University.

3.1. Identification experiment
3.1.1. Participants
Since it was not easy to recruit enough participants for the middle-aged group alone, 20 middle-
aged participants (8 males, 12 females), aged between 40 and 60 (M = 46.55), and 20 younger 
participants (11 males, 9 females), aged between 20 and 35 (M = 26.85), were recruited. A 
language background questionnaire was then provided to ensure that they had native Huaiyuan 
proficiency and had no language production or comprehension impairment at the time of testing. 
According to their self-reports, they were all native speakers of Huaiyuan. Both of their parents 
were also native speakers of Huaiyuan. They all grew up in Huaiyuan City and had not lived 
in a city other than Huaiyuan for more than 5 years. Given that the two groups of participants 
differed strongly in age, for statistical analysis, Age was set as an independent variable to 
evaluate whether it influenced the identification results. All the participants provided informed 
consent before the main experiment and were paid for their participation after the experiment.
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3.1.2. Stimuli
Ten minimal pairs of ST1+T1 and T2+T1, ten minimal pairs of ST3+T3 and T2+T3, and ten 
minimal pairs of HT3+T4 and T1+T4 used in the production experiment were included in 
the identification experiment. The critical words produced by Speaker12 and Speaker3 were 
selected since their pitch tracks were the closest to the average pitch tracks of the critical words 
produced by all the speakers. Therefore, the productions of these two speakers were the best 
representatives of the entire set of the critical tone productions.

3.1.3. Procedure
Participants were invited to a quiet room, seated around 70 cm in front of a laptop screen, and 
wore headphones with the sound volume adjusted to a comfortable level. A two-alternative 
forced choice identification experiment was run by the PsychoPy software (Peirce et al., 2022). 
In each trial, a fixation cross appeared in the middle of the screen for 1000 ms. After that, a 
minimal pair of words (e.g., 巫山 “Mountain Wu”, 吴山 “Mountain Wu”; ST1+T1 vs. T2+T1; 
[wu san]) written in Simplified Chinese characters were presented to the right and left sides of the 
fixation location for 1500 ms, during which participants were asked to look at the words. Then, 
an auditory stimulus was presented via the headphones, and the participants were instructed 
to make a behavioral response by pressing the “F” key with the left hand and the “J” key with 
the right hand on the keyboard. The “F” key referred to the word on the left, and the “J” key 
referred to the word on the right. Eight practice trials were presented first to ensure that the 
participants fully understood the task. After that, the main experiment was presented, with 
the two speakers’ voices separated in two blocks. The order of the blocks was counterbalanced 
across participants, and the stimuli within each block were presented in a randomized order. 
The main experiment consisted of 120 trials (60 words × 2 speakers). The whole experiment 
took approximately 20 minutes.

3.1.4. Results
A-prime scores were calculated using the formula in (3) to evaluate participants’ identification 
performance (Grier, 1971; Snodgrass et al., 1985; Peng, 2000; So & Best, 2010). A-prime (A’) 
analysis considers not only correct responses, but also false alarms. Therefore, it is a better 
measurement to reflect participants’ signal detectability. A-prime scores range from 0 to 1, with 
.5 meaning chance-level performance and 1 representing perfect performance.

(3) A’ = .5 + [(y – x) (1 + y – x) / 4y (1 – x)],

where x is the ratio of false alarms (i.e., identification of sandhi words for non-sandhi words 
and that of non-sandhi words for sandhi words), and y is the ratio of correct responses 
(i.e., identification of sandhi words for sandhi words and that of non-sandhi words for non-
sandhi words).
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For the ST1+T1 and T2+T1 words, the middle-aged group obtained an average A’ score of 
.563 (SD = .125), while the younger group obtained an average A’ score of .585 (SD = .161). 
Two one-sample t tests were conducted on the A’ scores with a test value of .5 for each age group 
to evaluate whether participants’ responses were significantly better than chance-level responses. 
Results showed that the average score of the middle-aged group was significantly higher than .5 
(t(19) = 2.231, p = .038<.05), and so was the average score of the younger group (t(19) = 2.302, 
p = .033<.05), indicating that ST1 and T2 were not perceptually neutralized (see Figure 2).

For the ST3+T3 and T2+T3 words, the average A’ scores for the middle-aged and younger 
groups were .512 (SD = .1) and .492 (SD = .085), respectively. One-sample t tests with A’ scores 
as the dependent variable and a test value of .5 showed that the average score of the middle-age 
group and that of the younger group were not significantly different from .5 (middle-aged group: 
t(19) = .194, p = .849; younger group: t(19) = −.335, p = .741), suggesting that ST3 and T2 
were perceptually completely neutralized (see Figure 2).

For the HT3+T4 and T1+T4 words, the average A’ scores for the middle-aged and younger 
groups were .81 (SD = .121) and .883 (SD = .067), respectively. Two one-sample t tests were 
performed on participants’ A’ scores, with a test value of .5. Results showed significant differences 
between the A’ scores and the test value for both age groups (middle aged group: t(19) = 
11.534, p < .01; younger group: t(19) = 25.489, p < .01), indicating that HT3 and T1 were not 
perceptually neutralized (see Figure 3).

In order to examine whether the effects of Age (middle-aged, younger), TᴏɴᴇPᴀɪʀ (ST1/T2, 
ST3/T2, HT3/T1) and their interaction significantly influenced participants’ A’ scores, a linear 
mixed-effects model was built with Age, TᴏɴᴇPᴀɪʀ, and their interaction as fixed factors. Random 
intercepts as well as by-participant random slopes of Age were entered into the random effects 
structure. The analysis was conducted using the lme4 package in R (Bates et al., 2015), with p 
values calculated by the lmerTest package (Kuznetsova et al., 2017). Results showed that the 
ST1/T2 and ST3/T2 pairs elicited significantly lower A’ scores than the HT3/T1 pair (baseline: 
HT3/T1; ST1/T2 vs. HT3/T1: β = −.286, SE = .033, t = −8.669, p < .001; ST3/T2 vs. HT3/
T1: β = −.346, SE = .033, t = −10.502, p < .001). The ST3/T2 pair showed a trend towards 
yielding significantly lower A’ scores than the ST1/T2 pair (baseline: ST1/T2; β = −.060, SE 
= .033, t = −1.833, p = .071). Age and the interaction between Age and TᴏɴᴇPᴀɪʀ were not 
significant (Age: F(1) = .565, p = .457; Age × TᴏɴᴇPᴀɪʀ: F(2) = .493, p = .613), indicating 
that the two groups of participants produced similar A’ scores, and the A’ score difference within 
each tone pair was not modulated by Age.

These identification results suggested that the participants were sensitive to the acoustic 
differences between ST1+T1 and T2+T1 words, as well as between HT3+T4 and T1+T4 words, 
and were able to use the subtle acoustic differences within minimal pairs for word identification. 
However, they could not utilize the small, yet statistically significant, acoustic differences 
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between ST3+T3 and T2+T3 words for word identification. The perceptual results of the ST1/
T2 and HT3/T1 pairs were consistent with the production results, revealing nonneutralization. 
However, the perceptual results of the ST3/T2 pair contrasted with the production results, showing 
complete neutralization. Based on the data, Huaiyuan ST3 may be perceived as T2, which is a 
categorical tone change, but Huaiyuan T1 sandhi and half-third sandhi are not categorical tone-
changing rules. Table 6 summarizes the results of the production and identification experiments.

3.2. Discrimination experiment
Although the nonneutralizing results of the identification experiment could be attributed 
to Huaiyuan participants’ sensitivity to the surface acoustic differences between the words 
of a minimal tone pair, they might also be explained by participants’ utilization of Huaiyuan 
phonological knowledge, activating the underlying tones of the sandhi words, which further 

Figure 3: A’ scores of the three minimal pairs between the sandhi and non-sandhi words presented 
as boxplots. M represents the middle-aged group. Y represents the younger group. Error bars are 
plotted with a confidence level of .95.

Minimal tone pairs Production results Identification results

ST1+T1 vs. T2+T1 Nonneutralization Nonneutralization

ST3++T3 vs. T2+T3 Nonneutralization Complete neutralization

HT3+T4 vs. T1+T4 Nonneutralization Nonneutralization

Table 6: Summary of production and identification results.
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facilitated word identification. In order to examine the possibility of using Huaiyuan phonological 
knowledge in word identification, a discrimination experiment comparing native and naïve 
Huaiyuan listeners was conducted, thereby evaluating whether native language experience plays 
a critical role in discriminating Huaiyuan tones. The importance of selecting naïve Huaiyuan 
listeners who know a different tone language was that they could only rely on their acoustic-
phonetic knowledge of non-Huaiyuan tones. If they outperformed or performed comparably 
to native Huaiyuan listeners, it would reveal that lower-level acoustic-phonetic knowledge 
or knowledge of non-Huaiyuan tones was sufficient, with language-specific experience being 
nonessential. Conversely, if their discrimination performance fell short of that demonstrated 
by native Huaiyuan listeners, it would indicate that native Huaiyuan listeners likely leverage 
additional phonological knowledge in discriminating these tone pairs. Based on the results of the 
previous two experiments, we only selected the HT3+T4 and T1+T4 words as stimuli since they 
showed the largest acoustic and perceptual differences among the three groups of words. Using 
these words could avoid the floor effect and granted us a better chance to observe performance 
differences between the native and nonnative participants if there were any. We predicted that 
native Huaiyuan listeners would outperform naïve Huaiyuan listeners in discriminating between 
Huaiyuan HT3+T4 and T1+T4 minimal pairs, suggesting the recruitment of native phonological 
knowledge in discrimination.

3.2.1. Participants
Twenty native Huaiyuan listeners who had participated in the identification experiment around 
5 months ago participated in the discrimination experiment. Twenty naïve Huaiyuan listeners 
were also recruited (6 males, 14 females; mean age: 25.7). They were all native listeners of a 
Mandarin dialect other than Jianghuai Mandarin to which Huaiyuan Mandarin belongs. All the 
participants did not have any language production or comprehension impairment at the time 
of testing. They all provided informed consent before the experiment, and received monetary 
compensation after the experiment.

3.2.2. Stimuli
The 10 minimal pairs of the HT3+T4 and T1+T4 words used in the production and identification 
experiments were used in this experiment. The stimuli were all produced by Speaker12 in the 
production experiment.

3.2.3. Procedure
Participants were invited to a quiet room, seated about 70 cm in front of a laptop screen, and 
wore headphones with sound volume adjusted to the comfortable level. An experimenter then 
introduced the procedure to the participants, and started an AX discrimination experiment 
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implemented in PsychoPy (Peirce et al., 2022). After four practice trials, participants were asked 
if they had any questions, and then the main experiment was provided. In a trial, a fixation cross 
first appeared in the middle of the screen for 500 ms. Then, two stimuli were presented one 
after another with a 500 ms interstimulus interval. Immediately after the disappearance of the 
second stimulus, the word “相同” (same) and “不同” (different) were presented to the left and 
right of the previous fixation location, and the participants were instructed to judge whether the 
two stimuli had the same initial tone as quickly and as accurately as possible, by pressing “F”, 
representing different, and “J”, representing the same, on the keyboard. If the participants did 
not make any response within 5000 ms, this particular trial would be recorded as an incorrect 
response, and the next trial would begin. The discrimination experiment consisted of 4 practice 
trials and 80 main trials (10 pairs of words, 4 combinations, AA, BB, AB and BA, for each pair, 2 
repetitions). The trial order was fully randomized within one repetition. The whole experiment 
lasted approximately 20 minutes.

3.2.4. Results
Participants’ discrimination performance was evaluated via D-prime (d’) analysis (Francis 
& Ciocca, 2003; Macmillan & Creelman, 1991), which considers both sensitivity and bias. 
Participant’s d’ scores were calculated using the formula in (4) below. The logic and pragmatic 
range of d’ is from 0 to 4.65 (H = .99, F = .01), with 0 meaning no sensitivity at all (chance 
level). Since d’ is a distance measure, a d’ score of 2 means twice as sensitive as a d’ score of 1. 
Typical d’ scores are up to 2, and a d’ score of 1 roughly corresponds to 69% accuracy for both 
different and same trials.

(4) d’ = z(H) − z(F),

where both H and F represent performance ratios. The Hit Rate (H) is the ratio of “different” 
trials for which participants responded “different” when hearing HT3+T4/T1+T4 words 
or T1+T4/HT3+T4 words. The False Alarm Rate (F) is the ratio of “same” trials for which 
participants responded “different” when hearing two T1+T4 words or two HT3+T4 words. z 
refers to z-transform.

Linear mixed-effects analysis was conducted on participants’ d’ scores with Language 
(Huaiyuan, Naïve-Huaiyuan) as a fixed factor and random intercepts by participant as the 
random effects structure. For Language, native Huaiyuan listeners were treated as the baseline 
to which non-Huaiyuan listeners were compared. Results showed that native Huaiyuan listeners 
were almost twice as sensitive as non-Huayuan listeners when distinguishing Huaiyuan HT3+T4 
words from T1+T4 words, and this performance difference was reflected by the significant 
d’ difference (Huaiyuan, M = 1.98; non-Huaiyuan, M = 1.01; β = −.964, SE = .222, t = 
−4.354, p < .001), suggesting that native language experience improved Huaiyuan tone/word 
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discrimination (see Figure 4). Therefore, it is highly likely that both surface acoustic information 
and Huaiyuan phonological knowledge were used by native Huaiyuan listeners in these two 
perception experiments.

4.  Discussion
Huaiyuan Mandarin has three low-tone sandhis. T1 sandhi and T3 sandhi can be classified as the 
first type, which involves changing the low tone of the first syllable to a rising tone (T1 sandhi: 
ML + ML → MH + ML; T3 sandhi: MLM + MLM → MH + MLM), while half-third sandhi can 
be classified as the second type, which involves truncating the rising portion of the canonical 
T3 in the first syllable (MLM + MH/HL → ML + MH/HL). The current study investigated the 
production and perception of these low-tone sandhis in Huaiyuan Mandarin. Specifically, we 
tested whether Huaiyuan ST1 and T2, ST3 and T2, and HT3 and T1 were completely neutralized 
in production and perception, in order to examine the mechanisms underlying these low tone 
sandhis. Our acoustic and identification results showed comparable patterns for the ST1/T2 and 
HT3/T1 pairs, with the two tones of each pair not neutralized with each other. By contrast, the 
ST3/T2 pair showed different results in the two experiments, with nonneutralization in production, 
but complete neutralization in perception. Moreover, the discrimination results further revealed 
that native Huaiyuan listeners outperformed naïve Huaiyuan listeners in discriminating between 
Huaiyuan HT3 and T1, suggesting that native Huaiyuan listeners could use not only the acoustic 
details between the two tones of a minimal pair, but also native phonological knowledge to help 
identify and discriminate Huaiyuan words.

4.1. The mechanisms of Huaiyuan low-tone sandhis
For the first type, acoustic analysis of the ST1/T2 pair did not show neutralization, with ST1 
having an average lower pitch, a steeper rising slope, and a more U-shaped contour than T2. 

Figure 4: d’ scores of the HT3+T4 and T1+T4 minimal pairs presented as boxplots. Error bars 
are plotted with a confidence level of .95.
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Similarly, the ST3/T2 pair did not display neutralization either, with ST3 showing an average 
lower pitch than T2. The results of these two tone sandhis are in line with those of the T3 sandhi 
in Standard Mandarin, in which case, the sandhi tone preserves some acoustic characteristics of 
its underlying tone (Wang & Li, 1967; Xu, 1997; Peng, 2000; Yuan & Chen, 2014; Tu & Chien, 
2022). According to previous tone descriptions, Huaiyuan T1 is a low-falling tone and T3 is a 
low falling-rising tone, while T2 is a mid to high-rising tone (Gong, 2004; Shi, 2007; Zhang & 
Gong, 2010). The fact that both ST1 and ST3 have lower pitch height than T2 demonstrates that 
ST1 and ST3 keep their underlying low-tone feature. Additionally, in order for the low-falling 
T1 to reach its rising sandhi target, it has to rise drastically from the second half of the tone, 
inducing shape differences between ST1 and T2. These production patterns are consistent with 
those elicited from the T3 sandhi in Standard Mandarin, where ST3 has a lower pitch height and 
a later turning point than T2.

Interestingly, although native Huaiyuan listeners were unable to differentiate between ST3 
and T2, demonstrating a mismatch between production and perception, just as some of the 
previous identification results obtained from the T3 sandhi in Standard Mandarin (Wang & Li, 
1967; Peng, 2000), their identification performance of the ST1/T2 pair was significantly higher 
than chance. The difference in the identification results may be due to the fact that in Huaiyuan the 
acoustic difference between ST1 and T2 is larger than that between ST3 and T2. Thus, it is easier 
for native Huaiyuan listeners to perceive the difference and use it for word identification. The 
different results can also be due to the choice of stimuli. Using the stimuli that were closest to the 
average pitch tracks produced by all the participants, Tu and Chien (2022) observed perceptual 
nonneutralization between the ST3 and T2 in Standard Mandarin, consistent with the present 
identification results of the Huaiyuan ST1/T2 pair. The T1 sandhi and T3 sandhi in Huaiyuan 
also mirror the T1 sandhi and T3 sandhi in Tianjin Mandarin, which reveal nonneutralization 
between the sandhi tones and their corresponding canonical tones, leaving traces of the tonal 
characteristics of their underlying tones (Zhang & Liu, 2011; Li & Chen, 2016). These findings 
together showed that the first type of low tone sandhis in Mandarin dialects lead to noncategorical 
tone changes in production, whereas, regarding native speakers’ perception, a sandhi rule may 
be categorical when the acoustic difference between the sandhi tone and its corresponding 
canonical tone is too trivial (e.g., ST3 and T2 in Huaiyuan and Standard Mandarin), or when the 
experimental paradigm is not sensitive enough to capture listeners’ behaviors.

A question then rises as to why ST1 seemed to differ more from T2 than ST3 from T2. This 
question can be explained by the farther distance between Huaiyuan T1 and T2 than between 
Huaiyuan T3 and T2, hypothesizing that Huaiyuan T2 is also the target tone that Huaiyuan 
T1 sandhi attempts to reach, as evidenced by the fact that ST1 and T2 did not seem to differ 
drastically in acoustics, and participants’ A’ scores in identifying ST1+T1 and T2+T1 words were 
under .6. According to Zhao’s acoustic results (Zhao, 2024), the canonical forms of Huaiyuan 
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T1 and T3 should be denoted as 311 and 112 in their respective tone values. The different 
pitch directions between Huaiyuan T1 (311) and T2 (34) may make it more challenging for the 
speakers to achieve the T2 target during the production process of T1 sandhi, with the result that 
ST1 and T2 differed not only in height, but also in shape. The shape difference between ST1 and 
T2 also made them easier to identify (Li, 2023). An alternative hypothesis for the mechanism of 
Huaiyuan T1 sandhi is that the target tone that Huaiyuan speakers intend to reach during the T1 
sandhi process is ST1 rather than T2. Since ST1 and T2 are phonologically different, Huaiyuan T1 
sandhi does not bring about neutralization, suggesting distinct underlying mechanisms between 
Huaiyuan T1 sandhi and T3 sandhi. This hypothesis is in line with Yuan and Chen (2014), 
which analyzed telephone speech of Standard Mandarin, and claimed that ST3 is phonologically 
different from T2 in Standard Mandarin, despite them being acoustically similar.

Regarding the half-third sandhi in Huaiyuan, it could potentially give rise to neutralization 
between HT3 and T1 (low-falling), leading to a different situation from the half-third sandhi in 
Standard Mandarin, which does not have a low-falling tone in its tonal inventory. Our acoustic 
results showed that Huaiyuan HT3 and T1 were not neutralized, with HT3 having a lower pitch, 
a smaller initial decline, and being more U-shaped and less S-shaped than T1, preserving the first 
half of the tonal contour of T3. Interestingly, according to the impressionistic tone descriptions, 
the half-third sandhi in Huaiyuan Mandarin bears an even stronger resemblance to the half-third 
sandhi in Tianjin Mandarin than to Standard Mandarin. In Tianjin, low-rising T3 is altered to 
low T1 when followed by T2 or T4, indicating that HT3 and T1 could also be neutralized. While 
Zhang and Liu (2011) characterized Tianjin half-third sandhi as nonneutralizing, their acoustic 
analysis revealed that the pitch track of Tianjin HT3 exhibited some degree of rising towards 
the end of a syllable, indicating incomplete truncation of a full rising tone in a syllable with 
insufficient duration. This suggests that Tianjin half-third sandhi may not be fully implemented 
during production. In contrast, the current half-third sandhi results of Huaiyuan revealed that 
the pitch track of HT3 consistently declined from the onset to the offset, without evidence of 
final pitch raising. Given that the pitch tracks of Tianjin T3 and Huaiyuan T3 appear remarkably 
similar, yet their respective HT3 realizations are different, (Zhang & Liu, 2011; Li & Chen, 
2016; Zhao, 2024), we contend that the half-third sandhi processes in Huaiyuan and Tianjin are 
mechanically different, with Huaiyuan exhibiting more complete and consistent application of 
half-third sandhi. In perception, the identification and discrimination results revealed that native 
Huaiyuan listeners were very sensitive to the acoustic differences between HT3 and T1, obtaining 
an average A’ score of .849 (i.e., middle-aged and younger groups combined) for identification 
and an average d’ score of 1.98 for discrimination. These results showed that Huaiyuan half-
third sandhi leads to noncategorical tone change, in line with the half-third sandhi in Standard 
Mandarin (Zhang & Lai, 2010).
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As for why these Mandarin tone sandhis are nonneutralizing, we believe that it is due to 
them being phonologically transparent. For phonologically transparent sandhi rules, such as the 
T3 sandhi in Standard Mandarin, since native speakers are fully aware of the underlying tone 
from which the sandhi tone is derived (Chien et al., 2016; Chien et al., 2021; Nixon et al., 2015), 
during the process of sandhi production, the underlying tone influences the surface realization 
of the sandhi tone (e.g., Zhang & Lai, 2010). By contrast, for phonologically opaque sandhi 
rules (Kiparsky, 1973), such as the circular-chain-shift sandhi in Taiwanese, the surface sandhi 
form may be directly represented in the mental lexicon (Chien et al., 2017). Therefore, during 
production, the sandhi form is directly accessed and produced, leading to complete neutralization 
in pitch height and contour (Chien & Jongman, 2019; Myers & Tsay, 2008). Similar to the T3 
sandhi in Standard Mandarin, Huaiyuan T1 sandhi and T3 sandhi are phonologically transparent, 
resulting in nonneutralization. These nonneutralizing sandhis in Huaiyuan imply that the 
canonical representation of Huaiyuan sandhi words may be stored in the mental lexicon. During 
speech production, native Huaiyuan speakers employ the computational mechanism, converting 
the underlying representation to the surface form, which requires more cognitive efforts (Zhang 
et al., 2015). Another representation view is also possible. That is, in addition to T1 and T3, 
their variant forms are also stored in the mental lexicon, which is similar to what was proposed 
by Yuan and Chen (2014) as well as Li and Chen (2015). Both studies claimed that the mental 
representation of T3 in Standard Mandarin should be T3 and T3 variant. Future studies should 
be conducted to tease apart these two proposals for Huaiyuan Mandarin.

In terms of whether the three low tone sandhis in Huaiyuan can be considered phonological 
rules, we argue that the T1 sandhi and T3 sandhi can be justified as phonological dissimilation, 
since both of them involve changing a low tone to a rising tone when followed by the same tone, 
and the sandhi tones are not predictable from their corresponding underlying tones (Li & Chen, 
2016). Furthermore, several Mandarin studies have demonstrated that regressive coarticulation 
typically results in raising a preceding high tone by a low-onset tone (Shih, 1986; Shen, 1990; 
Xu, 1994, 1997; Zhang & Liu, 2011). The reverse pattern observed in Huaiyuan T1 sandhi and T3 
sandhi, where word-initial low tones are converted to higher rising tones, suggests that these two 
Huaiyuan sandhis are less likely to stem from regressive coarticulation. With regard to Huaiyuan 
half-third sandhi, we propose that it may not need to be deemed a phonological rule since the 
sandhi process does not create a great mismatch between the underlying T3 and the surface HT3, 
with the surface HT3 preserving the first half of its base, T3.

4.2. Language experience on tone perception
In order to examine whether native Huaiyuan listeners could use not only the surface acoustic 
information, but also native phonological knowledge to perceive Huaiyuan tone sandhi words 
and their corresponding nonsandhi words, we compared native Huaiyuan and naïve Huaiyuan 
speakers’ discrimination performances on the minimal pairs of HT3+T4 and T1+T4 words. 
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The results of native Huaiyuan listeners outperforming naïve Huaiyuan listeners showed that 
native language experience must have played a role in aiding native listeners in discriminating 
these two tones. The production results of the current study have illustrated that HT3 and T1 are 
acoustically different. In addition, the perception results revealed that although Huaiyuan HT3 
and T1 are both low tones, they belong to two different toneme categories. Therefore, native 
Huaiyuan listeners could employ both phonetic and phonological knowledge to differentiate 
between HT3 and T1, obtaining relatively high d’ scores.

The naïve Huaiyuan listeners are native listeners of a Mandarin dialect other than the dialects 
in the Jianghuai Mandarin family. Even though they do not speak Huaiyuan, they are still tone 
language speakers, therefore able to transfer their knowledge of tones in their native dialects 
to Huaiyuan tone discrimination, showing sensitivity in nonnative tone perception (Wayland & 
Guion, 2004; Chen et al., 2016; Choi & Tsui, 2022). However, their nonnative tone knowledge 
was not enough to allow them to be on a par with native Huaiyuan listeners. Furthermore, 
according to the perceptual assimilation model (PAM; Best, 1995; PAM-S; So & Best, 2010, 2014), 
if two nonnative phonemes assimilate into one native phoneme category with equal goodness of 
fit, discriminability would be low. Since the Mandarin dialects of the naïve Huaiyuan listeners 
have only one low tone, the HT3 and T1 in Huaiyuan would assimilate into the single low-tone 
category of their native Mandarin dialects, making it more difficult for the naïve Huaiyuan 
listeners to differentiate between the two tones. These factors together may have contributed 
to the average d’ score of 1.03, approximately 70% accuracy, in the discrimination experiment, 
which was decent, but still significantly poorer than that acquired by the native listeners.

5.  Conclusion
In conclusion, the present study first utilized a production experiment to show that Huaiyuan 
low tone sandhis lead to noncategorical tone changes. By examining the acoustic findings 
across different Mandarin dialects, we propose that Huaiyuan T1 sandhi and T3 sandhi should 
be classified as phonological, while Huaiyuan half-third sandhi is more difficult to justify as 
phonological, and can instead be explained by a phonetic mechanism. Second, the identification 
results further demonstrated that only Huaiyuan T3 sandhi is perceptually neutralizing, but T1 
sandhi and half-third sandhi are perceptually nonneutralizing. Together, the production and 
perception findings suggest distinct underlying mechanisms among these low tone sandhis. 
Lastly, we also demonstrated that native Huaiyuan listeners outperformed naïve Huaiyuan 
listeners in discriminating between Huaiyuan HT3 and T1, suggesting the recruitment of 
phonological knowledge in native tone perception. Future studies can investigate the production 
and perception of low tone sandhis in the other Mandarin dialects, so that the mechanisms of low 
tone sandhis can be better understood not only from phonetic and phonological viewpoints, but 
also from a typological viewpoint.
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