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ABSTRACT 

 

This study investigated the stability of speech sound 

production across time. Thirty-four monolingual 

Norwegian speakers participated in a three-session 

psycho-socio quiz experiment over three weeks, 

which was designed to collect spontaneous speech 

data. Participants had to answer questions orally by 

choosing either one of three plausible answers or one 

of two sentences for “I don’t know”. The “I don’t 

know” sentences contained five target vowels /i, æ, ɑ, 

o, u/. Using the Pillai score, we analyzed the stability 

of vowel categories and the distinctness of vowel 

contrasts across tests. We found that, overall, the 

tested vowel categories and the three vowel contrasts 

/i-æ/, /ɑ-o/, and /o-u/ were stable over time. However, 

the backness-based contrasts /æ-ɑ/ and /u-i/ showed 

instability. Future research needs to examine the role 

of phonetic environment, repetition, and prosodic 

structure on sound variability. 
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1. INTRODUCTION 

Individuals produce speech sounds with considerable 

variability in both native and nonnative speech [1], 

which may arise from multiple sources such as dialect 

[2], the number of distinctive sounds in a given 

language (i.e., phoneme inventory) [3], and speech 

style (i.e., elicited vs. spontaneous speech) [4], among 

others. Recent research has established several lines 

to study the stability of sound production. Yet, it is 

unclear whether these differences are stable over time, 

systemic or sound specific, and whether they 

generalize to spontaneous speech. 

First, very little previous research has evaluated 

segmental production is stable, that is, sought to 

determine if individuals produce vowels and 

consonants the same way in multiple test sessions. 

Heald and Nusbaum [5] asked American English 

speakers to produce the English vowels in isolation at 

three different timepoints on three different days. 

They found that although the mean values of F0 and 

F1 changed within one day, there was no significant 

change in the mean values of the acoustic measures 

between days. This study showed the stability of the 

production of vowels in citation forms between days. 

Later, Pierce et al. [6] had native English speakers 

read English sentences and produce /a/ in isolation for 

seven consecutive days with three timepoints per day. 

Their study revealed similar results to Heald and 

Nusbaum’s study. It seems that the time of day had a 

significant influence on speech production, but 

speech production is stable on different days at the 

same time point, as demonstrated by the consistent 

production of vowels and consonants in repeated 

readings of scripted passages. 

Second, individual differences in speech 

production can be attributed to other factors [7]. For 

instance, sound realization might reflect the precision 

of underlying phonemic perceptual representations 

[8]. Also, speakers’ personalities (e.g., introverted vs. 

extroverted), mental status (e.g., depression and 

anxiety), and living habits (e.g., alcohol consumption) 

may affect the acoustic variability of speech [6]. 

Research with bilingual speakers found that those 

who scored higher in L1 intelligibility tended to have 

more intelligible L2 speech [9]. Likewise, precision 

in L1 vowel production can affect accuracy in L2 

vowel production [10]. Although appealing, these 

results need to be taken with care, as it is not clear 

whether these L1 differences in precision are stable, 

subject-intrinsic, systematic, reflecting higher-order 

representations, or whether these are momentary 

modulations in speech production. 

Most previous studies measured intra-speaker 

speech variability using scripted speech production 

tasks, like paragraph-reading, sentence-reading, and 

even repetitive production of single vowels [5], [6], 

focusing participants’ attention on speech per se. 

Compared to scripted speech, which often involves a 

deliberate and careful speaking style, spontaneous 

and more natural speech production may exhibit 

greater variability, such as vowel reduction, which 

can affect the acoustic properties of vowels [11]. A 

study on the Mixtec language confirmed that vowels 
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in spontaneous speech are shorter, more contextually 

assimilated, and show a less dispersed vowel space 

than in scripted speech [4]. Therefore, caution should 

be exercised when extrapolating results obtained 

from elicited speech to spontaneous speech.  

Furthermore, the existing methods for eliciting 

speech samples are lab-based, and the subjects are 

fully aware that their speech will be acoustically 

scrutinized. These methods may lead to unintended 

variations in speech sounds, as participants may 

deliberately alter their pronunciation in response to 

the experimental conditions [12]. Therefore, a new 

technique called Characteristic Speech Production 

(CSP) was developed to elicit data in which 

participants concentrate on the meaning of their 

responses to relevant questions rather than on the 

pronunciation of specific sounds [13]. 

This study is the first to use the CSP sampling 

method to investigate the stability of speech 

production over multiple days. We developed an 

online psycho-socio quiz that was administered three 

times over three weeks to collect samples of 

spontaneous speech in Norwegian, which is the 

participants’ native language. The target speech 

sounds were five Norwegian vowels /i, æ, ɑ, o, u/. 

Note that Norwegian has more vowels, but for the 

current study, we selected the most frequent ones, 

three of which were corner vowels /i, æ, u/. We 

assessed the stability of speech production by 

analyzing the consistency of vowel categories and the 

distinctiveness of vowel contrasts using formant 

analyses. Based on previous research [5], [6] and 

because the target vowels are distinctive phonemic 

categories in Norwegian [14], we considered the 

following hypotheses: 

• H1: Vowel categories are stable over time: 

Norwegian speakers would produce each target 

vowel in a consistent way across time. 

• H2: Distinctness of vowel contrasts is stable 

over time: Norwegian speakers would show 

stable vowel pair distinctness across time. 

2. METHODS 

2.1. Participants 

We recruited 34 Norwegian native speakers to 

participate in this study. Nine participants were 

excluded: Eight completed only one test, and one 

returned low-quality recordings across all three tests. 

The remaining 25 participants (aged 18 – 39, female 

= 13, male = 12) were analyzed. The participants 

reported no documented speech disorders or hearing 

impairment. They all signed a consent form approved 

by the Norwegian Centre for Research Data. Each of 

them received a small amount of monetary 

compensation for their time. 

2.2. The psycho-socio quiz 

We created 150 questions (50 per testing test) with 

various degrees of difficulty (see Table 1 for an 

example): 

• Control questions (n = 9) required common 

sense knowledge. E.g., Give the result for 5 

+10. 

• Easy questions (n = 36) required some 

background knowledge. E.g., Which of these 

foods is NOT toxic to dogs? 

• Average questions (n = 45) required basic 

knowledge in a certain field. E.g., Which is the 

oldest Norwegian political party? 

• Hard questions (n = 30) required specific 

knowledge in a certain field. E.g., What is the 

atomic number of Uranus? 

• No-concrete answer questions (n = 30) were 

questions with no objective or reasonable 

answer. E.g., Who was Norway’s best artist? 
 

Table 1: A trial example from the psycho-socio 

quiz (English translation is provided for the reader 

but was not included in the quiz). 
  

Hvem av disse har verdensrekorden for lengst hår?  
“Who among these holds the world record for longest hair?” 

1 Kate Moss 

2 Xie Qiuping 

3 Linda Evangelist 

4 Jeg vet ikke svaret på spørsmålet her, men jeg tror noen andre 
kan vite det.  
“I don't know the answer to the question here, but I think 

someone else might know it.” 
5 Ingen kan svare på dette her, det er jo noe som er umulig å si  

“No one can answer this here; it is something that is impossible 

to say.” 
 

On each question, participants were presented 

with five possible answer choices, including three 

plausible answers and two long sentences for 'I don’t 

know' (options 4-5 in Table 1). The two long 

sentences were the target sentences, which were 

identical across all trials and tests, and contained the 

target vowels (/i, æ, ɑ, o, u/, indicated in bold in Table 

1). Each vowel appeared at least four times over the 

two sentences. Hard and vague questions triggered as 

many target sentences as possible to ensure an 

adequate number of target tokens. 

Participants did the experiment on an online 

survey platform Prolific (https://www.prolific.co/), in 

a quiet place that they were familiar with (e.g., the 

living room). The productions were recorded three 

times (T1, T2, T3) at the same hour of the day, on the 

same day of the week, over a span of three weeks. At 

each trial, participants first saw the question on the 

screen, followed by five options. They had to say one 
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of the five options/prompts to answer each question. 

On each day, participants answered 50 unique 

questions in random order. 

2.3. Data coding and analyses 

2.3.1. Data screening 

We obtained 3,750 recordings from the three tests, 

each containing one sentence. A Norwegian-speaking 

research assistant identified 1,557 target sentences. 

The rest of the utterances (e.g., answers like “Kate 

Moss” to the example question in Table 1) were 

discarded. We then excluded 65 recordings due to 

heavy background noise or poor audio quality. 

Finally, the remaining 1,492 recordings were used for 

the acoustic analyses. 

2.3.2. Acoustic analyses 

We segmented our corpus into words and phones with 

Montreal Forced Aligner [15]. Since the boundary 

locations may be inaccurate in spontaneous speech 

due to deletion and non-canonical pronunciation 

patterns, we manually checked and corrected all the 

labels in Praat [16]. In total, we obtained 15,635 

tokens. Then, we applied a Praat script bundle to 

extract the mean values (Hertz) of the first four 

formants (i.e., F1-F4) from the middle third part of 

each target vowel [17]. The script bundle extracts 

formants using the dynamic seeding method [18], 

taking the vowel formant of Norwegian in previous 

research as the reference [19], which can minimize 

errors in formant extraction. 

2.3.3. Statistical analyses 

To minimize the intrinsic differences across speakers, 

we converted the Hertz values of F1, F2, and F3 to 

Bark (Z1, Z2, Z3, respectively). Then, the vowel 

height was represented by Z3-Z1, and the vowel 

frontness was represented by Z3-Z2. Fig 1 plots the 

bark normalized F1 and F2 values with the ellipses 

representing one standard deviation (SD) for each of 

the five Norwegian vowels across the three tests. 

 
Fig. 1: Five Norwegian vowels plotted by bark 

normalized vowel height (Z3-Z1) and frontness (Z3-Z2) 

produced at three tests. The mean is marked by vowel 

label, and the ellipses show 1 SD distance from the mean. 
 

To evaluate the degree of distinctness between the 

vowels, we calculated the Pillai score (ranging from 

0-1) using MANOVA test [20], taking Z3-Z2 and Z3-

Z1 as the dependent variables for each participant. 

• Vowel category stability across tests: we 

compared the degree of distinctness of each 

target vowel within speakers between T1-T2 

and between T1-T3 (T1 being the baseline), 

which yielded 250 Pillai scores (25 participants 

× 5 vowels × 2 test comparisons). 

• Distinctness of vowel contrasts across tests: we 

compared with-in speakers five pairs of vowels 

(i.e., /i-æ/, /æ-ɑ/, /ɑ-o/, /o-u/, and /u-i/) at each 

test, yielding 375 Pillai scores (25 participants 

× 5 vowel pairs × 3 tests). 

To address the two hypotheses, we built two 

generalized linear mixed effects models using the 

glmmTMB package [21] in R [22]. Both models took 

the Pillai Score as the dependent variable. Model 1 

included vowel (/i, æ, ɑ, o, u/), test comparison (T1-

T2, and T1-T3), and their interaction as the fixed 

effects. Model 2 involved test (T1, T2, T3), vowel 

pair (/i-æ/, /æ-ɑ/, /ɑ-o/, /o-u/, and /u-i/), and their 

interaction as fixed factors. Participant was added as 

random intercept in both models. We selected the best 

random slopes in buildmer package [23], which 

involved a by-participant random slope of test 

comparison for Model 1 and a by-participant random 

slope of vowel pair for Model 2. We calculated the 

significance of the fixed factors with Anova() 

function from the car package [24] and tested post-

hoc comparisons using emmeans package [25] with 

significance adjusted by false discovery rate for 

multiple comparisons. All analyses have been 

preregistered on the OSF (https://osf.io/d3w2k). 

3. RESULTS 

3.1 The stability of vowel categories over time 

Model 1 revealed a significant main effect of vowel, 

χ² = 15.93, p = .003. Post-hoc comparisons showed 

that /u/ had a significantly higher Pillai score than /i/, 

t = 3.27, p = .011, /æ/, t = 2.92, p = .032, /ɑ/, t = 3.11, 

p = .018, and /o/, t = 3.26, p = .011. However, all the 

vowels showed low Pillai scores (Fig. 2), indicating a 

considerable within-category overlap over time. 

More importantly, there was no significant main 

effect of test comparison, χ² = 0.21, p = .651, or 

interaction of Test comparison × Vowel, χ² = 2.28, p 

= .684. Hence, the vowels in general were stable over 

time. 
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Fig. 2: Mean Pillai score (0 = merge, 1 = separation) of 

each target vowel compared between T1 and T2, and 

between T1 and T3. Error bars mark ± 2 SE. 

3.2 The stability of distinctness in vowel contrasts over 

time 

Model 2 revealed a significant main effect of vowel 

pair, χ² = 567.73, p < .001, and a two-way interaction 

of Vowel pair × Test, χ² = 21.71, p = .005, suggesting 

that the degree of distinctness between each of the 

vowel pairs varied across tests. The Pillai scores of 

/æ-ɑ/ decreased from T1 to T2, t = 3.33, p = .003, and 

from T1 to T3, t = 3.66, p = .001; the Pillai scores of 

/u-i/ decreased from T1 to T3, t = 2.58, p = .028. That 

is, their distinctness was not stable over time. The 

other three contrasts showed no effect of test. Hence 

their distinctness was stable over time. See Fig. 3 for 

the descriptive data. 

 
Fig. 3: Mean Pillai score (0 = merge, 1 = separation) 

compared between each vowel pair across tests. Error 

bars mark ± 2 SE. 

4. DISCUSSION AND CONCLUSION 

This study investigated the stability in Norwegian 

vowel production using an innovative speech-

eliciting method—Characteristic Speech Production, 

which instructed the participants to answer 

meaningful questions in the target language 

(Norwegian) to elicit the natural production of the 

target sounds (/i, æ, ɑ, o, u/) without focusing their 

attention to speech. The test was administered three 

times over three weeks. The production stability was 

measured by Pillai score, derived from the formant 

analyses of the target vowels. We hypothesized that 

(H1) Norwegian speakers would produce each target 

vowel in a consistent way over time and (H2) 

Norwegian speakers would show stable distinctness 

between the vowel contrasts over time. 

Regarding H1, the vowels were stable over time, 

as revealed by low Pillai scores, suggesting that 

Norwegian speakers produced the vowels 

consistently and with overlap across the three tests. 

Although the five target vowels were produced stably 

across the three tests, it appeared that, overall, /u/ was 

more dispersed (with higher Pillai scores) than the 

other vowels. Because three out of the four words 

containing /u/ had either a schwa following the target 

vowel /u/ (i.e., noe [nuə], noen [nuən]) or a palatal 

approximant preceding the target vowel (i.e., jo [ju]), 

the phonetic environment may have centralized /u/ 

and the centralization became more evident through 

multiple repetitions. In sum, our data supported H1 in 

terms of stability in individual vowel production.  

With respect to H2, the stability of vowel category 

distinctness was subject to the concrete phonemic 

contrasts with the two high vowels /u-i/ and the two 

low vowels /æ-ɑ/ showing closer rapprochement at 

the follow-up tests compared to the first test. 

 We interpret our results as follows. First, the 

repetition across T1 to T3 may have reduced the 

articulatory efforts for the vowels contrasting mainly 

in backness, which was reflected by the centralization 

between the front and back vowel pairs /u-i/ and /æ-

ɑ/. Since the two pairs are corner vowels and show 

clear distinctness, speakers might be less careful in 

maintaining the distinctness over multiple repetitions. 

Second, the prosody-segment interaction may have 

played a role. In spontaneous speech elicitation, the 

target vowels are inevitably embedded in functional 

words, which are often unstressed and less prominent 

on the intonational level. The prosodic structure may 

have led to vowel reduction, which was a resource of 

centralization observed in our data. Future research 

may try to minimize the influence of prosody on 

speech sound realization. 

In conclusion, the current study showed that 

individual speech sound production was stable in 

phoneme categories over time. However, some of the 

category distinctness were reduced. The variability in 

sound production may be affected by phonetic 

environment, repetition, and prosodic structure. 

Future studies in L1 and L2 speech production may 

consider these factors in the research design. 
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