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ABSTRACT 

 

An acoustic study of the effects of the Polish 

laryngeal contrast on the phonation of vowels 

following voiced and voiceless obstruents is 

presented. Data from 15 native speakers of Polish 

reveal voicing-based phonation differences in H1*-

H2*, H2*-H4*, H4*–H2kHz*, and H2kHz*–H5kHz, 

providing evidence that phonation properties may 

help distinguish between Polish laryngeal categories 

in onset position. Implications for the phonological 

encoding of the laryngeal contrast are discussed. It is 

suggested that Polish voiceless stops may be 

categorized as [fortis], postulated to be an abstract 

category with a wide range of possible phonetic 

effects. 

 

Keywords: laryngeal contrasts, phonetics-phonology 

interface, voice quality, Polish. 

 

1. INTRODUCTION 

It is well known that the phonetic realization of two-

series laryngeal contrasts is phonetically much more 

complex than one might infer from phonological 

descriptions based on features such as [voice] or 

[spread glottis]. Phonological voicing has been 

shown to be cued by a large number of acoustic 

properties, including voice onset time (VOT; [1]), the 

duration and height of neighboring vowels [2], [3], f0 

in the vicinity of the consonant [4], F1 transition 

duration [5], noise burst duration or frication 

duration, as well as the amplitude of stop release 

bursts, frication, or aspiration. Of these parameters, 

the phonological literature has focused largely on 

VOT [6]. On the basis of VOT, it has often been 

claimed that two-series systems may be divided into 

two types, commonly referred to as aspiration and 

true-voice languages. Further, in the approach 

referred to as laryngeal realism (LR; e.g. [7], [8]) it is 

suggested that these two types differ with regard to 

the phonological feature specification that appears, 

[spread glottis] in aspiration systems as opposed to 

[voice] in true-voice systems. 

If voicing and aspiration systems were truly 

phonologically distinct, we would expect phonetic 

distinctions in additional parameters aside from VOT. 

However, phonetic studies of parameters beyond 

VOT often reveal parallel behavior between voicing 

and aspiration systems. The voicing effect on f0, by 

which pitch is higher in the vicinity of voiceless 

obstruents, is an example. In American English, [9] 

found that voiceless onsets raise f0, while voiced 

obstruents have no effect, relative to the baseline 

produced by nasal onsets. Similar findings have been 

obtained for voicing languages [10], [11] including 

French, Italian, and Polish. F1 transition duration, in 

which clipped transitions after fortis consonants 

induce higher F1 measurements in non-high vowels, 

has been shown to behave in a parallel fashion in 

English [5] and Polish [11]. In short, the current state 

of research into the phonetics of two-series laryngeal 

systems has not identified a single guiding phonetic 

feature upon which phonological categories may be 

constructed.   

In this connection, recent research has begun to 

identify additional phonetic correlates, based on 

phonation, which may play a role in maintaining 

contrast in two-series laryngeal systems (e.g. [12], 

[13]). Most of this research has come from varieties 

of English and arose out the observation that 

voiceless obstruents, most commonly the plosive /t/, 

frequently undergo glottal reinforcement or even 

glottal replacement. This glottalization is typically 

associated with voiceless obstruents in English, while 

it is for the most part absent in the case of voiced 

obstruents (but see [14]). Acoustically, glottalization 

is often described in terms of acoustic measures of 

voice quality, including a number of measures 

quantifying spectral tilt. Since glottalization weakens 

the first harmonic of the vocal wave, glottalized 

consonants typically show more gradual dropoffs in 

spectral tilt and lower values for acoustic measures 

comparing the amplitude differences between lower 

and higher harmonics. Notably, [15] found perceptual 

differences between glottalization induced by 

voiceless consonants and creaky voice that often 

appears phrase-finally.  

The research connecting phonation type with 

laryngeal contrast discussed above focuses on post-

vocalic or coda position in syllables. Thus, for 

English, experimental findings have linked aspects of 

phonation with the perception of vowel duration [13] 

which in this language has been found to be a primary 

cue to the contrast [16].  At the same time, given the 
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overall phonetic complexity of the laryngeal 

contrasts, we suggest that it is worth investigating the 

effects of phonological voicing in pre-vocalic or onset 

positions as well.  

Polish is a language in which the laryngeal 

contrast in the coda position is said to be neutralized, 

completely or incompletely. In the initial position, the 

familiar VOT contrast between pre-voiced and short-

lag stops is attested. At the same time, the non-VOT 

cues such as f0 and F1 transitions, housed on vowels 

following the consonants, have been shown to play an 

important role in maintaining laryngeal contrasts 

[11], [17]. In light of the discussion above, we raise 

the question of whether acoustic measures of voice 

quality may also constitute part of the phonetic 

anatomy of the contrast in Polish between voiced and 

voiceless consonants. A working hypothesis, on the 

basis of the findings [11], is that voiceless stops in 

Polish may be described as [fortis], which may be 

reflected in smaller values for spectral tilt measures 

gleaned from neighboring vowels, even if the effect 

is not dramatic enough to be described as 

glottalization. In what follows, we present a 

preliminary acoustic study investigating this 

question. 

2.  METHOD 

2.1. Participants and recordings 

15 monolingual Polish speakers took part in a 

production study. They were all females, aged 17-38 

(median age: 25). While they had some history of 

learning foreign languages in school, they claimed 

not to be fluent in any of them.  

The materials consisted of a word list of forty-

eight monosyllabic and disyllabic words in Polish, 

each of them beginning with a plosive (24 voiced, 24 

voiceless). The dataset was counterbalanced for the 

place of articulation of the stop (16 labial, 16 coronal, 

16 dorsal), and the following vowel was always non-

high. The participants were recorded in a quiet room 

in a language school where they were enrolled in an 

elementary English course. They were recorded 

directly onto a laptop, using a head-mounted 

microphone and a USB interface. The items were 

shown to the participants on PowerPoint slides.  

2.2 Segmentation and extraction of acoustic 

parameters 

The acoustic annotation was performed manually 

using Praat [18] on three separate tiers. Tier 1 

contained the consonantal onsets (VOT: positive for 

voiceless stops, negative for voiced stops, measured 

according to standard criteria). Tier 2 categorised the 

onsets into voiceless or voiced. Tier 3 contained the 

measurements of the vowel only.  

Two Praat scripts were used to extract the VOT 

values from tier 1 and F1 (Bark difference: F1-f0), and 

f0 (in Hz) averages from the first 20% of the vowel 

from tier 3. VoiceSauce [19] was used to extract voice 

quality measures from the vocalic part in each word 

in tier 3. After obtaining all data frames at each 1ms 

intervals, impossible or incorrect 0 values were 

omitted.  

Four spectral tilt measures, H1*-H2*, H2*-H4*, 

H4*–H2kHz*, and H2kHz*–H5kHz), were chosen 

for analysis. These measures allow for the 

quantification of spectral tilt over a wide range fo the 

acoustic spectrum [20]. Since in this study we are 

only looking at phonologically conditioned variation 

within the confines of modal voice, measures of 

periodicity such as Cepstral Peak Prominence or 

Harmonics to Noise Ratio, which quantify the 

presence of noise in the vocal wave and are more 

effective in distinguishing between modal and non-

modal voices [20], are not analysed here.  

2.3. Statistical analysis 

All statistical analyses were performed using R 

version 4.0.4 [21], while visualisations of the data 

were made using JASP [22]. Since the data were not 

normally distributed (p<.05), the Mann-Whitney U 

test was performed to find out whether spectral tilt 

values in vowels differ after voiced/voiceless 

obstruents.  

3. RESULTS FOR TRADITIONAL 

LARYNGEAL PARAMETERS 

We start by reporting results for acoustic parameters 

traditionally associated with the laryngeal contrast. 

As far as VOT is concerned, the results are 

summarised in Table 1.  

 
Table 1: mean VOT measures of Polish monolinguals 

Series VOT (ms) Std Dev 

voiceless 41.70ms 16 

voiced -92.05ms 26 

 

Table 2 presents the average values of F1 (in Bark) 

and f0 (in Hz) after voiceless- and voiced-initial 

onsets.  
 

Table 2: mean F1 and f0 measures of Polish monolinguals 

Parameter Onset Average 

F1- f0 
voiceless 4.9 Bark 

voiced 4.4 Bark 

f0 
voiceless 195 Hz 

voiced 186.6 Hz 
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The results from the traditional acoustic parameters 

associated with the laryngeal contrast may be 

summed up as follows. In line with previous studies, 

VOT in Polish voiceless stops is in a range 

approaching what [23] would call ‘slightly aspirated’, 

while prevoicing in voiced stops is very common. 

With regard to correlates deriving from the vowel 

following the stops, the effects of underlying voicing 

were detectable in both the f0 (difference between 

voiceless and voiced onsets of 8.4Hz; p=.019) and F1 

(difference between voiceless and voiced onsets of 

0.5 Bark; p=.003) parameters.  

4. RESULTS OF VOICE QUALITY 

MEASURES 

Figures 1-4 show raincloud plots of the four spectral 

tilt measures analysed here. From the plots it is clear 

that the voicing induced differences are relatively 

subtle and small in magnitude, as might be expected 

for within-modal-voice variation, as opposed to 

modal-non-modal contrasts.  

 

 
Figure 1: The difference between voiced and voiceless 

onsets in the H1*-H2* measurement. 

     

 
Figure 2: The difference between voiced and voiceless 

onsets in the H2*-H4* measurement. 

 

 

 
Figure 3: The difference between voiced and voiceless 

onsets in the H4*-H2kHz* measurement. 

 

 

 
Figure 4: The difference between voiced and voiceless 

onsets in the H2kHz*-H5kHz* measurement. 

 

The median and Interquartile range (IQR) of voice 

quality parameters are presented in Table 3.  

 
Table 3: Descriptive data exhibiting median and (IQR)  

of spectral tilt measures 

Spectral tilt measures Voiceless Voiced 

H1*-H2* 6.22 (9.93) 5.98 (10.6) 

H2*-H4* 3.14 (15.1) 5.68 (16.8) 

H4*–H2kHz* 9.60 (15.4) 10.8 (12.5) 

H2kHz*–H5kHz 19.8 (23.8) 15.8 (20.4) 

 

Results from the Mann-Whitney U test revealed that 

the median of all parameters depicting the harmonic 

source spectral shape were statistically different 

(p<.001) between the vowels following the voiced 

and voiceless obstruents.   

5. DISCUSSION 

The present study investigated the effects of obstruent 

voicing on voice quality in Polish. Our working 

hypothesis was that voiceless consonants in Polish 

should be characterized as ‘fortis’, and as such should 

induce a slightly stiffer voice quality on the following 

vowel than voiced consonants. We presented results 
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for four spectral tilt measures, H1*-H2*, H2*-H4*, 

H4*–H2kHz*, and H2kHz*–H5kHz. In all four 

measures, we observes significant differences 

resulting from underlying voicing. Thus, overall, the 

results provide evidence for the claim that voice 

quality is indeed an acoustic correlate of voicing in 

Polish.  

With regard to our working hypothesis, results 

from two of the measures were compatible with the 

‘voiceless as fortis’ hypothesis, while results for the 

other two measures showed a difference in the 

opposite direction. For the H1*-H2* measure, which 

compares the difference in amplitude between the 

first and second harmonics of the vowel wave, voiced 

consonants induced smaller measures, indicating a 

stronger H2 relative to H1. Likewise, the H2kHz*–

H5kHz measure was slightly lower after voiced 

consonants, indicating a stronger high-frequency 

element in the spectrum that is expected in stiffer 

voice qualities. By contrast, the H2*-H4* and H4*–

H2kHz* measures both showed signs of stiffer 

phonation after voiceless obstruents. The H2*-H4* 

and H4*-H2kHz results provide additional support 

for the ‘voiceless as fortis’ hypothesis, which 

originally arose out of the f0 and F1 results described 

by [11].  

Overall, the voice quality results suggest a 

situation in which the bottom and the top of the 

spectrum are indicative of slacker phonation, while 

the middle of the spectrum is indicative of stiffer 

phonation. In this situation, a comparison of the 

relative merits of the different acoustic measures of 

voice quality is warranted The H1*-H2* measure 

describes amplitude of harmonics at the very bottom 

of the acoustic spectrum, typically in the area below 

300Hz. Perceptual sensitivity to amplitude 

differences in this frequency range is relatively 

limited, as is visible in equal loudness curves [24]. 

H2*-H4*, by contrast, compares harmonics in a 

higher frequency range that shows slightly greater 

auditory sensitivity. Meanwhile H2kHz, the 

harmonic nearest 2000 Hz, is in the most sensitive 

frequency range when it comes to amplitude 

differences. For this reason, it may be hypothesized 

that the differences in the H2*-H4* and H4*–

H2kHz* measures observed here may be more 

perceptually robust than H1*-H2* in characterizing 

the effects of voiceless consonants on voice quality. 

It is also possible that since Polish voiceless stops 

have been described as ‘slightly aspirated’, as shown 

above, they contributed to a more breathy result in 

some measures but not others.  

We also note that the H4*–H2kHz* measure 

shows an acoustic resemblance to measures of 

spectral balance that have been shown to distinguish 

stressed from unstressed syllables [25], [26]. Spectral 

balance measures typically divide signal up into two 

bands, 0-1 kHz and 1-5 kHz. More prominent (or 

stressed) syllables typically have higher relative 

amplitude in the higher band where perceptual 

sensitivity is greater. It is also worth noting that the 

comparison inherent within the H2kHz*–H5kHz 

measure, between harmonics closest to 2000 Hz and 

5000 Hz, falls entirely within the upper band of 

spectral balance measures. With regard to the split 

results observed here, in future studies it is worth 

investigating the hypothesis that some measures of 

phonation are manipulated for phonological 

purposes, while others are more crucial for speaker 

identification.  

Overall, our results provide preliminary evidence 

of a connection between ‘fortisness’ in Polish stop 

production and perceptual prominence of the voice 

quality that appears on the vowel following the stop. 

In other words, there may be a phonetic connection 

between the phonatory effects elicited by stress and 

those elicited by voiceless consonants. In this 

connection, we note the presence of onset-sensitive 

stress systems in the world’s languages. In a few such 

systems, a pattern is attested in which voiceless onsets 

attract stress, but voiced onsets do not. The opposite 

pattern is not found [27]. We suggest that in certain 

instances, voicing-induced differences in phonation 

of the type observed here may evolve into 

phonological prominence.  

Returning to the phonological issue of laryngeal 

contrasts, we suggest that their phonetic complexity 

points to an approach to the phonetics-phonology 

relationship in which phonological specifications are 

abstract in nature and do not highlight any one 

phonetic property. Instead of a specification such as 

[-voice], which makes direct reference to the presence 

or absence of periodicity in the signal, we would opt 

in favour of an abstract feature such as [fortis], cued 

by a wide range of phonetic properties, but not tied to 

any one property in particular. Notably, this feature 

has not only consonant-internal acoustic correlates 

such as VOT and burst amplitude, but also encodes 

phonetic properties observed on neighbouring 

vowels, including raised f0, clipped F1 transitions, 

and, as we have shown stiffer voice quality as 

reflected in higher amplitude harmonics in 

perceptually prominent areas of the acoustic 

spectrum.   
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