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1. INTRODUCTION 

1.1. Objectives 

Plosives belong to the sound class of obstruents, together with affricates and fri-
catives. Plosive sounds differ from other sounds in articulatory composition and 
acoustics (Johnson 2003: 135). Articulatorily, the plosive comprises three phases: 
a closure is formed in the vocal tract, obstructing the airflow until the pressure in 
the tract forces the closure to open. Acoustically, plosives are more often divided 
into two phases: a closure and a burst. These phases can be characterised based 
on duration and acoustic features like voicing during the closure or the spectrum 
of the burst. Aside from the distinctions based on place of articulation, contrastive 
categories may be formed based on voicing or length. The phonological distinc-
tions can occur in either word-initial, word-medial or word-final position or in a 
combination of those, and the allophonic variation in a language is dependent on 
that; it is believed that fewer distinctions allow more variation, including re-
duction inside one distinctive category (Keating, Linker & Huffman 1983).  

The present thesis concerns the acoustic variation of plosive sounds in Estonian 
connected speech. Estonian is a Finno-Ugric language with four plosive phone-
mes in all main articulation places: bilabial /p/, alveolar /t/, palatalised alveolar 
/tʲ/, and velar /k/. Estonian does not use the voicing distinction in obstruents. 
Instead, Estonian has a quantity distinction with three length categories – short, 
long, and overlong – that can be applied to both vowels and consonants. The 
quantity system is complex and includes suprasegmental factors besides sound 
durations, like syllable duration ratios and pitch movement (Lippus et al. 2013). 
Besides quantity, lenis and fortis distinction is sometimes used for obstruents as 
well (Metslang et al. 2023: 57–58). 

The thesis aims to describe the acoustic characteristics of plosives in Estonian 
connected speech from a broader typological perspective and to find out the main 
factors influencing the variation in connected speech. The aim is motivated by 
the need to fill gaps in the acoustic description of plosives in Estonian. Sporadic 
studies of plosive acoustics of Estonian have been conducted throughout the 20th 
and 21st centuries, but apart from the first one (Ariste 1933a; 1933b) that covered 
three quantity degrees and word-initial position, all the acoustic studies have been 
concerned with acoustics of singleton plosives (Raasik 2010; Suomi & Meister 
2012). The quantity in Estonian has mostly been studied on a suprasegmental level; 
in geminates, durational aspects of segments have been covered (Lehiste 1966; 
Eek 1974; Türk 2018; Türk 2019a). Additionally, Türk, Lippus & Simko (2017) 
have studied plosive gemination from an articulatory perspective. The word-initial 
position has mostly been researched from the temporal aspects under different 
stress conditions (Eek & Meister 2003; Suomi & Meister 2012; Suomi et al. 2013). 
Voicing in the closure phase has been studied by Ariste (1933a; 1933b) Spectra 
of burst phases have been researched only in word-initial plosives (Eek & Meister 
1996a; 1996b; 1996c). Acoustic characteristics of the burst phase have not been 
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studied concerning gemination or quantity. Most studies have been conducted on 
small data sets and lab speech. The current study will contribute to the existing 
body of research in allophonic and durational variation of plosives using corpus-
based data. 

In the thesis, I seek answers to the following research questions concerning the 
allophonic and durational variation of the plosive allophones and the acoustic 
behaviour of the burst phase. 
 
RQ1:  What kind of allophonic variants emerge in plosives in Estonian con-

nected speech? 
H1  There occurs a large variety of plosive allophones in Estonian (Keating, 

Linker & Huffman 1983; Raasik 2010).  
 
RQ2:  How do segmental and suprasegmental features (stress, quantity) in-

fluence the allophonic variation of plosives? 
H1  There are differences in the allophonic variation according to the place 

of articulation (Raasik 2010; Recasens 2016).  
H2  The vowel context influences the allophonic variation (Raasik 2010).  
H3  The stressed position of the plosive carrying word influences the allo-

phonic variation.  
 
RQ3:  How does the speech register influence the allophonic variation of 

plosives? 
H1  There are more reduced allophones in spontaneous speech compared to 

read speech (Raasik 2010; Suomi & Meister 2012; Ernestus, Hanique & 
Verboom 2015). 

 
RQ4:  How do segmental and suprasegmental features (syllable structure, 

stress, quantity) influence the durational variation of plosives?  
H1  Durational patterns in singletons and geminates are similar according to 

the place of articulation and allophones. 
H2  There are significant differences in the segment durations between quan-

tity degrees. 
H3  Syllable structure, i.e. the phonological length of the preceding vowel 

influences the duration of the geminate plosives (Eek 1974). 
H4  The vowel context influences the durations in singleton plosives (Raasik 

2010). 
H5  The stressed position of the plosive carrying word does not influence the 

duration of the plosive (Suomi & Meister 2012).  
 
RQ5:  How do segmental and suprasegmental features influence the 

acoustics of the burst phase?  
H1  There are no differences in burst duration between quantity degrees or 

between word-initial and word-medial positions (Esposito & Di Bene-
detto 1999; Doty, Idemaru & Guion 2007). 
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H2  The burst intensity is higher in geminates, similar to Finnish (Doty, Ide-
maru & Guion 2007). 

H3  The burst intensity is not higher in the word-initial, i.e. primary-stressed 
position, compared to the word-medial non-stressed position (Cho & 
Keating 2009; Cho & McQueen 2005). 

H4  Geminates show a higher centre of gravity, higher spectral standard de-
viance and lower skewness compared to the singletons (Al-Tamimi & 
Khattab 2011). 

H5  There are differences in the burst spectra between word-initial and word-
medial singletons (Tabain et al. 2016). 

 
 

1.2. Structure of the dissertation 

The thesis comprises a summary overview and four publications from 2017–2023. 
The introductory part is divided into six chapters. Chapter 1 introduces the thesis, 
the objectives, and the main research questions. It also provides an overview of 
the publications and the author’s contributions to the co-authored publications. 
Chapter 2 explains a general theoretical background: articulatory and acoustic 
aspects in plosive production, phonological categorisation systems of plosives in 
different languages, and coarticulation phenomena in plosive production. Chapter 
3 describes the data and methods used in the thesis. Chapter 4 discusses the results 
of the publications according to the research questions. Chapter 5 gives conclu-
sions. The summary in Estonian is provided in chapter 6. This is followed by the 
references cited in the introductory part. The second part of the dissertation con-
sists of four publications. 
 
 

1.3. Overview of the publications and author’s 
contributions 

The four publications of the thesis explore different aspects of Estonian plosive 
acoustics. The articles represent a corpus-linguistic approach to the subject. This 
approach was chosen because of the wish to capture the phenomena from natural 
fluent speech rather than from specially crafted lab material. An overview of the 
main topics of the publications is given below. For the co-authored publications, 
the authors’ contributions are described. 

P1 studies the acoustics of short plosives in spontaneous speech and factors 
influencing the variation. Allophonic variation of intervocalic short plosives in 
most frequent content words containing intervocalic short plosives on the boun-
dary of the 1st and the 2nd syllable (VCV) were studied. Effects of vowel context 
and stressed position of the word carrying the plosive were sought.  

P2 presents the results of a pilot study of the connections between allophones 
of short plosives and textual features. The purpose was to find the main factors 
influencing the allophonic variation of the short plosives that are obtainable from 
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written text (e.g., adjacent letters, position of the letter in a syllable or a word, 
etc). Liis Ermus annotated the material and prepared the data set. Statistical analy-
ses and interpretation of the results were done jointly. Liis Ermus wrote the main 
part of the introductory chapter and made the figures; other parts of the publi-
cation were written jointly. 

P3 focuses on the durational characteristics of geminate plosives. Intervocalic 
geminate plosives (sequences VCCV, VC:CV, VVCCV, VVC:CV) in semi-
spontaneous and read speech were studied. Duration of closure, burst phase, and 
the voiced transition in partly voiced closures were measured. The study sought 
the influences of quantity and syllable structure (length of the preceding vowel) 
on the durational behaviour of the plosives. 

P4 focuses on the duration and acoustic characteristics of the burst phase in 
plosives in word-initial and word-medial positions. In the article, intervocalic 
word-initial and word-medial plosives in semi-spontaneous speech were studied. 
VOT, intensity and spectral measures (centre of gravity, standard deviation, 
skewness) of the burst were measured. Influences of the place of articulation and 
length category of the plosive were sought. 
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2. THEORETICAL BACKGROUND 

This chapter explains the key terms and concepts and gives a theoretical overview 
of the characteristics of plosives. First, basic aspects of plosive articulation, 
acoustics, and main categorising systems are introduced in Chapter 2.1. and 2.2. 
respectively. Chapter 2.3 describes the main factors influencing the coarticulation 
of plosives in connected speech. Chapter 2.4. gives the overview of the Estonian 
plosive system and the previous research on the background of the information 
provided in previous chapters. 
 
 

2.1. Articulatory and acoustic characteristics of plosives 

Plosives occur in all known languages (Maddieson 2013). The most common 
places of articulation (POA) of plosives are bilabial [p], alveolar [t], and velar [k]. 
Voiceless velar [k] is the most common plosive, being represented in 90% of the 
2186 languages in the Phoible phonetic database (Moran & McCloy 2019). 

Plosives (along with affricates and fricatives) belong to the sound class of 
obstruents – the sounds where airflow is obstructed during articulation. The plo-
sives differ from other consonants in that acoustically, they are dynamic, while the 
acoustics of other consonants can be described as stable or monolithic (Johnson 
2003: 135; Clark, Yallop & Fletcher 2007: 43). During the articulation of the 
plosive, three phases can be distinguished (Ladefoged & Johnson 2011: 14). First, 
total closure is formed in the articulatory tract during the implosion or closing 
phase. The second phase is occlusion, the holding of the closure. Air gets trapped 
and raises the pressure in the tract. Finally, the pressure forces the closure to open 
with a burst or explosion. The forming and holding of the closure may or may not 
be distinguishable acoustically. So, in acoustic phonetic studies, the plosive is 
mostly divided into distinctive phases: the closure and the burst phase, of which 
the first can be voiceless, partly or fully voiced (see Fig 2–4 in Chapter 4.1.1., 
p. 29–30). 

The burst phase is often described using voice onset time (VOT) (Lisker & 
Abramson 1964). VOT is the time from the release of the closure to the beginning 
of the regular wave or voicing of the following sound segment (Cho & Ladefoged 
1999), usually measured in milliseconds (ms). VOT is positive when the regular 
wave starts after the release of the closure and negative when the regular wave 
(voicing) starts before the release of the closure. In the latter case, the time before 
the opening is measured. Positive VOT often coincides with the duration of the 
burst1 but may outlast it. VOT was first used as a measure for voicing distinction 
but is now frequently reported as a burst phase measure also in languages with 

 
1  As Estonian does not use any categorisation based on VOT and as the burst duration was 

reported in most of the publications, I henceforth use the term burst duration to refer to 
Estonian. 
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no voicing contrast, where it roughly describes the duration of the burst phase 
(e.g., Arvaniti 1999; Doty, Idemaru & Guion 2007; Genee & Li 2023). Three cate-
gories are commonly used when grouping the VOT durations: lead/negative VOT, 
short-lag VOT and long-lag VOT. Lisker and Abramson (1964) studied VOT in 
11 languages and found the following VOT ranges for each: lead –125 – –75 ms, 
short-lag 0–25 ms, and long-lag 60–100 ms, with median values of –100 ms, 
10 ms and 75 ms, respectively. Chodroff et al. (2019) calculated the grand aver-
age from over 100 languages: <0 ms for lead, 0–35 ms for short-lag and >35 ms 
for long-lag VOT. 

The place of articulation (POA) is the primary influencer of the durations of 
closure and burst phase/VOT. Cho and Ladefoged (1999: 209–213) have listed 
the main aerodynamic factors that affect VOT durations, but as the article con-
cerns only voiceless plosives, these factors can be generalised to the burst phase. 
Different articulation places differ in the size of the supraglottal cavity on both 
sides of the constriction: the larger the cavity behind the constriction, the longer 
the closure; the larger the cavity in front of the closure, the longer the burst phase. 
The speed of articulators and the contact between the articulators influence the 
speed of release of the closure: the faster the articulators are, the shorter the burst 
phase; the larger the contact between the articulators, the longer the burst phase. 
Finally, the size of the glottal opening has an influence: a smaller glottal opening 
causes longer burst phase. So, it can be said that the durations of closure and burst 
move in reverse direction: the longer the closure, the shorter the burst phase. There-
fore, the bilabial /p/ usually has the shortest and velar /k/ the longest burst phase. 

The amplitude and intensity or of the burst characterise the power of the 
articulation (Hayward 2000: 43–44). These are measured in decibels (dB). 
Intensity is usually measured relative to the intensity of the following segment by 
subtraction (e.g., Vicenik 2010; Nicolaidis et al. 2019) or dividing (e.g., Ridouane 
2007) the two adjacent intensities. 

The spectrum of a burst phase is often characterised using measures that are 
called spectral moments (Forrest et al. 1988). Spectral moments describe the 
shape and composition of the burst spectrum. There are four spectral moments 
commonly used: centre of gravity (the first moment), standard deviation of the 
burst (the second moment), skewness (the third moment) and kurtosis (the fourth 
moment). Centre of gravity (COG) shows the highest energy concentration in 
the spectrum frequencies; standard deviation shows the range of the energy in 
the spectrum (Forrest et al. 1988; Jongman, Wayland & Wong 2000; Vicenik 
2010; Tabain & Butcher 2015). COG and SD are measured in Hz.  

Skewness and kurtosis are unitless measures that describe the spectrum’s shape 
compared to the normal distribution. Skewness describes the asymmetry of the 
energy in the spectrum: a positive value indicates energy concentration on lower 
frequencies and vice versa (the value is zero for normal distribution) (Forrest 
et al. 1988; Jongman, Wayland & Wong 2000; Tabain & Butcher 2015; Guthrie 
2020). Kurtosis value describes the spectrum’s shape: a positive value indicates 
a flat spectrum with no clear energy peaks, and a negative value indicates a clear 
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peak in the spectrum (the value is zero for normal distribution). (Forrest et al. 
1988; Tabain & Butcher 2015; Guthrie 2020) 

A more frontal place of articulation gives higher COG and lower skewness 
(Fant 1960; Harrington 2010). Based on previous studies (e.g., Forrest et al. 1988; 
Cole et al. 2007; Chodroff & Wilson 2014; Nicolaidis et al. 2019), spectra and 
spectral moments of different places of articulation can be described as follows: 
labials have diffuse and falling spectra that are more intense on lower frequencies; 
alveolars have diffuse and rising spectra, which are more intense on higher fre-
quencies; velars have a compact spectrum that is most intense in mid-frequencies. 
Labials tend to have the highest SD of the spectrum. Alveolars tend to have the 
highest COG and the lowest skewness. Velars tend to have the lowest COG 
and SD. 

 
 

2.2. Plosive categorisation systems 

Many languages have some distinctive categories for plosives besides place of 
articulation. This chapter overviews the primary phonological systems for cate-
gorising plosives: voice, fortis, and length. None of these systems is used exclu-
sively for plosives. Length can be used for all sounds, gemination for all conso-
nants, voicing and fortis for obstruents, including affricates and fricatives. 
 

2.2.1. Voice 

The most common categorical distinction used in obstruents is the voice dis-
tinction. Maddieson (2013) lists 567 languages, of which 347 (61%) have voicing 
distinction either in plosives or all obstruents. Phonetically, voicing manifests in 
weak glottal pulsing during the closure phase.  

Voicing distinction usually includes the voiceless unaspirated category and 
the voiced category and/or voiceless aspirated category (Keating, Linker & Huff-
man 1983). However, some languages also have a voiced aspirated category, such 
as Hindi (Singh & Tiwari 2016). Classical voicing languages, like French (Fou-
geron & Smith 1993) and Japanese (Okada 1991), have voiceless unaspirated and 
voiced categories where the difference between the categories is in the voicing of 
closure.  

In languages with voicing contrast in word-initial or syllable-initial position, the 
distinction is often based on VOT values; the voiced category has lead/negative 
VOT, and the voiceless category has short lag VOT. Some languages, like English 
(Roach 2004; Cox & Palethorpe 2007) and Swedish (Engstrand 1990), also have 
an aspirated category in a stressed position. The aspirated category usually has 
VOT over 60 ms (Lisker & Abramson 1964). 

Voiceless obstruents (incl. plosives) occur more frequently than voiced ones 
(Keating, Linker & Huffman 1983; Ohala 2013: 666). Ohala (1983) has listed 
physiological constraints that obstruct the voicing in plosives: the longer the 
closure is held, the more likely the plosive is voiceless (or voiced geminate plosive 
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gets devoiced) because of the air pressure rising and blocking glottal movements; 
the more backwards the closure is formed, the more likely the plosive is voiceless 
because the cavity behind the closure is smaller and therefore air pressure needed 
to stop the glottal movements rises faster. 

 

2.2.2. Fortis and lenis 

Lenis and fortis distinction is the most abstract phonological distinction used for 
obstruents. The distinction between lenis and fortis is based on articulatory force 
or effort (Jaeger 1983; Kohler 1984). There is no single acoustic correspondent 
feature for effort. According to Jaeger (1983), the fortis consonants are claimed 
to be produced with greater pulmonic force, greater articulatory force, longer dura-
tions, and differences in glottal factors. Burroni et al. (2021) have listed acoustical 
correlates for the effort force in fortis plosives: longer duration, higher intensity, 
differences in VOT, lower spectral tilt, higher f0, and higher articulatory resis-
tance (more voiceless). The most frequent correlates in plosives are duration, 
voicing and differences in the burst. Fortis category is longer in duration, voice-
less, and has longer or louder bursts. Lenis is pronounced weaker – with less force, 
so it is shorter, more often voiced and reduced. The measurable features for fortis 
and lenis overlap with features of voice and length categories. Lenis category 
frequently shows reduction patterns similar to the voiced category. Fortis plosives 
usually have longer closures, like geminates.  

Plosives, for example, in Standard German (Jessen 1998), Korean (Cho, Jun 
& Ladefoged 2002), and Mixtecan Trique (Dicanio 2012) are described using 
fortis and lenis contrast. Sometimes, two systems are used parallelly in phono-
logical descriptions; this is the case for Swiss German (Ladd & Schmid 2018 for 
fortis; Kraehenmann 2001 for length). 

 

2.2.3. Length 

In length distinction, consonants can be viewed as short and long or singletons 
and geminates. Ladefoged and Johnson (2011: 251) have defined geminate as a 
long consonant that can be analysed as a sequence of two consonants of the same 
nature. However, the phonological nature of the geminates is controversial be-
cause it is difficult to map the distinction to the phonetic realisation (Lehiste 1970: 
44–45; Davis 2011). Geminates occur in a large variety of languages in many 
language families: Finno-Ugric languages Estonian (Asu & Teras 2009), Finnish 
(Suomi, Toivanen & Ylitalo 2008), Livonian (Lehiste et al. 2008), Ingrian 
(Markus et al. 2013) and Saami languages (Türk et al. 2019); Indo-European 
languages Bengali (Kotzor, Wetterlin & Lahiri 2017), Cypriot Greek (Arvaniti & 
Tserdanelis 2000), Italian (Esposito & Di Benedetto 1999; Payne 2005), Swiss 
German (Kraehenmann 2001); Semitic Maltese (Galea 2016); Austronesian 
Kelantan Malay (Hamzah, Fletcher & Hajek 2016), Pattani Malay (Abramson 
1986); Afro-Asiatic Tashlhiyt Berber (Ridouane 2007); Japanese (Kawahara 
2005), etc. 
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Usually, the distinction between short and long consonants or singletons and 
geminates is binary, but a few languages also have a ternary contrast (e.g., Esto-
nian, Saami, Livonian). In most languages, geminates occur only word-medially, 
but some languages also have word-final (e.g., Bengali, Estonian) and even word-
initial geminates (e.g., Malay, Maltese, Swiss German). In most quantity lan-
guages studied, the distinction between singleton and geminate or short and long 
categories is based on closure duration (Lehiste 1970: 33–35; Kubozono 2017: 2). 
Geminate consonants have about 1.5 to 3 times longer durations than singletons 
(Ladefoged & Maddieson 1996: 33; Hamzah, Fletcher & Hajek 2016: 137). Dif-
ferences in adjacent segmental context and non-durational features, such as the 
length or quality of adjacent vowels, are also observed during gemination. For 
example, in Italian, vowels preceding geminates are shorter than vowels pre-
ceding singletons (Esposito & Di Benedetto 1999), but vice versa in Japanese 
(Idemaru & Guion 2008). 

Although there are aerodynamic constraints for voiced geminate plosives, 
there still are many languages that contain these; they include, for example, 
Bengali (Reetz, Mikuteit & Lahiri 2019), Italian (Esposito & Di Benedetto 1999), 
Lebanese Arabic (Al-Tamimi & Khattab 2018), Maltese (Galea 2016), Pattani 
Malay (Abramson 1986) and Tashlhyit Berber (Ridouane 2007). 

Singleton and geminate plosives may show differences in VOT or burst inten-
sity along with the closure duration. However, the patterns differ between lan-
guages. For example, the VOT in geminates was longer than in singletons in 
Cypriot Greek in Arvaniti (2001), but the opposite pattern was found in Turkish 
by Lahiri and Hankamer (1988). Higher burst intensities in geminates compared 
to singletons have been found in Finnish (Doty, Idemaru & Guion 2007) and 
Tashlhiyt Berber (Ridouane 2007). No studies have compared bursts between 
singletons and geminates in Estonian. 

 
 

2.3. Plosives in connected speech 

This chapter first introduces the main concept of coarticulation, followed by a 
brief cross-linguistic overview of allophonic variation in plosives. 
 

2.3.1. Coarticulation 

In connected speech, sounds of speech are not realised completely because the 
movements of different articulators overlap and interact. Coarticulation is a term 
that refers to the mutual influence of adjacent or nearby articulatory segments, so 
they become like each other (Kühnert & Nolan 2006: 7). The need for the concept 
of coarticulation came from the need to explain the transformation of the discreet 
phonological segments to continuous speech. The term was first used in 1933 by 
Menzerath and de Lacerda (1933, cited by Farnetani & Recasens 2013). Coarti-
culation is a universal phenomenon observed in all languages. At the same time, 
co-articulatory processes are, to some extent, language-specific. 
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Coarticulation mostly manifests in speech in two ways: in reduction and 
assimilation. Reduction in phonetic level refers to shortening and less clear arti-
culation or even absence of segments compared to their canonical forms under the 
influence of segmental and prosodic context (Harrington 2013: 91; Zellers, 
Schuppler & Clayards 2018: 1).  

Assimilation is often used synonymously with coarticulation. Farnetani and 
Recasens (2013: 320) define assimilation as “contextual variability of speech 
sounds, by which one or more of their phonetic properties are modified and become 
like those of the adjacent segment”. The distinction between coarticulation and 
assimilation can be made based on the level of the speech process. Ladefoged and 
Johnson (2011) have defined coarticulation on the articulation level as “[t]he over-
lapping of adjacent articulations” (p. 306) and assimilation on the phonological/ 
perceptive level as “[t]he change of one sound into another, making it more 
similar to a neighboring sound” (p. 305). Sometimes, assimilation is used to refer 
to a context-sensitive coarticulation that would be marked in phonetic transcrip-
tion (Volenec 2015: 74–75), but the division is rather vague. Three main types of 
assimilation are place assimilation, manner assimilation and voice assimilation 
(Clark, Yallop & Fletcher 2007: 89). In place assimilation, one segment influ-
ences the articulation place of the other (alveolar /n/ becomes a velar [ŋ] in front 
of /k/, like in Estonian kang [kɑŋk] ‘bar’). In manner assimilation, one segment 
influences the articulation manner of the other (in Estonian, the sequence [hts] in 
the word lihtsalt ‘simply’ assimilates to [sːs] lisːsɑlt). In voice assimilation, one 
segment influences the voicing of the other (in Estonian, word-final voiced con-
sonants become voiceless after voiceless obstruents, lehm [leh:m̥] ‘a cow’).  

The coarticulatory influence of adjacent segments can be two-way. In the case 
of the left-to-right or carryover coarticulation, the segment’s feature spreads to 
the next segment. In the case of right-to-left or anticipatory coarticulation, the 
segment’s feature spreads to the preceding segment(s). (Clark, Yallop & Fletcher 
2007: 86). Carryover coarticulation is believed to happen due to the inertia in the 
articulators. A common carryover coarticulation phenomenon is carryover voicing, 
often observed in obstruents. Anticipatory coarticulation happens because of the 
simultaneous adjustments in the articulators for several segments. Classic examples 
of anticipatory coarticulation are palatalisation and labial coarticulation. The extent 
of coarticulation depends on many factors, like the articulatory properties of the 
sounds, the phonological composition, the phonetic distinctions possible in the 
language, prosodic structures, speech rate, speaking style, etc. More reduction is 
observed in spontaneous speech and faster speech.  

 

2.3.2. The allophonic variation of plosives 

In plosives, the coarticulation most often manifests in (partial) voicing in the 
closure phase and durational shortening in both the closure and the burst phase or 
VOT. Carry-over voicing seems to be more common in plosives. Davidson (2016; 
2018) has distinguished four types of voicing in obstruents in American English 
according to which part of the closure becomes voiced:  
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(a)  bleed – voicing from the previous segment carries on to the beginning of the 
closure;  

(b)  through – voicing carries throughout the closure;  

(c)  negative VOT – voicing occurs before the burst;  

(d)  hump – voicing occurs and then ceases somewhere during the closure.  
 
In American English, voiced plosives showed at least partial voicing in over 70% 
of the tokens, and most of the tokens fell into bleed and through types (Davidson 
2016). Also, about half of the observed voiceless plosive tokens in Davidson 
(2018) were at least partly voiced, and over 80% of the partly voiced tokens fell 
into the bleed type. 

Due to the weakening of articulation, the burst phase can shorten, become 
voiced in voiceless plosives and, in the last stage, reduce to complete loss. This 
coarticulatory behaviour of the burst phase has often been found in both voiced 
and voiceless plosives in Romance languages, like French and Spanish (Duez 
1995; Torreira & Ernestus 2011), and also in the voiceless plosives in Estonian 
(Raasik 2010; Suomi & Meister 2012).  

It has been found that different articulation places show different resistance to 
reduction. The effects of adjacent context on the pronunciation and vice versa 
depend on the mobility of the articulator and its participation in the pronunciation 
of the surrounding segments. According to the gestural models (Browman & 
Goldstein 1992; Fowler & Saltzman 1993), segments that share more articulators 
with adjacent segments are more influenced by coarticulation and assimilate 
more. So, among the plosives, bilabial [p] should be the least influenced by 
adjacent vowels because lips are only shared articulators and velar [k] the 
most influenced by the adjacent vowels because it uses the tongue body that is 
also used in the articulation of vowels (Fowler & Saltzman 1993). However, 
according to model of degree of articulatory constraint (Recasens, Pallarès & 
Fontdevila 1997; Recasens & Espinosa 2009), velar [k] should be the most 
resistant to coarticulation and influence other adjacent segments most.  

The reduction rate is influenced by the speech register, being more extensive 
in spontaneous speech (Lindblom 1990; Moon & Lindblom 1994) and can result 
in the loss of whole syllables because of several simultaneous segmental deletions 
(Schuppler et al. 2011).  

Durational and assimilatory patterns are influenced by suprasegmental and 
prosodic features like stress (word and sentence stress) and prosodic boundaries 
(phrase, utterance), durations being longer and the assimilation weaker in more 
prominent positions (Keating et al. 2004). In plosives, the extension of the overall 
and burst phase duration and VOT and the higher amplitude of the burst have been 
found in the stressed position, with contrastive stress having a more significant 
effect, while non-contrastive sentence stress has little or no effect. For example, 
in English, the characteristics of the voicing distinction (duration of the closure, 
VOT, burst amplitude) were more extreme in the contrastively stressed position, 
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while noncontrastive stress only influenced the VOT (Cole et al. 2007; Cho & 
Keating 2009). In German, which uses lenis and fortis distinction, Kuzla and 
Ernestus (2011) found that the categories behaved differently in different stress 
conditions: the closure duration was prolonged under contrastive stress in both 
lenis and fortis; differences in VOT occurred only in fortis that showed longer 
VOT in stressed positions. 

 
 

2.4. Estonian plosive system 

Estonian has four plosive allophones in three places of articulation: bilabial /p/, 
alveolar /t/, palatalised alveolar /tʲ/2 and velar /k/. All plosives are voiceless and 
unaspirated.  

Estonian falls into the rare set of languages, along with Livonian, Ingrian, and 
some Saami languages, which have a ternary quantity system (see Türk 2019b). 
For consonants, the first quantity degree (Q1) corresponds to the singleton, the 
second quantity degree (Q2) to the short geminate, and the third quantity degree 
(Q3) to the long geminate. The duration ratios of the plosive segments are 1.7–2.1 
for Q2/Q1, 1.2–1.4 for Q3/Q2 and 2.1–2.6 for Q3/Q1, as measured by Türk 
(2018; 2019a). However, the quantity is a suprasegmental phenomenon. It in-
cludes the duration ratio of stressed and unstressed syllables in a disyllabic foot 
and pitch contour in addition to the duration of the segment. The duration ratios 
of the syllables are roughly 2/3 for Q1, 3/2 for Q2 and 2/1 for Q3, not including 
the syllable onset consonants that do not participate in length distinction (Lehiste 
1960). The syllable rates found in different studies are 0.6–0.9 for Q1, 1.4–2.0 
for Q2 and 2.0-3.9 for Q3 (overview in Meister 2011: 29). The word-initial 
position does not participate in quantity distinction, but it carries primary stress 
(except in some onomatopoetic and loanwords) (Asu et al. 2016: 127). Voiced 
consonants can occur as singletons after short and long vowels and as geminates 
only after short vowels. Voiceless obstruents, on the other hand, can occur as 
singletons and geminates both after short and long vowels and diphthongs. Sing-
letons can occur in all three quantity degrees in combination with vowels. So, 
plosives can occur intervocalically in seven possible structures, as shown in Table 1 
(examples derived from Prillop 2015: 184). 
 
  

 
2  As the phonetic outcome of the palatalisation is very varied, especially in spontaneous 

speech, the palatalised phoneme is not distinguished from the alveolar in this thesis. 
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Word-initial singletons have been studied from durational aspects, mostly in 
quantity studies (e.g., Suomi et al. 2013). The durations of word-initial singletons 
usually overlap with the word-medial singletons, except in the case of contrastive 
sentence stress, when the word-initial segment undergoes more significant elon-
gation compared to the word-medial segment (Eek & Meister 2003; Suomi & 
Meister 2012; Suomi et al. 2013). 

Besides quantity, lenis and fortis distinction has been used for Estonian (Ariste 
1933a; 1939; 1968; Metslang et al. 2023: 57–58). It is said that geminates are 
fortis, and word-medial and word-final singletons in voiced context are lenis. The 
word-initial position is either classified as fortis (Ariste 1933a; Metslang et al. 
2023) or neutralised (Eek & Meister 1996a: 67). The view may be supported by 
the orthography of Estonian that uses the same graphemes – p, t, k – for marking 
word-initial singletons and geminates and b, d, g for marking word-medial 
singletons. Ariste (1933a) found that the fortis distinction should be used, as Esto-
nian does not have voicing distinction. Later, Ariste (1968: 40–41) listed all the 
constraints for fortis and lenis in Estonian and concluded that fortis could only 
occur in an absolute initial and final position; in other positions, it is either lenis 
or geminate. No experimental studies have been conducted so far to find diffe-
rences in articulatory effort or corresponding acoustic features. The current thesis 
provides a short discussion of Estonian plosive acoustics’ compatibility for the 
distinction. 

The burst phase of Estonian plosives has only been studied scarcely. Dura-
tional aspects of bursts in singleton plosives have been studied in read (Suomi & 
Meister 2012) and spontaneous speech (Raasik 2010). The relationships in burst 
phase durations have been in accordance with the universal tendencies, being the 
shortest in bilabials and the longest in velars. Overall, the burst phases were shorter 
in read speech. The burst spectra in the word-initial position have been described 
by Eek and Meister (1996c). The spectrum of /p/ was diffuse and weakening in 
upper frequencies; the strongest spectral peak was under 500 Hz. The spectrum 
of /t/ was diffuse and strengthening in upper frequencies, having a decline in 
intensity from 4000 Hz to 5000 Hz. The spectrum of /k/ had the strongest peak 
between 700 and 2900 Hz. Spectral peaks depended on the following vowel, 
especially in /k/. Bursts of geminates have not been studied, nor have any studies 
compared burst phases in word-initial and word-medial positions. Publications 

Table 1. Possible segment structures in three quantity degrees in Estonian plosives. 

Quantity 1 (Q1): short V1 singleton C2 (VCV) ude [ute] ‘a vellus hair, nom.sg’ 
Quantity 2 (Q2): long V1 singleton C2 (VVCV) uude [uːte] ‘innovation, nom.sg’ 
 short V1 geminate C2 (VVCV) ute [utte] ‘an ewe, gen.sg’ 
 long V1 geminate C2 (VVCCV) uute [uːtte] ‘new, gen.pl 
Quantity 3 (Q3): long V1 singleton C2 (VV:CV) uude [uːːte] ‘new, ill.sg’ 
 short V1 geminate C2 (VC:CV) utte [utːte] ‘an ewe, par.sg’ 
 long V1 geminate C2 (VVC:CV) uute [uːtːte] ‘innovation, gen.sg’ 
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P1 and P2 will investigate the durational aspects of singletons and geminates, 
respectively. The P4 will add new knowledge about Estonian plosive bursts in 
aspects of duration, spectral composition, and intensity that may give information 
to support or reject the suitability of the fortis distinction in Estonian. 

There have been few studies on the coarticulatory behaviour of Estonian plo-
sives. Closure voicing has been found in singleton plosives both in read (Ariste 
1933b; Suomi & Meister 2012) and spontaneous speech (Raasik 2010). All the 
studies found voicing in the closure phase. Two latter studies also observed burst 
phase reduction. The proportion of reduced tokens was dependent on the speech 
register, with a lower proportion in read (/p/ 1.1%, /t/ 3.3%, /k/ 25.9%) and higher 
in spontaneous speech (/p/ 15%, /t/ 22%, /k/ 48%). Velar plosive /k/ has been 
standing out with weak articulation, showing the greatest reduction. The closure 
voicing has also been found in geminates by Ariste (1933b; 1933a). Coarticu-
latory patterns in geminates have not been researched further. The publications 
P1, P2 and P3 will further study the allophonic variation and reduction in single-
ton and geminate plosives in Estonian, adding a comparative view of allophonic 
variation in two speech registers. 
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3. MATERIAL AND METHODS 

In this chapter, materials and analysis methods used in publications are presented. 
 
 

3.1. Acoustic material 

The speech material for most of the articles (P1, P3, P4) came from the University 
of Tartu Phonetic Corpus of Estonian Spontaneous Speech (PCESS) (Lippus 2018; 
Lippus et al. 2021; Lippus et al. 2023). The read-aloud material for P2 and P3 
came from the Speech Synthesis Training Corpus (SSTC) of the Institute of the 
Estonian Language (Piits 2016).  

The PCESS consists of several sub-corpora: spontaneous dialogues recorded 
in a sound studio, monologues recorded in a lecture hall using a head-mounted 
microphone, and dialogues recorded in quiet conditions during fieldwork. The 
sound files are in 16-bit 44.1 kHz PCM wave format. Speakers are chosen to 
represent all age groups and geographical areas of Estonia. Sound files are anno-
tated3 using Praat software (Boersma & Weenink 2023) on several tiers: word, 
SAMPA (Speech Assessment Methods Phonetic Alphabet) (Wells 2005), syl-
lables, metric feet, morphological annotation, speech quality, intonation phrases 
and interpausal units. The current version of the corpus (v1.3) contains about 
135 hours of speech from 207 speakers. 

The SSTC is compiled of read-aloud sentences from literature and news texts. 
The readers are the voice donors for the text-to-speech synthesis. Most of the 
readers are professional news readers and actors. The corpus of one voice in-
cludes a specific set of sentences that covers all possible sound combinations in 
the language and additional material from literature and news texts. The speech 
material is annotated automatically on word and phoneme levels using the web-
based annotation service WebMAUS (Kisler, Reichel & Schiel 2017). The cur-
rent version of the corpus contains about 152.5 hours of speech from15 speakers, 
including two children and three dialect speakers4. 
 

 
3  Overview of annotation principles https://foneetikakorpus.ut.ee/ekskfk_info_eng.html# 

Annotation; Corpus annotation guide (in Estonian) https://foneetikakorpus.ut.ee/ekskfk_ 
margendamise_juhend.html  

4  https://koneveeb.ee/korpused/ (10.06.2024) 
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The material for P1 was gathered using the public search engine of the PCESS5. 
The search engine enables search from different layers of the text grid. The search 
returns a search token with 2 seconds of context around it (sound file and text 
grid annotation, see Fig. 1). No metadata about the speaker is added. The data set 
was compiled of frequent content words (substantives, verbs, adjectives, numerals, 
ordinals) that consisted of a short intervocalic plosive on the boundary of the 1st 
and the 2nd syllable (sequence VCV, C marks the short plosive, V marks the short 
vowel). The words were chosen when lemmas representing them occurred at least 
50 times in the lemma list of PCESS (Lippus 2019). The final set of words was 
under 50 for some lemmas because of the stem changes in case paradigms where 
intervocalic position (e.g., sõber : sõbra ‘a friend nom.sg : gen.sg’) or the plosive 
token was lost (e.g., sada : saja ‘a hundred nom.sg : gen.sg’). The data set 
contained 1491 tokens from 19 lemmas, as presented in Table 2. 
 
Table 2. Analysed lemmas in P1 (adapted from Ermus (2017: 33)) 

Plosive Total 
/p/ luba 

[lupɑ] 
paber 
[pɑper] 

sobi 
[sopi]

sõber 
[sɤper]

tuba 
[tupɑ]

vaba 
[vɑpɑ] 

 

Tokens 36 23 34 14 26 39 172 
/t/ kodu 

[kotu] 
kadu 
[kɑtu] 

nädal 
[nætɑl]

pida 
[pitɑ]

pidi [piti] sada 
[sɑtɑ] 

Tokens 108 26 134 80 95 45 488 
/k/ luge 

[luke] 
lugu 
[luku] 

maga 
[mɑkɑ]

nägi 
[næki]

tege 
[teke]

tegi [teki] 

Tokens 127 55 60 90 235 264 831 
Total 1491 

 
5  https://foneetikakorpus.ut.ee/ 

Figure 1. Annotation tiers in PCESS. Word kodus [kotus] ‘at home’. (P1: 32) 
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The data set for P2 was taken from SSTC. The material comprised short news 
stories read by two professional news readers, one male and one female. The data 
set consisted of short plosive tokens in the following sequences: VCV, SCV, 
VCS, SCS, #CV, VC#, #CS, SC#, where C marks a short plosive, V marks a 
vowel, S marks a voiced consonant and # marks a pause. 512 tokens (262 from 
the male and 250 from the female speaker) were analysed. The distribution of the 
tokens is presented in Table 3. 

 
The data set for P3 was gathered from the monologue sub-corpus of PCESS for 
the semi-spontaneous spoken data and from SSTC for the read-aloud data. The 
data set consisted of word-medial intervocalic geminate plosives on the boundary 
of the 1st and the 2nd syllable (sequences VCCV, VC:CV, VVCCV, VVC:CV, 
where V marks a short and VV a long vowel, CC a short geminate in Q2 words, 
and C:C a long geminate in Q3 words). Material was obtained from the speech of 
five male and seven female speakers from PCESS for semi-spontaneous speech 
and four male and three female speakers from SSTC for read speech. The data set 
contained 1795 tokens: 511 tokens of /k/, 374 tokens of /p/ and 910 tokens of /t/. 
The distribution is shown in Table 4. 

 
The material for P4 was gathered from the monologue sub-corpus of PCESS. The 
material from the speech of three male and three female speakers was used. The 
data set consisted of 2346 tokens of intervocalic plosives with burst in word-
initial and word-medial in three quantities (sequences V|CV(V), VCV, VCCV, 
VC:CV, VVCV, VV:CV VVCCV, VVC:CV, where C marks singleton plosive, 
CC short geminate plosive, C:C long geminate plosive, V marks a short vowel, 
VV a long vowel, VV: an overlong vowel and | marks the word boundary). The 
distribution of the tokens in the data set is shown in Table 5.  

 
Table 3. Distribution of analysed tokens by the position in the word in P2. Abbreviations 
used: WIS – word-initial singleton, WMS – word-medial singleton, WFS – word-final 
singleton. 

Plosive WIS WMS WFS Total 
/p/ 51 24 4 79 
/t/ 62 109 57 228 
/k/ 104 97 4 205 
Total 217 230 65 512 

Table 4. The distribution of analysed tokens in P3. 

Plosive Q2 Q3 Total 
/p/ 205 169 374 
/t/ 283 627 910 
/k/ 177 334 511 
Total 665 1130 1795 
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3.2. Annotation and acoustic analyses 

In addition to the existing corpus annotation, voiced and voiceless parts of the 
closure and the burst phase or the phase of constriction in the case of change in 
the articulation manner were manually annotated based on auditory and visual 
inspection for all studies (see Fig 2–8 in Chapter 4.1). The closure phase was 
divided into voiced and voiceless parts rather than implosion and occlusion 
phases. The reason for this was that it is a common procedure in acoustic studies 
(e.g., Kuzla & Ernestus 2011; Davidson 2018). Also, the author of this thesis 
finds that it is not possible, especially in the case of singletons, to reliably dis-
tinguish between implosion and occlusion phases based just on voicing. 

Annotation labels and durational data were extracted with Praat scripts. For 
P4, along with durational measures, several acoustic measures from the burst 
phases (intensity, centre of gravity, standard deviation, skewness) were extracted 
with a script (based on Brato (2015)). A Hann band pass filter between 500 Hz 
and 10000 Hz (smooth 30 Hz) was applied. Prior to spectral measures, the signal 
was pre-emphasised above 500 Hz. A 10 ms Hamming window centred at the 
beginning of the burst phase was analysed to calculate spectral moments (centre 
of gravity, standard deviation, and skewness). The mean burst intensity (dB SPL) 
was measured 10 ms from the onset of the burst, and the minimum pitch for inten-
sity measures was set to 500 Hz. Relative burst intensity was calculated by sub-
tracting the mean intensity obtained from the first 50% of the vowel following 
the burst from the mean intensity obtained from the first 10 ms of the plosive burst.  

 
 

3.3. Statistical modelling 

Statistical analyses in P1 were conducted using the Statistics module in MS Excel. 
ANOVA tests were used to assess the statistical significance of the differences in 
the durations of the allophones according to the plosive, preceding and following 
vowel, stress on the plosive-carrying word in an utterance. 

P2 used binary logistic regression models to predict closure voicing and burst 
reduction in short plosives. Predictors were chosen from the features obtainable 
from the written text: preceding context (pause, vowel, sonorant consonant), 

Table 5. The distribution of analysed tokens in P4. Abbreviations used: WIS – word-
initial singleton, WMS – word-medial singleton, SG – short geminate, LG – long 
geminate. 

Plosive WIS WMS SG LG Total 
/p/ 109 32 62 39 242 
/t/ 187 281 473 204 1145 
/k/ 356 305 171 127 959 
Total 652 637 709 369 2346 
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following context (pause, vowel, sonorant consonant), position of the letter in the 
word (initial, medial, final), number of the letter-carrying syllable in the word from 
the first (1–4), position of the word in utterance (initial, medial, final), part of 
speech (11 levels), letter-carrying word being a foreign word (yes/no) or a com-
pound word (yes/no). The models were fit for each plosive separately. The classi-
fication ability of the models was evaluated using linear discriminant analysis run 
on the same data set. Analyses were conducted using SYSTAT software. 

Statistical analyses in P3 and P4 were conducted in software R (R Core team 
2023) using mixed model functions (lmer, glmer) from the lme4 package (Bates 
et al. 2015). The mixed model approach takes into account the random effects in 
complex, collinear and hierarchical data and is considered suitable for potentially 
non-balanced data sets, which are common in linguistic corpus material. For post-
hoc analyses, Tukey’s Honest Significant Difference (TukeyHSD) test and in the 
P4 emmeans package (estimated marginal means) (Lenth 2022) were used.  

In P3, linear mixed models (lmer) were fitted for durations of plosive closures 
and burst phases and generalised mixed models (glmer) for the occurrence of the 
voiced transition in closure. Fixed variables were the place of articulation (/p/, 
/t/, /k/), quantity of the word (Q2, Q3), allophone (voiceless, partly voiced), syl-
lable structure (preceding vowel short/long), reading style (read, spoken). In glmer 
models fitted for the occurrence of the voiced transition in closure, the duration 
of the plosive was also included as a fixed variable. The speaker (19 levels) and 
the words carrying the plosive (858 levels) were included as random intercepts.  

In P4, linear mixed models were fitted for durations of the bursts, absolute and 
relative intensity of the bursts, centre of gravity, standard deviation, and skewness 
of the burst spectra. Fixed factors were the place of articulation (/p/, /t/, /k/) and 
plosive category (word-initial singleton, word-medial singleton, short geminate, 
long geminate). Speaker (six levels) and following vowel (/ɑ e i o u/) were in-
cluded as random intercepts. 
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4. RESULTS AND DISCUSSION 

In this chapter, the results of the publications are discussed according to the 
research questions as follows: 

RQ1: What kind of allophonic variants emerge in plosives in Estonian connected 
speech? 

RQ2: How do segmental and suprasegmental features influence the allophonic 
variation of plosives? 

RQ3: How does the speech register influence the allophonic variation of plosives? 

RQ4: How do segmental and suprasegmental features (syllable structure, stress, 
quantity) influence the durational variation of plosives? 

RQ5: How do segmental and suprasegmental features influence the acoustics of 
the burst phase? 

 
 

4.1. Allophonic distribution 

The results of this chapter concern the first three research question. First, general 
allophonic variants emerging in P1, P2 and P3 is presented, then allophonic varia-
tion in singletons in spontaneous (P1) and read speech (P2) is described compara-
tively, followed by allophonic variation in geminates (P3). Influences of segmental 
features (place of articulation of the plosive, adjacent segments) and supraseg-
mental features (syllable structure, stress) are discussed for singleton plosives.  
 

4.1.1. Allophonic variants emerging in plosives in 
Estonian connected speech 

Results revealed two types of allophones: full – allophones characterised by the 
burst phase and reduced – allophones without the burst phase. However, reduced 
allophones only occurred in singleton plosives. 
 
Full allophones found are as follows: 

1. voiceless allophone – canonical fully realised allophone constituting of voice-
less closure phase followed by burst phase (see Fig 2); 

2. partly voiced allophone – closure phase with a voiced transition at the be-
ginning followed by burst phase, the bleed type according to Davidson (2016; 
2018) (see Fig 3); 

3. voiced allophone with a burst – fully voiced closure phase followed by burst 
phase, the through type according to Davidson (2016; 2018) (see Fig 4). 
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Figure 2. The voiceless allophone of singleton /k/ in the word lugesin ‘I read’ past simple 
(spontaneous speech) in SAMPA annotation. Acoustic phases on the lowest tier: ‘k’ 
voiceless part of the closure; ‘V’ the burst phase. 
 

Figure 3. Partly voiced allophone of singleton /p/ in the word vaba ‘free’ (spontaneous 
speech) in SAMPA-annotation. Acoustic phases on the lowest tier: ‘p_v’ voiced part of 
the closure; ‘p’ voiceless part of the closure; ‘VOT’ the burst phase. 
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Figure 4. Voiced allophone of singleton /t/ in the word nädal ‘a week’ (spontaneous 
speech) in SAMPA annotation. Acoustic phases on the lowest tier: ‘t_v’ voiced closure, 
‘VOT’ the burst phase. (from P1: 35). 
 
The reduced allophones found are as follows: 

1. burstless voiced allophone – fully voiced closure phase that is still distinguish-
able in the sound wave and spectrogram, burst phase has reduced (see Fig 5); 

2. fricative allophone – either the closure phase or the burst has fricativised so 
that it is distinguishable in the sound wave and spectrogram (see Fig 6); 

3. approximant allophone – burst has reduced totally; closure phase has re-
duced to approximant (see Fig 7); 

4. total loss – the plosive segment is not distinguishable in the speech wave (see 
Fig 8). 

Figure 5. Burstless voiced allophone of singleton /k/ in the word magama ‘sleep, ma-
infinitive’ (spontaneous speech) in SAMPA annotation. Acoustic phases on the lowest 
tier: ‘k_v’ voiced closure (From P1: 35). 
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Figure 6. Fricative allophone of singleton /k/ in the word tegid ‘you did’ (spontaneous 
speech) in SAMPA annotation. Acoustic phases on the lowest tier: ‘G’ voiced velar fri-
cative. 
 

Figure 7. Approximant allophone of singleton /p/ in the word lubati ‘to let, past passive 
voice’ (spontaneous speech). Acoustic phases on the lowest tier: ‘w’ bilabial approxi-
mant. 
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Figure 8. Total loss of singleton /t/ in the word andmed ‘the data, nom.pl’ (read speech). 
 
Additionally, some occasional allophones occurred only a few times each. Those 
included, for example, nasalised tokens, voiceless closures without bursts and 
others. The following chapter presents these allophones in the category ‘Other’. 
 

4.1.2. Allophonic variation in singleton plosives 

Most of the allophonic variation occurred in singleton plosives. For short word-
medial plosives, a comparison can be made between two speech registers, spon-
taneous (P1) and read speech6 (P2).  

The allophonic distribution of word-medial singleton plosives according to 
POA in read and spontaneous speech is given in Figure 9. The most frequent 
allophones in both registers were voiceless, partly voiced, voiced, and burstless 
voiced. Fricatives and total loss occurred in read speech in small amounts, and 
other reduced allophones occurred only in spontaneous speech. 
  

 
6  In P2, word-medial tokens were not discussed separately, as tokens from all the positions 

in a word were pooled together in analyses. Here, for the sake of balance in data sets, only 
word-medial tokens are taken into account in comparison. 
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Figure 9. Allophonic distribution of word-medial singleton plosives in read (P2) and 
spontaneous speech (P1). 
 
Full allophones constituted the majority in read speech for all POA – about 80% 
of tokens of /p/, 87% of /t/ and 62% of /k/ represented allophones with burst. 
Voiceless allophone occurred in 8% of /t/ and 11% of /k/ but was absent in /p/. 
Partly voiced and voiced allophones occurred about equal amounts in /p/ (42% 
and 38%) and /k/ (25% and 26%). In /t/, the voiced allophone was the most 
frequent, with 61% of all occurrences, but partly voiced allophone constituted 
only 17%. From reduced allophones, the burstless voiced allophone was the most 
frequent allophone and comprised 12% of /p/, 5.5% of /t/, but 30% of /k/ (the 
most frequent allophone). Fricative allophone occurred in 8% of /p/, 3% of /t/ and 
7% of /k/. The total loss occurred in 5% of tokens of /t/ and 1% of /k/. 

In spontaneous speech, full allophones were altogether more frequent than 
reduced ones in /p/ (64%) and /t/ (71%), but in /k/, they constituted under half of 
all tokens (41%). Voiceless allophone occurred about the same amount as in read 
speech, around 10%, in /t/ and /k/. The voiceless allophone of /p/ occurred in 19% 
of tokens. Partly voiced allophone occurred less in spontaneous than in read speech 
for /p/ (29%) and /k/ (14%) but more in /t/ (24%). Voiced allophone occurred less 
in spontaneous than in read speech; 16% of tokens of /p/, 37% of /t/ and 17% of /k/ 
were voiced allophones. Reduced allophones, expectedly, occurred more in spon-
taneous speech. Burstless voiced allophone was the most frequent reduced allo-
phone, constituting about 20% of /p/ and /t/ and 42% of /k/. Around 4–5% of the 
tokens were fricativised in all POAs. 5% of /p/, 6% of /k/ and under 1% of /t/ were 
reduced to an approximant. Total loss occurred only in /t/ and /k/ (4% and 3%). 
Other allophones constituted about 2.5% of /t/, 5% of /k/ and over 6% of /p/. 

P2 briefly covered allophonic variation of word-initial and word-final sing-
leton plosives in read speech. Word-initial singletons were mainly realised: 37% 
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were voiceless, around 30% were partly voiced and around 20% voiced. Reduced 
allophones constituted 13% of all word-initial tokens. Many voiceless tokens 
were utterance-initial, but they occurred in all positions in utterance. About 40% 
of the word-final singletons were voiced, voiceless and partly voiced tokens both 
constituted about a quarter of tokens. Only under 10% of tokens were reduced 
allophones. 

In the main part, the differences between the two registers were as expected: 
more fully realised tokens in read speech and more reduced tokens in spontaneous 
speech. The distribution of allophones between POAs was similar in both regis-
ters. Deviations from the expected patterns were the absence of a voiceless allo-
phone of /p/ in read speech and a more frequent total loss in /t/ in read speech than 
in spontaneous speech (although the difference was small). The absence of voice-
less allophone on /p/ in read speech can be explained by the /p/ tokens in read 
speech frequently occurring in non-content words (like läbi ‘through’) and pos-
sibly idiolect of the readers (there were also cases of utterance-initial voiced tokens 
in the speech of one reader). Total loss in /t/ tokens in read speech occurred in 
words where the plosive token was located between nasals (e.g. in word andmed 
‘data’). 

The effect of adjacent segments on the allophonic distribution of singleton 
plosives was studied in P1. In spontaneous speech, the vowel context had a minor 
influence on the allophonic distribution. Different POAs occurred in slightly dif-
ferent environments (see Fig 10, 11). Among the six preceding vowels (V1), only 
/ɑ/ occurred adjacent to all the POAs; /e/ and /u/ occurred adjacent to /p/ and /k/; 
/æ/ adjacent to /t/ and /k/; /i/ and /o/ occurred only adjacent to /t/. Four vowels 
occurred in the position following the plosives (V2). Both /ɑ/ and /i/ occurred 
after all POAs; /e/ occurred after /p/ and /k/; /u/ occurred after /t/ and /k/. 

According to V1, allophones were rather even for all POAs; the main dif-
ferences were in the proportion of reduced allophones. There were more reduced 
tokens, especially fricatives, in /p/ when V1 was /e/ and more reduced tokens in 
/k/ when V1 was /æ/. When V1 was labial vowel /u/, both /p/ and /k/ showed more 
approximant allophones. For /t/, there were fewer reduced tokens when V1 was 
labial vowel /o/. V2 seemed to have a bigger influence. For /p/, there were less 
reduced allophones when V2 was /ɑ/ compared to /e/ and /i/; there were also larger 
amounts of fricative when V2 was /i/. For /t/, there were fewer reduced tokens 
when V2 was labial /u/ and more than when V2 was /a/. For /k/, there were more 
approximant allophone when V2 was /u/. There tended to be more fricative 
allophone adjacent to front vowels in all POAs and more approximant allophone 
adjacent to labial vowels for /p/ and /k/. 
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Figure 10. The allophonic distribution of intervocalic singleton plosives in P1 according 
to V1.  
 

Figure 11. The allophonic distribution of intervocalic singleton plosives in P1 according 
to V2.  
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The influence of sentence stress was studied in P1. There were few cases with 
contrastive stress, and in many cases, there was not enough context to decide if 
the stress on the word was contrastive because the output of the search engine 
used for gathering data only gives 2 seconds of context; all the stressed words 
were put into one category. 

Figure 12. The allophonic distribution of intervocalic singleton plosives in P1 in stressed 
and unstressed positions (after P1: 40). 
 
A stressed position somewhat influenced the allophonic distribution (see Fig 12). 
There tended to be more full allophones in the stressed position and more reduced 
allophones in the unstressed position. The difference was also visible in the pro-
portion of non-regular allophones (fricatives, semivowels, total loss, etc.), which 
occurred much more in the unstressed position. Between POAs, /t/ showed the 
most significant difference between the two contexts. The proportion of the voice-
less allophone was around the same in both positions for /t/ and /k/ but unex-
pectedly larger in the unstressed position for /p/. Partly voiced allophone occurred 
more in a stressed position for all POAs.  
 

4.1.3. Allophonic distribution of geminate plosives 

P3 studied the allophonic distribution of geminate plosives. Two types of 
allophones emerged, both fully realised: voiceless and partly voiced (bleed-type). 
The distribution of allophones is given in Figure 13. 
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Figure 13. Allophonic distribution of inter-vocalic geminate plosives (after P3:43) 
 
Voiceless allophone constituted the minority for all plosives. The voiceless tokens 
constituted almost 40% of /k/, about 30% of /t/, and about 20% of /p/. The distri-
bution of geminate allophones was close to that of voiceless and partly voiced 
allophones in singletons in P1. Partly voiced allophone occurred more in gemi-
nate /p/ than other POAs in P3.  
 

4.1.4. Discussion 

Concerning allophonic variation in Estonian plosives, I hypothesised that a large 
allophonic variation occurs that is influenced by POA, adjacent vowel context, 
sentence stress, and speech register. All the hypotheses were at least weakly corro-
borated. 

The allophonic variation was larger in singletons than in geminates and in 
spontaneous speech than in read speech. The overall reduction rates in sponta-
neous speech were less significant in P1 (/p/ 36%, /t/ 29%, /k/ 59%) compared to 
Raasik (2010) (/p/ 42%, /t/ 57%, /k/ 66% ) where all parts of speech were studied, 
so the amount of short grammatical words may have pushed up the number of 
reduced tokens. However, the number of reduced tokens of /k/ was on the same 
scale in both studies. A large proportion of burstless voiced tokens of /k/ (25.9%) 
was also found in Estonian read speech (Suomi & Meister 2012) whereas the 
proportion of reduced allophones in read speech was much smaller for /t/ (3%) 
and /p/ (1%).  
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Compared to other languages where reduction has been studied, a large pro-
portion of tokens of reduced allophones in voiceless plosives has been found in 
conversational Spanish by Torreira and Ernestus (2011), where over 25% of 
intervocalic tokens observed in spontaneous speech were reduced, and similar to 
Estonian, /k/ was more reduced than other plosives. In French, a reduction has 
been found in voiced plosives by Duez (1995), whereas /d/ showed a larger amount 
of tokens with burst than reduced tokens, /b/ had more burstless tokens, and /g/ 
had almost the same amount of both. In voiceless plosives in French (Torreira & 
Ernestus 2011), the number of reduced tokens was much smaller, only 5.4% (of 
all tokens). Comparing the voicing patterns in Estonian word-medial singletons 
to word-medial voiced plosives in American English (Davidson 2016), there were 
fewer fully voiced tokens in American English (about 20%); in American English, 
the patterns showed a tendency for the voicing to decrease. However, the results 
in Davidson (Davidson 2016; 2018) included more segmental context than just 
vowels and did not include tokens of reduced allophones. When looking only at 
full allophones of singletons in Estonian, the proportion of voiced allophone was 
around 45% and partly voiced allophone around 18%, so the amount of voiced 
allophone was still larger in Estonian than in American English. The geminates 
in Estonian behaved like word-medial voiceless plosives in American English 
(Davidson 2018), showing more partly voiced than fully voiceless closures in 
both studies, although the proportion of voiceless tokens was higher in English. 

High reduction rates in Estonian singleton plosives can be explained by the 
short segment durations. By gestural coarticulation models (e.g., Browman & 
Goldstein 1992), during shorter time intervals articulatory gestures reduce and 
overlap and it is difficult for articulators to reach articulatory targets. The vibration 
of the vocal folds may continue through the closure or stop for a time so short that 
it does not express acoustically. The pressure in the vocal tract may stay too low 
to form the burst phase. Velar /k/ stood out with the most extensive reduction in 
P1, P2 and Suomi and Meister (2012). It is logical from the gestural viewpoint, as 
the dorsal part of the tongue involved in the formation of velar stop is also involved 
in articulating vowels. Other POAs engage less. More reduced allophones 
occurred in /t/ and /k/ if the tongue position of the following vowel was further 
away from the articulation place of the plosive. For example, there were a little 
more reduced allophones of /k/ when V2 was /i/ and more reduced allophones of 
/t/ when V2 was /a/. 

In geminates, there is more time to articulate the phases of plosive, so the burst 
phase is retained. The tendency of bilabial /p/ to show more voiced tokens is ex-
plainable with aerodynamic reasons. As the supraglottal cavity behind the bilabial 
closure is large, the pressure in the vocal tract rises for longer after the closing ges-
ture, and vocal cords may resonate for a prolonged time.  

A larger amount of reduction in Estonian compared to languages with voicing 
distinction is in accordance with the notion by Keating, Linker and Huffman (1983) 
that languages with fewer phonological distinctions allow more variation. As 
Estonian does not need to retain the perceptual differences based on voicing, there 
is more room to different reduction patterns. However, in spontaneous speech, great 
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allophonic variety has been found also in languages with voicing distinction, such 
as French (Duez 1995). 

Differences in allophonic distribution between spontaneous and read speech 
are in accordance with Lindblom (1990). The difference may also at least partly 
be influenced by speech tempo as well. In P2, the speech rate was 5.1 syl/sec for 
the male speaker and 4.4 syl/sec for the female speaker, and the speaker turned out 
to be a significant predictor in models, with the male speaker showing a greater 
reduction. In P1, the speech rate was not measured, but it is plausible that speech 
tempo is higher (although more variable as well) in spontaneous than in read 
speech. In P3, both semi-spontaneous and read speech were used, but the diffe-
rences in speech tempo between the speakers were more significant than between 
speech registers. 

 
 

4.2. Durational variation of plosives 

This chapter discusses the answers to RQ3: how do segmental features (place of 
articulation of the plosive, adjacent segments) and suprasegmental features (syllable 
structure, stress, quantity) influence the durational variation of plosives? The 
durational characteristics of plosives were studied in P1 for singletons and in P3 
for geminates. 
 

4.2.1. Durational variation in singleton plosives 

The durational variation of singleton plosives in spontaneous speech (P1) was 
large. It varied from 20 ms to 120 ms over all POAs. The durational variation is 
given in Figure 14. The duration was first influenced by POA and second by the 
allophone. Overall, /p/ had the longest mean duration (71 ms) over all tokens. 
Mean durations of /t/ and /k/ over all tokens were close (59 ms). It was probably 
due to the different allophonic distributions: a large part of tokens of /k/ repre-
sented reduced allophones. The durational pattern of most frequent allophones 
was the same for all POAs: partly voiced > voiceless > voiced > burstless voiced. 
Durations between allophones were statistically different in all POAs, except 
between voiceless and partly voiced allophones of /t/ and /k/7. Compared between 
POA, bilabial /p/ showed the longest mean durations for all allophones. The mean 
durations of /p/ and /k/ were close to each other in voiceless allophone (77 ms 
and 76 ms) and voiced allophone (67 ms and 66 ms), while /t/ showed systemati-
cally shorter mean durations, almost 10 ms shorter than /p/ and /k/ in voiceless 
(67 ms) and voiced allophone (58 ms). The differences were larger in partly 
voiced allophone (/p/ 88 ms, /k/ 81 ms, /t/ 74 ms) and burstless voiced allophone 
(/p/ 54 ms, /k/ 47 ms, /t/ 39 ms), but the pattern persisted. By allophones, the 
durational differences between all POAs were significant in partly voiced and 

 
7  For some odd reason, the statistical tests for differences in allophone durations of one 

plosive were not reported in P1. 
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burstless voiced allophones, /t/ differed from other POAs also in voiceless and 
voiced allophones. 

Figure 14. Durational variation of main allophones of intervocalic singleton plosives in 
P1. Abbreviations: Vcl – voiceless, PrtVcd – partly voiced, Vcd – voiced with burst, 
RedVcd – burstless voiced. 
 
The vowel context showed some influence on the plosive duration in singletons 
in P1. Voiceless and partly voiced allophones showed more regular patterns; the 
durations of voiced allophones were often very close in different vowel contexts. 
From POAs, /t/ seemed to be the most influenced by adjacent vowel context in 
durational variation and the only one that showed statistically significant diffe-
rences in the durations in different contexts. Duration differences according to 
the V2 (/i u a/) were significantly different in voiceless and partly voiced allo-
phones of /t/, with /i/ showing the longest mean duration. When looking for the 
influence of the V1 on closure duration, then again, over all occurrences, /t/ showed 
the strongest influences: closure following back vowels /ɑ/ and /o/ were longer 
than closures following front vowels /i/ and /æ/. Other POAs did not show this 
influence. There was a tendency for longer mean durations near labial vowels in 
all POAs, with V1 /o/ in /p/ and /t/ and /u/ in /k/. The sentence stress had no signi-
ficant effects on the durations of the same allophones of singleton plosives.  
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4.2.2. Durational variation in geminate plosives 

The durational variation in geminate plosives (P3) is given in Figure 15. Overall 
variation was large, like in singletons, from around 50 ms in the shortest Q2 tokens 
to around 300 ms in the longest Q3 tokens. The durational pattern between POAs 
in Q3 tokens was similar to the pattern in singletons: /p/ (156 ms) > /t/ (143 ms) > 
/k/ (139 ms). In Q2 tokens, the mean durations of all POAs were very close, the 
ones of /t/ and /k/ being similar (119 ms) and /p/ being a few ms longer (122 ms). 
Partly voiced tokens were generally shorter than voiced tokens in /t/ and /k/. The 
duration was correlated with the syllable structure: plosive tokens were shorter 
after long vowels and diphthongs than after short vowels. 

Figure 15. Durational variation of main allophones of intervocalic geminate plosives in 
P3. Abbreviations: Q2 – the second quantity degree, Q3 – the third quantity degree, Vcl – 
voiceless, PrtVcd – partly voiced. 
 
In P3, the duration of the voiced transition at the beginning of the closure phase 
of the partly voiced allophone of geminates and the proportion from the closure 
were measured. The durational variation of the voiced transition is given in 
Figure 16. The variation was large, but most transitions lasted 10–30 ms. The 
mean duration of the transition formed a pattern /k/ (18 ms) < /t/ (21 ms) < /p/ 
(25 ms). The duration of the voiced transition decreased with the longer duration 
of the token and when the token was in Q3. 
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Figure 16. Variation of duration and proportion of the voiced transition of the closure 
phase in geminate plosives (P3). 
 
The mean proportion of the voiced transition constituted about 22–27% in Q2 
and 17–19% in Q3. Compared between POAs, the proportion of the voiced transi-
tion in /k/ was significantly smaller than in other POAs. The proportion of voiced 
transition decreased in Q3 compared to Q2 and in tokens with a longer duration.  
 

4.2.3. Discussion 

Concerning the durational variation of Estonian plosives, I hypothesised that the 
durational patterns according to POA and allophone are similar between single-
tons and geminates; there are significant differences between the durations between 
quantity degrees; the duration of geminates is shorter when the preceding vowel 
is long; the durational variation in singleton plosives is influenced by adjacent 
vowel context but not sentence stress. 

The duration of plosives was first influenced by quantity, second by POA, and 
third by allophone. There were differences in durational patterns between single-
tons and geminates. The only similarity was the overall duration pattern according 
to POA: /p/ > /k/ > /t/, but the durational relations differed slightly. In the case of 
single plosives, /p/ and /k/ were close in duration and /t/ was remarkably shorter. 
In geminates, /p/ was the longest, while /k/ and /t/ were relatively close in dura-
tion. Comparing allophones, partly voiced allophone in singletons lasted longer 
than the voiceless allophone; in geminates, voiceless allophone showed longer 
durations. The durational patterns partly followed previous findings in Estonia. 
The same pattern between POAs in spontaneous speech was found in Türk (2018). 
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Eek (1974) measured durations in isolated words; the study only included /p/ and 
/t/, and the mean durations of /p/ were shorter than those of /t/. 

As expected, the geminates were longer in Q3 than in Q2. The difference in 
mean durations of short and long geminates was at least 20 ms for all plosives. Q3 
geminates were 1.17–1.27 times longer than Q2 geminates. The duration ratios 
between geminates in P3 and singletons in P1 were 1.72–2.02 for Q2/Q1 and 2.2–
2.42 for Q3/Q1 (see ratios in Table 6). The duration of geminate tokens was corre-
lated with the syllable structure: plosive tokens were shorter after long vowels 
and diphthongs. The duration ratios of geminates in different syllable structures 
(VC/VVC) were around 1.1–1.2. The results is close to the ratio in Eek (1974; 
1975) (1.1), who found compensatory effects in syllable durations in order to retain 
the ratios necessary for quantity perception. 

 
Durational ratios between quantity degrees of Estonian plosives have been mea-
sured before by Eek (1974) in read speech and Türk (2018; 2019a) in spontaneous 
speech. The results in Türk (2018; 2019a) are close to P3: /p/ 1.2, /t/ 1.3, /k/ 1.4, 
the biggest difference in /k/. The results in Eek (1974) diverge: /p/ 1.58, /t/ 1.42 
(/k/ was not measured). It must be noted that Eek (1974) used material only from 
one speaker so that idiolect may have played a role.  

Markus et al. (2013) have calculated the ratios between the durations of Q2 
and Q3 geminates in several Finno-Ugric languages with similar three-way quan-
tity systems: Estonian, Livonian, Ingrian and Inari Saami. There, the Q3/Q2 ratio 
in Estonian (calculated on alveolar /t/ and /l/) was 1.4. The closest was Ingrian 
(1.3), then Inari Saami (1.52), and the durational ratio was the largest in Livonian 
(1.78). The durational ratios in Saami languages have also been measured by Türk 
et al. (2019); the ratios varied between 1.2 and 1.5. However, in most of the 

 
Table 6. The durational ratios between quantity degrees in Estonian plosives in different 
studies.  

 Q2/Q1 Q3/Q2 Q3/Q1 
/p/  
Eek (1974) 1.31 1.58 2.06 
Türk (2018, 2019a) 1.7 1.2 2.1 
P1, P3 1.72 1.27 2.2 
/t/  
Eek (1974) 2.03 1.42 2.88 
Türk (2018, 2019a) 2.1 1.3 2.6 
P1, P3 2.02 1.2 2.42 
/k/  
Eek (1974) – – – 
Türk (2018, 2019a) 1.9 1.4 2.6 
P1, P3 2.02 1.17 2.36 
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studied languages (except Ingrian), the ratios were calculated over more conso-
nant types than just plosives. 

When compared to languages with two-way quantity systems, the durational 
ratios were larger than the ratios of Q3/Q1, being around 3 in Japanese (Homma 
1981) and Swiss German (Kraehenmann 2001), or near the ratios Q2/Q1, being 
around 2 in Italian (Payne 2005) and Maltese (Galea 2016). The exception was 
Cypriot Greek (Arvaniti & Tserdanelis 2000) where the geminate-singleton dura-
tion ratio was 1.6. However, in Cypriot Greek, the additional cue to closure dura-
tion was longer VOT in geminates. 

The voiced transition at the beginning of the closure phase was the shortest in 
/k/ and the longest in /p/. Differences are explainable with aerodynamics during 
plosive articulation (Ohala 1983). The room behind the closure is small in the velar, 
so pressure build-up and glottal pulsing ceasing are fast. The room in the mouth 
is bigger during bilabial closure, and it takes more time for the pressure to increase 
to the point of voicelessness even after the implosion gesture has been finished. 
Therefore, the voicing also precedes longer. 

The proportions of the voiced transition in P3 (22–27% in Q2 and 17–19% in 
Q3) are similar to Ariste (1933a) who measured closure voicing in word-medial 
geminates in isolated words. The voiced part constituted about 10–25% of the 
plosive duration. The proportions of the voiced transition were larger in P3 com-
pared to Ariste (1933a) because, in P3, it was calculated from only the closure 
phase, not from the total duration of plosive. A similar tendency of /k/ to be less 
voiced than other POAs in geminates has been found, for example, in Tashlhiyt 
Berber voiced geminate plosives (Ridouane 2007). 

The vowel context showed a minor influence on the plosive duration in single-
tons in P1. There were no strong patterns over allophones, and no clear patterns 
formed either in /p/ or /k/. Alveolar /t/ was the most influenced (as it was most 
influenced in allophonic variation), showing longest durations when V2 was /i/ 
or V1 was /ɑ/ or /o/. There was a tendency for longer mean durations near labial 
vowels in all POAs. This finding repeats the one in Raasik (2010). 

The result for /t/ is partly in line with Türk (2019a), who studied the influence 
of adjacent vowels’ height on the consonants’ duration. She similarly found that 
consonants tended to be longer in duration when V2 was high vowel, which is in 
line with P1. She found the same effect also when V1 was high. In P1, the dif-
ference in durations according to V1 was based rather on frontness than height 
and front vowels /i/ and /æ/ were connected to shorter durations. The difference 
is probably because Türk (2019a) only used vowel height as a factor in modelling, 
not frontness. 

The stressed position of the plosive carrying word had no significant effects 
on the durations of the same allophones of singleton plosives. The finding is in 
line with Suomi and Meister (2012) who found no differences between non-
contrastively stressed and unstressed positions in singletons in Estonian and 
Kuzla and Ernestus (2011) who found the same in lenis plosives in German. 
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4.3. Characteristics of the burst phase 

This chapter discusses research question 4: How do segmental and supraseg-
mental features influence the acoustics of the burst phase? The durational cha-
racteristics were studied in P1, P3 and P4 and non-durational characteristics were 
studied in P4.  
 

4.3.1. Durational characteristics of the burst phase 

All the studies (P1, P3, P4) confirmed that the main factor influencing the burst 
phase duration was the POA. The longest burst phase duration occurred in /k/ in 
all studies (see Figures 17 and 18). The influence of other controlled factors (vowel 
context, stress, quantity) was small or missing. So, all the hypotheses about dura-
tional characteristics were confirmed. 

In singleton plosives in spontaneous speech (P1, Fig 17), the mean burst 
durations of singleton /p/ and /t/ were very close (22 and 23 ms, respectively), and 
the mean burst duration of /k/ was significantly longer (29 ms). There were slight 
durational differences between allophones of /t/, where the voiceless allophone 
showed longer bursts and in /k/, where the partly voiced allophone showed shorter 
bursts than other allophones. The vowel context influenced the bursts of /t/ and /k/, 
which showed significantly longer burst durations before /i/. Durational patterns 
were a little more consistent in voiceless and partly voiced allophones. The burst 
durations of /p/ were similar in all allophones and vowel contexts. The stressed 
position of the plosive carrying word showed no influence on the burst durations. 

Figure 17. Variation of burst duration (ms) by POA and quantity in singletons – Q1 (P1) 
and geminates – Q2, Q3 (P3). 
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All other studies dealt with semi-spontaneous or read speech. VOT of geminates 
was compared in P3 (Fig 17) and VOT of all the length categories in P4 (Fig 18). 
There were very small differences in mean VOT between singletons and gemi-
nates, Q2 and Q3 geminates or between word-initial and medial singletons. In P3, 
the mean VOT of /p/ was 17 ms in Q2 and 15 ms in Q3, the mean VOT of /t/ 17 
ms and 18 ms, respectively, and VOT of /k/ 26 ms in both length categories. In 
P4, the mean duration of VOT of /p/ was 17 ms in all length categories, /t/ 18 ms 
in all categories, /k/ between 23–26 ms, being the shortest in Q1 (differences were 
more considerable between median durations).  

Figure 18. Variation of burst duration by POA and plosive category (from P4: 98). 
Abbreviations: WIS – word-initial singleton, WMS – word-medial singleton (Q1), SG – 
short geminate (Q2), LG – long geminate (Q3). 
 
In P3, the most important factor influencing the VOT apart from the POA was 
the duration of the token. Longer tokens were more likely to have longer VOT. Q3, 
on the other hand, decreased the VOT. The length of the vowel preceding the 
plosive token and the allophone did not show any significant effects on the VOT. 
In P4, there was a slight tendency for longer VOT in geminates according to the 
mean values, but statistical modelling found no effect. Also, no significant diffe-
rences emerged between the VOT of word-initial and word-medial plosives, i.e. 
stressed and unstressed positions. 
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4.3.2. Non-durational characteristics of plosive bursts 

The intensity and spectral measures of plosive bursts were studied in P4. All the 
categories – word-initial singleton (WIS), word-medial singleton (WMS, Q1), 
short geminate (SG, Q2) and long geminate (LG, Q3) were included. The varia-
tion of non-durational measures of plosive bursts is given in Figure 18.  

The burst intensity was measured as absolute and relative (see explanation in 
Chapter 3.2). Between POAs, the absolute intensities formed a pattern /p/ > /t/ > 
/k/. Mean absolute intensities were close between /p/ and /t/ (around 70 dB in 
singletons, around 65 dB in geminates); the intensity of /k/ was lower than other 
POAs in singletons (65–66 dB). In geminates, the differences between POAs 
were minor (64–67 dB). 

The pattern in relative intensity, dependent on the intensity difference 
between the burst and the following vowel, was the opposite: /k/ > /t/ > /p/. Again, 
/p/ and /t/ showed similar values (3–5 dB), but /k/ showed higher relative intensity 
than other POAs (5.5–6.9 dB). 

Length categories formed different patterns in different POAs, but WMS and 
SG tended to have lower relative intensities than WIS or LG. However, the dif-
ferences were statistically significant only for SG. The difference in intensity 
between word-initial and word-medial singletons was evident in overall variation, 
with word-initial having greater relative intensity, but the statistical differences 
failed to confirm the differences. 

The pattern emerging in COG values was /t/ > /k/ > /p/. The mean COG values 
of /t/ were much higher than in other plosives, and differences were especially 
remarkable in geminates. Two groups formed in /p/ and /t/ where singletons 
showed lower and geminates higher COG values (means /p/ singletons 1600–
1800 Hz, geminates 1900–2200 Hz; /t/ singletons 2000–2100 Hz, geminates 
2600–2800 Hz). For /k/, the difference was much smaller (means: singletons 
1800–1900 Hz, geminates 2000 Hz). 

The measures of standard deviation did not form any clear patterns. The 
primary influencer was POA, the pattern /t/ > /k/ > /p/. The mean SD values varied 
between 1220 and 1368 Hz for /p/, between 1662 and 1880 for /t/ and between 
1279 and 1562 Hz for /k/. The SD values of singletons were lower than those of 
geminates, but no significant differences were revealed in statistical modelling.  

The skewness values were positive for all POAs, which suggests more inten-
sive lower frequencies in spectra. According to the POA, the pattern was /p/ > 
/k/ > /t/, whereas the skewness on /t/ was significantly lower than other POAs. 
There were differences in the skewness between singletons and geminates. Again, 
/k/ showed the closest mean values between all length categories (2.2–2.6). The 
differences were more considerable for /p/ and /t/: 3.19–3.34 in singletons and 
around 2.1 in geminates for /p/; around 1.9 in singletons and 1.25 in geminates 
for /t/. Differences emerged between word-initial and word-medial positions, 
whereas the skewness of word-initial position was lower than any word-medial 
categories.  
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Figure 18. Variation of non-durational measures of plosive bursts by POA and plosive 
category (P4). From the upper left: absolute burst intensity, relative burst intensity, centre 
of gravity (COG), standard deviation (SD), skewness. Note the different scales on each 
subplot. Abbreviations: WIS – word-initial singleton, WMS – word-medial singleton 
(Q1), SG – short geminate (Q2), LG – long geminate (Q3). 
 

 

4.3.3. Discussion 

Concerning the variation in the burst phase, I controlled following hypotheses: 
there are no differences between burst durations either between singletons and 
geminates or word-initial and word-medial singletons; the burst intensity is higher 
in geminates than in singletons; there are no differences in intensity of primary-
stressed word-initial and non-stressed word-medial singletons; geminates show 
higher COG, SD and lower skewness compared to singletons; there are no 
significant spectral differences between word-initial and word-medial bursts. 
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The Burst phase, as most of the other studied characteristics, was mostly in-
fluenced by POA; no differences emerged in length categories according to stress. 
The burst durations place Estonian in a group of languages with short-lag VOT, 
according to Lisker and Abramson (1964). Compared to the correlations in VOT 
between POAs given in Chodroff et al. (2019), labial – coronal 3 ms, coronal – 
dorsal 14 ms, dorsal – labial 17 ms, the differences were similar, although the 
differences between dorsal and velar categories were smaller in Estonian. 

Compared to previous studies in Estonian that studied burst durations (Eek & 
Meister 1996b; Raasik 2010; Suomi & Meister 2012), most of the results align 
with those of P1, P3 and P4. As seen from Table 7, the mean burst durations were 
relatively close between the studies. Divergences are, first, longer burst durations 
in Raasik (2010) and P1, which represent spontaneous speech, and longer burst 
phase of word-initial /t/ in Eek and Meister (1996b) and shorter burst phases of 
/p/ and /k/ in Suomi and Meister (2012). Compared to studies in other languages 
with length distinction, the results are in line with Bengali (Kotzor, Wetterlin & 
Lahiri 2017), Italian (Esposito & Di Benedetto 1999), Japanese (Homma 1981) 
and Tashlhiyt Berber (Ridouane 2007), where no differences occurred in VOT 
between singletons and geminates. 

 
For singletons, the main difference in burst durations emerged between speech 
registers. The burst duration of singletons in spontaneous speech (Raasik 2010, 
P1) showed longer mean durations compared to the burst durations in semi-spon-
taneous (P4) or read speech (Soumi & Meister 2012), and the differences between 
POAs were smaller. It is up to further investigation to find the reasons for this 
kind of difference. Long bursts of /t/ and /k/ occurred also in lab speech in Eek 
and Meister (1996b), but these were based on only one speaker. 

Table 7. Comparison of mean burst durations of plosive categories in studies conducted on 
Estonian. Abbreviations: WIS – word-initial singleton, Q1 – singleton, Q2 – short gemi-
nate, Q3 – long geminate. 

Study Register /p/ /t/ /k/ 
WIS, Eek and Meister (1996b) Read 18 31 37 
WIS, Suomi and Meister (2012) Read – 18 27 
WIS, P4 Semi-spontaneous 17 18 25 
Q1, Raasik (2010) Spontaneous 25 28 26 
Q1, Suomi and Meister (2012) Read 13 16 19 
Q1, P1 Spontaneous 22 23 29 
Q1, P4 Semi-spontaneous 17 18 23 
Q2, P2 Read, semi-spontaneous 17 17 26 
Q2, P4 Semi-spontaneous 17 18 25 
Q3, P2 Read, semi-spontaneous 15 18 26 
Q3, P4 Semi-spontaneous 17 18 26 
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The hypothesis about higher intensity in geminates was rejected. Overall, 
geminates showed lower absolute intensity values than singletons. This result was 
contrary to the hypothesis based on similar data from Finnish (Doty, Idemaru & 
Guion 2007), where mean absolute intensities were higher in geminates. In rela-
tive intensities, the Q3 geminate had the highest intensity, but the Q2 geminates 
had the lowest. The higher relative intensity in Q3 geminates compared to Q2 and 
Q1 in Estonian can be explained by a substantial reduction in unstressed vowels 
following the Q3 consonant but not Q1 and Q2 (Eek & Meister 1997). Com-
parison of burst intensity to other languages with length distinction gave various 
results: Tashlhiyt Berber (Ridouane 2007) showed a similar pattern with higher 
intensities in geminates, but in Itunyoso Trique (Dicanio 2012) and Cypriot Greek 
(Tserdanelis & Arvaniti 2001) lower relative burst intensities occurred in gemi-
nates in some POAs or some speakers. The higher intensity of the word-initial 
position, i.e. primary stress, was not expected based on existing studies in other 
languages like English (Cho & Keating 2009) and Dutch (Cho & McQueen 2005) 
where no significant differences were found between stressed and unstressed 
positions. It is, however, difficult to draw any firm conclusions about the relative 
burst intensity because all the studies used slightly different calculation methods. 

The spectral measures – COG, SD and skewness – were primarily influenced 
by place of articulation. Alveolar /t/ stood out with much higher COG and much 
lower skewness. Skewness values were positive for all POAs, suggesting more 
intensity in lower frequencies in the spectra. As for gemination, there were syste-
matic differences in COG and skewness in /p/ and /t/, with geminates having 
higher COG and lower skewness than singletons. The SD values of geminates 
were higher than those of singletons, but no significant differences were revealed 
in statistical modelling. For /k/, the differences in COG and skewness were much 
smaller between length categories. It may be that the SD of /k/ is more affected by 
the following vowel. The vowel was not included as an independent variable in 
modelling in P3, but the strongest influence of vowel context on the spectra of /k/ 
compared to other POAs was found by Eek and Meister (1996c) in Estonian and 
by Nicolaidis et al. (2019) in Greek, so the same reason is probable here. 

Word-initial singletons showed higher COG and lower skewness than word-
medial singletons, but the values were close together compared to the geminate 
categories. The result is partly in line with Tabain et al. (2016) who compared 
stressed word-initial and unstressed word-medial plosives in Indonesian language 
Makasar and Australian languages Arrernte, Pitjantjatjara and Warlpiri without 
voicing contrast and found mixed behaviour in COG or SD of the burst spectra, 
with most languages apart from Pitjantjantjara showing small or no significant 
differences in spectral moments or differences occurring only for some POAs. 

Compared to any other studies (Al-Tamimi & Khattab 2011; Chodroff & 
Wilson 2014; Tabain et al. 2016; Nicolaidis et al. 2019), the plosive bursts in 
Estonian had lower COG and higher skewness, indicating more intensive spectra 
in the lower frequencies. There can be several reasons for that. First, as with cal-
culating the relative intensity of the plosive bursts, all kinds of technical details, 
like filtering frequencies or the length of the time frames used for analysis differ 
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from study to study and probably play some role. Second, the speaking situation 
may play a role. Additionally, the values of spectral moments may characterise 
the differences in strength of articulation between speech registers. Most of the 
studies used for comparison in P4 were conducted on lab speech, that is near the 
hyperspeech end of the H–H continuum (Lindblom 1990) and therefore more 
controlled. Chodroff and Wilson (2014) compared lab speech with read speech 
and found lower COG and higher skewness in plosives in read speech. Data in 
P4 is from semi-spontaneous speech that is probably more loosely pronounced 
than lab speech or read speech, so the lower COG and higher skewness can reflect 
that. There may be differences between languages and their phonological cate-
gories. Sundara (2005) compared spectra of the bursts of coronal plosives in 
Canadian French and Canadian English and found measures referring to the lower 
frequency range of the bursts in Canadian French. She explained it with diffe-
rences in the coding of the voicing. In French, the voicing is coded in glottal move-
ment in the closure, while in English, the difference mainly lies in the burst phase 
and, therefore, needs to be more perceivable there. As Estonian does not use the 
voicing distinction, and the main coding of the quantity distinction is the closure 
duration, the differences in the burst are only secondary and do not have to be as 
large. 

 
 

4.4. Fortis and lenis distinction and Estonian 

Regarding the question of fortis and lenis distinction and its suitability for the 
Estonian plosive system, corroboration can be sought from the results of the 
thesis and other studies. In Estonian tradition, geminates and word-initial single-
tons are fortis, and word-medial and word-final singletons are lenis (e.g., Ariste 
1968: 39–41; Metslang et al. 2023: 57–58). The view is, at least partly, supported 
by the spelling tradition (see p. 22). The underlying mechanisms or acoustic cor-
relates of fortis and lenis have not been tested.  

As mentioned in the introduction, fortis contrast is phonological and is based 
on the abstract concept of muscular tension or respiratory effort during articu-
lation. From the list of most frequent correlates of the phonological category of 
fortis (Burroni, Lau-Preechathammarach & Maspong 2021), duration, burst 
duration, intensity, spectral measures of the burst, and implicitly articulatory 
resistance were studied in this thesis. Articulatory resistance can be observed 
through reduction patterns. Next, I briefly look at the behaviour of the above 
correlates in Estonian. 

The closure duration difference is one of the most frequently used correlates 
for the distinction. In Estonian, the closure durations are clearly different between 
singletons and geminates (see ratios in Table 6, p 34). Word-initial and word-
medial singleton, on the other hand, are very close in duration, as reported by Suomi 
and Meister (2012) and Suomi et al. (2013), except in the case of contrastive 
stress, where the word-initial singleton could be 20 ms longer than the word-medial 
one (both positions go through lengthening). In P2, word-medial singletons were 
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over 10 ms shorter than either word-initial or word-medial singletons (the dif-
ference was influenced by the allophonic distribution, stress was not controlled). 
So, based on duration, geminates can be considered fortis, while the nature of 
word-initial, and also word-final singleton is more obscure. 

Next, differences in VOT or burst duration are often found in fortis languages 
(e.g., Korean Cho, Jun & Ladefoged 2002; Standard German Kuzla & Ernestus 
2011; Swiss German Ladd & Schmid 2018), although not in all (e.g., Itunyoso 
Trique Dicanio 2012). In P3, where bursts of word-initial and word-medial plo-
sives were compared in the same data, no differences in burst duration apart from 
the ones caused by POA could be found. Instead, longer burst durations were 
found in singletons in spontaneous speech (P1), which should represent the most 
lenition in articulation. Longer burst durations in utterance-initial position have 
been measured by Eek and Meister (1996b). However, the data set contains 
speech only from one speaker and did not contain other positions. So, burst dura-
tions seem not to take part in possible fortis and lenis contrast in any way, although 
the nature of the utterance-initial position remains ambiguous. 

Spectral differences were found in P4 between singletons and geminates. 
Compared to singletons, geminates had higher COG and lower skewness, which 
signal burst in higher frequencies and, therefore, more tense or forced articulation 
(Al-Tamimi & Khattab 2011). Word-initial and word-medial singleton were very 
close to each other, although word-initial singleton showed somewhat higher mean 
values. Again, geminates can be interpreted as more forcefully articulated but not 
word-initial singleton. 

In Estonian plosives in P4, absolute burst intensity was lower in geminates 
than in singletons, and relative intensity was higher only in long geminates (Q3), 
which is caused by the reduction of the following vowel and the short geminate 
(Q2) showed the lowest relative intensity of all length categories. Dicanio (2012) 
made similar discovery in Itunyoso Trique, where relative burst amplitude was 
higher in lenis series. So, differences in burst do not seem to play part in the 
distinction either.  

A great amount of passive voicing occurs in Estonian singleton plosives, which 
suggests weak articulation, characteristic of lenis plosives. Partial voicing is also 
present in geminate closures (P3). However, glottal vibration may occur in fortis 
plosives as well, like in German (Kuzla & Ernestus 2011) or Jawon (Jaeger 1983). 
High reduction rates in singletons can be explained by short durations, as in 
Itunyoso Trique (Dicanio 2012). Word-initial singletons were very often voiceless 
in P2 compared to word-medial and word-final singletons, especially in 
utterance-initial position, but also utterance-medially. Word-final singletons were 
close to word-medial in reduction patterns, although the durations were closer to 
word-initial singletons. 

Based on findings presented in previous paragraphs, it can be said that while 
geminates show somewhat more ‘fortis’ behaviour, the differences are not signi-
ficant enough to motivate the use of fortis and lenis in Estonian, in terms of arti-
culatory force. Word-initial fortis lenites in voiced environment according to 
Metslang et al. (2023: 58) or neutralises, according to Eek and Meister (1996a: 67). 
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Currently, there is no sufficient evidence to confirm the nature of word-initial 
position. The quantity system in Estonian is ternary, so it might need additional 
distinction for short and long geminate (weaker fortis?). There are languages with 
ternary systems, such as Korean, that has categories for lenis, fortis and aspirated 
(Cho, Jun & Ladefoged 2002) but these categories have more distinguishable 
features than just duration, like aspiration.  

Further, Metslang et al. (2023: 58) say that fortis and lenis are allophones of 
the same phoneme in Estonian, and Ariste (1968) lists many cases that one of the 
contrastive pair realises as the other. That brings up the question which of the two 
is the main variant of the phoneme and if the choice is motivated by anything 
more than just the spelling. It is noted that word-initial plosives in Estonian are 
pronounced similarly despite the spelling (e.g., Ariste 1933a; Eek & Meister 
1996), which usually means that b, d, and g at the beginning of loan words are 
not voiced. As we have seen in P2, passive voicing occurs in word-initial single-
tons in utterance-medial positions. But there were loan words starting with b, d, 
and g pronounced voiced in utterance-initial position that suggests intentional 
voicing instead.  

To summarise, based on this data, the only relevant features for the fortis and 
lenis distinction that can be used in Estonian seems to be durational difference 
and greater reduction rate in singleton plosives. From the languages used for 
comparison, Itunyoso Trique (Dicanio 2012) is the closest in acoustic behaviour. 
Dicanio stated that if the lenition patterns, such as voicing, follow the durational 
patterns, there is no need to apply abstract feature of articulatory strength. That 
seems to be the case in Estonian as well. As duration is always included in the 
features of fortis and lenis distinction, then the distinction could be used in 
Estonian as well. But other features concerning articulatory strength did not prove 
to be significant or were ambiguous. So, one might ask if it is reasonable to use a 
category based on articulatory force without the feature of articulatory force.  
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5. CONCLUSIONS 

The thesis studied the acoustic characteristics of plosives in Estonian. The work 
aims to describe the allophonic variation and acoustic characteristics of Estonian 
plosives and find out the main factors influencing the variation. The four studies 
concerned several aspects of the acoustics of plosives in Estonian. Allophonic 
variation was studied in singleton plosives in spontaneous and read speech in P1 
and P2, respectively, and geminate plosives in semi-spontaneous and read speech 
in P3. Durational variation of singleton and geminate plosives were described in 
P1 and P3, respectively. The burst phase was studied in singletons in P1, in gemi-
nates in P3 and in all length degrees, including a word-initial position, in P4. 
  
The work intended to answer the following research questions: 

RQ1:  What kind of allophonic variants emerge in plosives in Estonian connected 
speech? 

RQ2:  How do segmental (place of articulation, adjacent segments) and supraseg-
mental features (quantity, stress) influence the allophonic variation of 
plosives? 

RQ3:  How does the speech register influence the allophonic variation of plo-
sives? 

RQ4:  How do segmental (place of articulation, adjacent segments) and supraseg-
mental (quantity, syllable structure, stress) features influence the dura-
tional variation of plosives? 

RQ5:  How do segmental (place of articulation) and suprasegmental (quantity, 
primary stress) features influence the acoustics of the burst phase? 

 
The POA was the primary influencer in most aspects of plosive acoustics – the 
allophonic variation, burst duration, burst intensity and spectral moments. Quan-
tity degree was the main basis for closure duration differences and was also signi-
ficant in non-durational measures of the burst phase. 

Two kinds of allophones emerged – full allophones with a distinguishable 
release burst and reduced allophones that had lost the burst phase. Full allophones 
differed in the voicing in the closure phase: voiceless, partly voiced and voiced. 
Reduced allophones included voiced closure without burst, fricative, approximant, 
and total loss. Reduced allophones occurred only in singleton plosives, especially 
in spontaneous speech, but partly voiced allophone also occurred in geminates.  

The amount of reduced allophones differed between POAs, being the smallest 
in /p/ and the largest in /k/ among the singleton plosives. The influences on adja-
cent vowel context and the stressed position of the plosive carrying word were 
the strongest on /t/ on both allophonic distribution and durational variation but 
were small. The plosives in read speech showed less reduction than in sponta-
neous speech.  
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The durational behaviour depended on POA and quantity degree and, to a 
lesser extent, on allophone. The duration of geminates was also correlated to the 
phonological length of the preceding vowel, being shorter after long vowels. 
Durational variation by POA followed universals: /p/ had the longest duration and 
/t/ the shortest. The main factor distinguishing length categories was the closure 
duration. The durational ratios were 1.7–2 between Q2 and Q1, 2.2–2.4 between 
Q3 and Q1 and 1.2–1.27 between Q3 and Q2. The allophones were patterned in 
duration according to the presence of the burst and voicing in the closure phase. 

The burst duration was solely influenced by the POA. There were almost no 
differences between length degrees or word-initial and word-medial positions. 
That follows the data of most other languages that use the length category. There 
occurred a difference between speech registers: burst duration values in single-
tons in spontaneous speech were longer than in read and semi-spontaneous speech.  

P4 gave the first overview of burst intensity and three spectral moments of the 
bursts: centre of gravity (COG), standard deviation (SD), and skewness of the 
burst spectra in Estonian plosives. The primary influencer on burst acoustics was, 
again, POA. Gemination affected burst intensity and some spectral moments. 
Between length categories, mean absolute intensities were unexpectedly higher 
in singletons than in geminates. In relative intensities, Q2 geminate had the lowest 
intensity compared to other length categories. The big difference between the 
relative intensities of geminates may be caused by the extensive reduction in the 
unstressed syllable following the Q3 geminate but not singleton and Q2 geminate 
(Eek & Meister 1997). 

The geminates had higher COG and lower skewness, suggesting intensity in 
higher burst frequencies both in measurable units and in spectral shape. The word-
initial singleton had higher burst intensity than the word-medial categories, both 
in absolute and relative measures. Compared to the word-medial singleton, it also 
showed higher COG and lower skewness, but these were still closer to word-medial 
singleton than geminates. The values of spectral measures suggested bursts in 
lower frequencies in Estonian than in many other languages. That may be con-
nected to the various filtering and amplification parameters, different speaking 
styles and probably also language-specific differences.  

Additionally, a nature of possible correlates of fortis and lenis distinction be-
sides short and long in Estonian was discussed. Conclusion after examining a set 
of acoustic measures available in published material about Estonian and other 
languages was that the distinction could be made primarily on the base of dura-
tion, because other features were either irrelevant (burst phase duration) or did 
not give sufficient information (burst spectra). 

In summary, the thesis studies showed extensive coarticulatory reduction in 
Estonian plosives, which was especially prevalent in singleton plosives and 
occurred in all speech registers studied. While many results confirm universal 
tendencies in plosive acoustics related to the POA and gemination, some new 
features were found, especially those concerning the burst phase. The burst phase 
of plosives in connected speech has only been studied durationally. P4 was the 
first study of burst spectra in Estonian and one of the first in the world to cover 
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the burst spectra in connection with gemination (only other to the author’s 
knowledge is Al-Tamimi & Khattab 2011 in Lebanese Arabic).  

The studies of this thesis represented a corpus-linguistic approach. The corpus 
data of connected speech used in the studies is a difficult material that may con-
tain unbalanced data and capturing all the important factors influencing certain 
phenomena is difficult. Still, the use of language, as it is really spoken combined 
to quantitative methods allows to find factors that might not be considered in 
controlled samples. Tendencies found give the basis for further investigation. 

Plosives are sophisticated sounds, and many aspects still need further study. 
Based on the findings of the current thesis, elaboration is welcome, for example, 
on behaviour of burst phases of geminates in spontaneous speech to find out if 
similar differences occur as in spontaneous speech. The spectral moments of 
singleton plosives in structures of different quantities (as singletons can occur in 
all quantity degrees) could be compared with geminates to corroborate the possible 
importance of spectral moments in quantity distinction. Features of word-initial 
position stayed rather unstudied, so further studies are welcome.  
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KOKKUVÕTE 

Sulghäälikute häälduse varieerumine eesti keeles 
 

Sissejuhatus 

Käesolev uurimus käsitleb eesti keele klusiilide ehk sulghäälikute /p t k/ akustilist 
varieerumist. Töö peamine eesmärk on kirjeldada eesti keele sulghäälikute allo-
foonilist varieerumist ja akustilisi omadusi laiemas tüpoloogilises perspektiivis 
ning täita mõned lüngad eesti keele sulghäälikute kirjelduses. 

Sulghäälikute hääldamisel on artikulatoorselt eristatavad kolm faasi: sulu 
moodustamine (implosioon), sulu hoidmine (oklusioon), mille jooksul rõhk 
kõnetraktis suureneb, ja sulu vallandumine (eksplosioon) (Ladefoged & Johnson 
2011: 14). Akustiliselt on eristatavad sulufaas, mis võib olla helitu, poolheliline 
või heliline ja vallandumisfaas. Neid faase saab iseloomustada akustiliste oma-
duste alusel, nagu kestus, helilisus sulufaasi ajal või vallandumise spekter.  

Sulghäälikute kolm peamist häälduskohta on bilabiaalne [p], alveolaarne või 
alveolaardentaalne [t] ja velaarne [k]. Lisaks moodustuskohal põhinevatele eris-
tustele võib keeles kasutada ka muid kategooriaid. Kolm sagedasemat sulghääli-
kute fonoloogilist kategoriseerimissüsteemi maailma keeltes on helilisus, mille 
puhul põhineb kategooriate eristamine sulufaasi helilisusel või vallandumisfaasi 
kestusel, fortis, mille puhul kategooriaid eristab häälduse tugevus, ja välde, mille 
puhul põhineb vastandus hääliku kestusel.  

Fonoloogilised eristused esinevad sageli kas sõna-algulises või sõna-siseses 
positsioonis ja allofooniline varieerumine keeles sõltub sellest, kui palju ja milli-
seid fonoloogilisi kategooriaid keeles kasutatakse; arvatakse, et vähem eristusi 
võimaldab rohkem ühe eristava kategooria siseselt (Keating, Linker & Huffman 
1983). 

Sulghäälikute akustilisel kirjeldamisel kasutatakse peale üldiste kestusandmete 
veel mitmeid näitajad, mis üldiselt iseloomustavad vallandumisfaasi. Helilisuse 
algamise aeg (voice onset time, VOT) on ajavahemik sulu vallandumisest kuni 
järgneva hääliku helilisuse tekkeni (Lisker & Abramson 1964). VOT on posi-
tiivne, kui helilisus algab pärast sulu vallandumist ja negatiivne, kui helilisus 
algab enne sulu vallandumist. VOT on tugevas korrelatsioonis sulu vallandumise 
üldise kestusega, kuid ei pruugi alati kattuda. Vallandumise kestust mõjutab esma-
järjekorras häälduskoht: mida tagapool on häälduskoht, seda pikem on vallan-
dumine ja VOT, mida kiiremad on hääliku moodustamisel osalevad artiku-
laatorid, seda lühem (Cho & Ladefoged 1999: 209–2013). Kõige pikem on üldiselt 
tagapoolse häälduskohaga velaari [k], ja kõige lühem bilabiaalse [p] vallandumine. 
Mittekestuslikest tunnustest kasutatakse vallandumisfaasi iseloomustamisel enim 
intensiivsust ja spektraalmomente. Vallandumise intensiivsust kasutatakse hääl-
duse tugevuse kirjeldamisel (Hayward 2000: 43), seda mõõdetakse detsibellides. 
Suhtelise intensiivsuse arvutamisel vallandumisfaasi inensiivsus jagatakse järg-
neva vokaali intensiivsusega või lahutatakse sellest. Vallandumisfaasi spektri ise-
loomustamiseks kasutatakse komplekti näitajaid, mida nimetatakse spektraal-
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momentideks (Forrest et al. 1988). Esimesed kaks spektraalmomenti iseloomus-
tavad spektri sagedusvahemikku, neid mõõdetakse hertsides (Hz), need on spektri 
raskuskese (centre of gravity, COG), mis viitab kõige intensiivsemale sagedus-
vahemikule spektris ja spektri standardhälve (standard deviation), mis iseloo-
mustab spektri hajuvust ehk kogu kaetud sagedusvahemikku (Forrest et al. 1988; 
Jongman, Wayland & Wong 2000). Kaks viimast spektraalmomenti iseloomus-
tavad spektri kuju võrreldes normaaljaotusega, need on mõõtühikuta näitajad. 
Spektri asümmeetriakordaja (skewness) näitab, kas vallandumise spekter on 
intensiivsem kõrgematel või madalamatel sagedustel (normaaljaotuse kalde väärtus 
on null, kõrgemad sagedused negatiivse väärtusega) (Forrest et al. 1988; Jongman, 
Wayland & Wong 2000; Tabain & Butcher 2015). Ekstsess ehk järsakuskordaja 
(kurtosis) näitab, kas spekter on pigem ühtlane või esineb seal inensiivsustippe 
(spectral peak) (normaaljaotuse väärtus on 1, ühtlase spektri väärtus madalam) 
(Forrest et al. 1988; Tabain & Butcher 2015; Guthrie 2020). Häälduskoha järgi 
on sulghäälikute spektrid järgmised: bilabiaali spekter on hajus ja intensiivsem 
madalatel sagedustel (kõrge SD, kõrge asümmetriaväärtus), alveolaari spekter on 
hajus ja intensiivsem kõrgematel sagedustel (kõrge COG, madal asümmeetria-
väärtus), velaari spekter on kompaktne ja intensiivsem keskmistel sagedustel 
(madal COG, madal SD) (Forrest et al. 1988; Cole et al. 2007; Chodroff & Wilson 
2014; Nicolaidis et al. 2019).  

Seotud kõnes leiavad aset koartikulatsiooniprotsessid, mis on tingitud artiku-
laatorite omavahelistest vastasmõjudest. Koartikulatsioon väljendub akustiliselt 
assimilatsioonis ja reduktsioonis ehk häälduse nõrgenemises. Häälduse nõrgene-
mise korral muutuvad segmendid lühemaks, nende hääldus muutub ebamäära-
semaks ja segment võib kaduda (Zellers, Schuppler & Clayards 2018: 1). Assimi-
latsioon on häälikusegmendi tunnuse levimine teistele lähedalasuvatele segmen-
tidele, seda on kasutatud koartikulatsiooniga paralleelselt (Farnetani & Recasens 
2013). Assimilatsioon võib väljenduda kolme moodi: häälduskohaassimilatsioon, 
kus ühe segmendi häälduskoht mõjutab kõrvalasuva segmendi oma (alveolaarne 
/n/ muutub velaarse /k/ ees samuti velaariks [ŋ], kang [kɑŋk]), hääldusviisiassimi-
latsioon, mille puhul ühe segmendi hääldusviis kandub kõrvalasuvale segmendile 
(näiteks järjend [hts] sõnas lihtsalt assimileerub sibilandiks [sːs] lisːsɑlt) ja heli-
lisusassimilatsioon, mille puhul levib ühe segmendi helilisus (näiteks muutuvad 
helilised konsonandid helitu obstruendi järel samuti helituks lehm [leh:m̥].  

Sagedasemad sulghäälikutega toimuvad koartikulatsiooninähtused on helilisus-
assimilatsioon ja häälduse redutseerumine, mis väljendub vallandumisfaasi nõrge-
nemises või kaos. Lisa Davidson (2016; 2018) on ameerika inglise keele põhjal 
eristanud nelja tüüpi sulufaasi helilisust: helilisuse edasikandumine (bleed), mille 
puhul muutub sulu algusosa eelmise hääliku mõjul heliliseks, negatiivne VOT, 
mille puhul ilmub helilisus sulu lõpuosas enne vallandumist, läbiv helilisus 
(through), mille puhul on heliline kogu sulufaas ja helilisuse ajutine ilmumine 
sulu jooksul (hump). Sagedasemad on bleed- ja through-tüüp. 

Reduktsiooninähtusi on palju uuritud nt romaani keeltes (Torreira ja Ernestus 
2011; Recasens ja Mira 2012). On uuritud lause fraasistruktuuri, silbistruktuuri 
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ja prosoodia mõju allofoonide kestusele ja kvaliteedile (Cole jt 2007; Kuzla ja 
Ernestus 2011). 

Eesti keele konsonandisüsteemis on neli sulghäälikufoneemi: bilabiaalne /p/, 
alveolaarne /t/, palataliseeritud alveolaarne /tʲ/ ja velaarne /k/. Kõik sulghäälikud 
on helitud ja aspireerimata.  

Eesti keel kuulub koos liivi, isuri ja mõnede saami keeltega keelte hulka, millel 
on kolmene vältesüsteem (vt Türk 2019b). Konsonantide puhul vastab esimene 
välde (Q1) lühikesele ehk üksikhäälikule, teine välde (Q2) lühikesele geminaadile 
ja kolmas välde (Q3) pikale geminaadile. Välde on suprasegmentaalne nähtus, 
mis hõlmab lisaks segmendi kestusele kõnetakti rõhuliste ja rõhutute silpide 
kestuse suhet ning põhitoonikontuuri. Sõnaalguline häälik vältevastanduses ei 
osale, kuid kannab esisilbirõhku (välja arvatud mõnedes onomatopoeetilistes ja 
laensõnades) (Asu jt 2016: 127). Helilised kaashäälikud võivad esineda üksik-
häälikutena pärast lühikesi ja pikki vokaale ning geminaatidena ainult pärast lühi-
kesi vokaale. Helitud obstruendid võivad seevastu esineda nii üksikhäälikutena 
kui ka geminaatidena nii lühikeste kui ka pikkade vokaalide ja diftongide järel. 
Sõnaalguse üksikhäälikuid on kestuse aspektist vaadeldud peamiselt välteuuri-
mustes. Sõnaalguliste häälikute kestused kattuvad tavaliselt sõnasiseste üksik-
häälikutega (Eek & Meister 2003; Suomi & Meister 2012; Suomi jt 2013). 

Lisaks kvantiteedile on eesti keeles kasutatud ka fortise ja leenise eristust 
(Ariste 1933a; 1939; 1968; Metslang jt 2023: 57–58). On öeldud, et geminaadid 
on fortised ja sõna keskosas ja lõpus asuvad üksikhäälikud helikontekstis on 
leenised. Sõnaalguline sulghäälik on kas fortis (Ariste 1933a; Metslang jt 2023: 
57–58) või neutraliseerunud (Eek & Meister 1996a: 67). Seda vaadet toetab eesti 
ortograafia, mis kasutab samu grafeeme – p, t, k – sõnaalguliste sulghäälikute ja 
geminaatide tähistamiseks ning b, d, g sõnasiseste lühikeste sulghäälikute tähis-
tamiseks. Seni ei ole tehtud eksperimentaalseid uuringuid, et leida erinevusi 
artikulatoorse pingutuse korrelaatides. Käesolev väitekiri pakub lühikest arutelu 
eesti sulghäälikute akustika kohta fortise ja leenise tunnuste vaatest. 

Eesti sulghäälikute vallandumisfaasi on seni vähe uuritud. Üksikhäälikute 
vallandumisfaasi kestusi on uuritud loetud (Suomi & Meister 2012) ja spontaan-
ses kõnes (Raasik 2010). Sõnaalgulise sulghääliku vallandumise spektreid on 
kirjeldanud Eek ja Meister (1996c). Geminaatide vallandumisfaase ei ole üldse 
uuritud, samuti ei ole olnud ühtegi uuringut, mis võrdleks vallandumisi sõnaalgu-
lises ja sõnasiseses positsioonis. Publikatsioonid P1 ja P2 vaatlevad vastavalt lühi-
keste sulghäälikute ja geminaatide kestusaspekte, P4 lisab uusi teadmisi eesti sulg-
häälikute vallandumisfaaside kestuse, spektraalse koostise ja intensiivsuse kohta. 

Eesti sulghäälikute koartikulatsiooninähtustest on märgatud sulufaasi heli-
liseks muutumist lühikestes sulghäälikutes nii loetud (Ariste 1933b; Suomi & 
Meister 2012) kui ka spontaanses kõnes (Raasik 2010). Suomi ja Meister (2012) 
ja Raasik (2010) leidsid ka vallandumisfaasi kadu. Velaarne sulghäälik /k/ redut-
seerus kõige rohkem. Geminaatide puhul on sulufaasi osalist helilisust leidnud 
Ariste (1933a; 1933b). Publikatsioonid P1, P2 ja P3 uurivad edasi eesti üksik-
häälikute ja geminaatide allofoonilist varieerumist ja vähendamist, lisades võrd-
luse allofoonilisele varieerumisele kahes kõneregistris. 
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Töö peamised uurimisküsimused olid:  

1) Millised allofoonilised variandid tekivad eesti keele klusiilides seotud kõnes? 

2) Kuidas mõjutavad segmentaalsed (häälduskoht, häälikuline kontekst) ja supra-
segmentaalsed (välde, rõhk) tunnused sulghäälikute allofoonilist varieeru-
mist? 

3) Kuidas mõjutab allofoonilist varieerumist kõneregister? 

4) Kuidas mõjutavad segmentaalsed (häälduskoht, häälikuline kontekst) ja supra-
segmentaalsed (välde, silbistruktuur, rõhk) tunnused sulghäälikute kestuste 
varieerumist? 

5) Kuidas mõjutavad segmentaalsed ja suprasegmentaalsed tunnused sulghääli-
kute vallandumisfaasi akustikat? 

 
Doktoritöö koosneb sissejuhatavast osast ja neljast artiklist. Sissejuhatavas osas 
on kuus peatükki. Esimene peatükk tutvustab doktoritöö eesmärke ja uurimis-
küsimusi ning annab ülevaate publikatsioonidest. Teine peatükk selgitab põhi-
mõisteid ja teoreetilisi lähtekohti: sulghäälikute artikulatoorset ja akustilist ise-
loomustamist, sulghäälikute fonoloogilise kategoriseerimise süsteeme eri keeltes, 
koartikulatsiooni mõjusid sulghäälikute allofoonilisele varieerumisele ning 
tutvustab eesti keele sulghäälikusüsteemi ja selle kohta tehtud uuringuid. Kolmas 
peatükk tutvustab töös kasutatud materjale ja metoodikat. Neljandas peatükis 
esitatakse tulemused ja arutelu. Viies peatükk võtab kokku olulisemad tulemused 
ja järeldused. Kuues peatükk sisaldab töö eestikeelse kokkuvõtet. Järgnevad töös 
kasutatud viited.  

Publikatsioonid käsitlevad eri aspekte eesti keele sulghäälikute akustikast. 
Artiklis P1 uurisin lühikeste sulghäälikute allofoonilist varieerumist ja seda mõju-
tavaid tegureid spontaanses kõnes. Artikkel P2 võttis kokku lühikeste sulghääli-
kute allofoonide ja tekstitunnuste vahelisi seoseid uurinud pilootuuringu tule-
mused. Artikkel P3 uuris geminaatsulghäälikute akustikat poolspontaanses ja 
loetud kõnes ning häälduskoha, välte ning eelneva vokaali pikkuse mõju. Artikkel 
P4 keskendus vallandumisfaasi akustikale. Uurisin häälduskoha, välte ja pea-
rõhulise positsiooni mõju vallandumisfaasi kestusele, intensiivsusele ja spektri 
kujule kõigis kolmes vältes ja sõnaalgulises positsioonis.  
 

Materjal ja meetod 

Materjal pärineb kahest eesti keele foneetilisest korpusest. Spontaanse ja pool-
spontaanse kõne materjalid (P1, P3, P4) on võetud Tartu Ülikooli eesti keele spon-
taanse kõne foneetilisest korpusest (EKSKFK) (Lippus 2018; Lippus et al. 2021; 
Lippus et al. 2023), loetud kõne näited (P2, P3) Eesti Keele Instituudi kõne-
sünteesikorpusest (Piits 2016).  

EKSKFK koosneb mitmest alamkorpusest: helistuudios salvestatud spontaan-
sed dialoogid, peamikrofoniga salvestatud poolspontaansed loengud ja ettekanded, 



61 

välitöödel salvestatud dialoogid. Salvestised on 16 bit / 44.1 kHz PCM wave for-
maadis. Kõnelejad esindavad kõiki eagruppe ja piirkondi. Helifailid märgen-
datakse programmiga Praat mitmel tasandil: sõnad, häälikud SAMPA (Wells 2005) 
sümbolitega, silbid, taktid, morfoloogia, häälelaad, lausungid, intonatsiooni-
fraasid. Korpuse käesolevas versioonis (v1.3) on 135 tundi kõnet 207 kõnelejalt. 
EKI kõnesünteesikorpus sisaldab suuremalt jaolt stuudios ette loetud tekste. Iga 
kõneleja korpuses on alamkorpus lausetest, mis katavad kõik eesti keeles leidu-
vad häälikukombinatsioonid ja lisaks tekste uudistest, ilukirjandusest vms. Heli-
failid märgendatakse automaatselt sõna ja hääliku tasandil, kasutades programmi 
WebMAUS (Kisler, Reichel & Schiel 2017).  

Kõigi uurimuste jaoks märgendati programmis Praat (Boersma & Weenink 
2018) lisaks olemasolevale häälikutasandi märgendusele käsitsi sulghääliku sulu-
faasi helilised ja helitud osad ja vallandumisfaas. Märgendus ja kestused eraldati 
Praati skripti abil. P4 jaoks eraldati lisaks vallandumisfaaside kestustele ka 
vallandumisfaasi absoluutse ja suhtelise intensiivsuse, spektri raskuskeskme, 
spektri standardhälbe ja spektri asümmeetria väärtused (signaali võimendus al 
500 Hz, Hanni filter 500–10000 Hz, Hammingi aken 10 ms sulu vallandumise 
algusest). Keskmine vallandumise intensiivsus (dB SPL) mõõdeti 10 ms jooksul 
alates vallandumise algusest (põhitooni miinimum 500 Hz). Vallandumise suhte-
lise intensiivsuse arvutamiseks lahutati vallandumise esimese 10 ms keskmine 
intensiivsus järgneva vokaali esimese 50% kestuse keskmisest intensiivsusest. 

P1 uurimismaterjaliks olid sagedasemad täistähenduslike sõnade (nimisõnad, 
verbid, omadussõnad, arvsõnad, järgarvsõnad) lemmad, mis esinesid vähemalt 50 
korda EKSKFK sagedussõnastikus (Lippus 2019) ja mille esimese ja teise silbi 
piiril oli intervokaalne lühike sulghäälik. Materjal P1 jaoks koguti EKSKFK ava-
liku otsimootoriga. Otsimootor tagastab päringule otsingusümboli kahesekundi-
lise kontekstiga helifaili ja märgendusfaili. Andmestik sisaldas 1491 häälikujuhtu 
19 lemmast. Andmeanalüüsiks kasutati MS Exceli tarkvara.  

P2 andmestiku moodustasid heliliste häälikute või helilise hääliku ja pausi 
vahel asuvad sõnaalgulised, sõnasisesed ja sõnalõpulised lühikesed sulghäälikud 
ühe nais- ja ühe meesdiktori loetud uudistekstidest. Andmestik pärines EKI kõne-
sünteesikorpusest ja sisaldas 250 häälikujuhtu nais- ja 262 meeskõnelejalt. Andme-
analüüsiks kasutatai SYSTATi ja Ri (R Core team 2023) tarkvara. Loodi binaar-
sed logistilised mudelid, et ennustada sulu heliliseks muutumist ja vallandu-
misfaasi kadu. Mudelite prognoosivõimet hinnati diskriminantanalüüsiga. 

P3 admestiku moodustasid esimese ja teise silbi piiril asuvad intervokaalsed 
geminaatsulghäälikud teise- ja kolmandavälteslistes sõnades. Materjal P3 jaoks 
pärines mõlemast korpusest: 12 kõnelejat EKSKFK monoloogide allkorpusest ja 
seitse kõnelejat EKI kõnesünteesikorpusest. Andmestik sisaldas 1795 hääliku-
juhtu.  

P4 andmestik pärines EKSKFK monoloogide alamkorpusest. Kolme nais- ja 
kolme meeskõneleja kõnest eraldati 2346 sulghääliku vallandumisfaasi, mis olid 
kas sõnaalgulised või sõnasisesed ja esinesid intervokaalses helitu sulufaasiga 
sulghäälikus.  
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P3 ja P4 andmeanalüüs tehti programmis R (R Core team 2023) kasutades 
paketti lme4 (Bates et al. 2015), post-hoc testina kasutati Tukey Honest Signifi-
cant Difference (TukeyHSD) funktsiooni ja P4 emmeans paketti (Lenth 2022). 
Kasutati lineaarseid segamudeleid (lmer, glmer).  

P3 koostati lineaarsed segamudelid (lmer), et hinnata häälduskoha, välte, allo-
fooni, silbistruktuuri ja kõnestiili mõju hääliku kogukestusele ning vallandumis-
faasi ja sulufaasi helilise siirde kestusele ning generaliseeritud lineaarne sega-
mudel (glmer), et hinnata häälduskoha, välte, silbistruktuuri, kõnestiili ja hääliku 
kestuse mõju helilise siirde esinemise tõenäosusele sulufaasi alguses. Juhuslikud 
muutujad olid kõneleja ja sõna.  

P4 koostati lineaarsed segamudelid (lmer), et hinnata häälduskoha ja pikkus-
kategooria mõju vallandumise kestusele, absoluutsele ja suhtelisele intensiiv-
susele, spektri raskuskeskmele, spektri standardhälbele ja spektri asümmeetria-
kordajale. Juhuslikud muutujad olid mudelites kõneleja ja sulghäälikule järgnev 
vokaal. 
 

Tulemused 

Uurimustes P1 ja P2 vaatlesin lühikeste sulghäälikute ja uurimuses P3 gemi-
naatide allofoonilist jagunemist, allofoonide kestusi ja variatsiooni mõjutavaid 
tegureid. Eristusid kaht tüüpi allofoonid: realiseerunud – vallandumisfaas on säi-
linud, erinevused sulufaasi helilisuses (helitu, poolheliline, heliline); redutseeru-
nud – vallandumisfaas on kadunud, sulufaasi hääldus nõrgenenud (heliline sulu-
faas, frikatiiv, poolvokaal, täielik kadu). Redutseerunud allofoonid esinesid vaid 
lühikestes sulghäälikutes. 

Lühikestes sulghäälikutes esines häälduse nõrgenemist nii loetud (P2) kui 
spontaanses kõnes (P1). Mõlemas registris olid realiseerunud allofoonid enamuses, 
kuid spontaanses kõnes esines redutseerunud allofoone rohkem kui loetud kõnes. 
Kõige rohkem redutseerunud allofoone esines /k/ puhul, spontaanses kõnes esines 
neid kokku rohkem kui realiseerunud allofoone. Eri häälduskohad käitusid ise-
moodi: /p/ puhul esines kõige rohkem poolhelilist allofooni, /t/ puhul helilist 
vallandumisfaasiga allofooni, /k/ puhul redutseerunud allofooni. Geminaatides 
(P3) esines samuti sulufaasi heliliseks muutumist, osaliselt helilist sulufaasi esines 
rohkem kui täiesti helitut. Kõige suurem osaliselt helilise sulufaasi hulk oli sarna-
selt lühikestele sulghäälikutele /p/, kuid kõige väiksem /k/ esinemuste hulgas. 

Artiklis P1 vaatlesin häälikulise ümbruse ja rõhu mõju lühikeste sulghäälikute 
allofoonilisele jaotusele ja kestusele. Spontaanses kõnes ei ilmnenud tugevaid 
mõjusid. Suurimad olid ümberkaudsete vokaalide mõjud kestusele ja allofooni-
lisele jaotusele /t/ puhul. Rohkem redutseerunud allofoone, eriti frikatiive, esines 
eesvokaalide (/i, e, æ/) ümbruses kõigi häälikute puhul, /t/ puhul esines /i/ naab-
ruses võrreldes teiste kontekstidega ka rohkem täielikku kadu. Labiaalvokaalide 
/o, u/ ümbruses esines /p/ ja /k/ puhul rohkem poolvokaalset allofooni; /i/ puhul 
oli sarnases ümbruses vähem redutseerunud allofoone. Sulghäälikut sisaldava 
sõna sattumine rõhulisse positsiooni mõjutas allofoonilist jagunemist, kuid mitte 
sama allofooni esinemuste kestust. Rõhulises positsioonis esines rohkem reali-
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seeritud ja rõhutus positsioonis rohkem redutseerunud ja juhuslikke allofoone. 
Häälduskohtade võrdluses oli suurim erinevus kahe konteksti vahel /t/ puhul. 
Helitu allofooni osakaal oli /t/ ja /k/ puhul mõlemas positsioonis umbes sama, 
kuid /p/ puhul rõhutus asendis suurem. Osaliselt heliline allofoon esines kõigi 
häälduskohtade puhul rohkem rõhulises positsioonis. Kestuste osas olid vokaal-
kontekstist rohkem mõjutatud helitu ja poolhelilise allofoon, heliliste allofoonide 
puhul regulaarseid mõjusid ei ilmnenud. Rõhulise ja rõhuta positsiooni võrdluses 
olid samade allofoonide kestused mõlemas positsioonis sarnased. 

Sulghäälikute kestus sõltus häälduskohast, allofoonist ja vältest. Kõige pikema 
kestusega häälduskohtade võrdluses oli kõigis väldetes /p/, järgnesid /k/ ja /t/. 
Lühikeste häälikute puhul oli kõige pikema kestusega poolheliline allofoon, järg-
nesid helitu, heliline ja vallandumisfaasita heliline, frikatiivne allofoon oli kestu-
selt lähedane vallandumisfaasita helilise allofooniga ning kõige lühem oli pool-
vokaalne allofoon. Geminaatidel oli pikema kestusega helitu ja lühem poolheli-
line allofoon. Välteid eristas ootuspäraselt sulufaasi kestus, kolmandas vältes 
geminaadid kestsid 1.17–1.27 korda kauem kui teises vältes geminaadid.  

Vallandumisfaasi kestus sõltus täielikult häälduskohast. Pikkuskategooriate 
võrdlusel ei leitud statistiliselt olulisi erinevusi ei lühikeste ja geminaatsulg-
häälikute vahel ega ka sõnaalguliste ja sõnasiseste lühikeste sulghäälikute vahel. 
Võrreldes uuringutega teistes pikkusvastandusega keeltes, on tulemus kooskõlas 
näiteks bengali (Kotzor, Wetterlin & Lahiri 2017), itaalia (Esposito & Di 
Benedetto 1999), jaapani (Homma 1981) ja tashlhiyt berberi keelega (Ridouane 
2007), kus samuti ei esinenud erinevusi sulufaasi kestuses lühikeste ja geminaat-
sulghäälikute vahel. Ainus erinevus kõigi uurimuste lõikes ilmnes lühikestes sulg-
häälikutes spontaanse kõne ning loetud kõne vahel, kusjuures spontaanse kõne 
vallandumisfaasid olid pikema kestusega kui loetud kõnes. Ka varasemates uuri-
mustes, kus mõõdeti eesti keele sulghäälikute vallandumisfaasi kestusi (Raasik 
2010; Suomi & Meister 2012), on jõutud sarnaste tulemusteni. Lühikeste sulg-
häälikute vallandumisfaasid spontaanses kõnes (Raasik 2010, P1) olid pikemad 
võrreldes poolspontaanse (P4) või loetud kõnega (Soumi & Meister 2012) ning 
erinevused häälduskohtade vahel olid spontaanses kõnes väiksemad.  

Mittekestuslikest tunnustest otsisin artiklis P4 seaduspärasid vallandumise 
absoluutse ja suhtelise intensiivsuse, spektri raskuskeskme (COG), spektri 
standardhälbe (SD) ja spektri kalde variatsioonis. Siin oli variatsiooni peamine 
mõjutaja samuti häälduskoht: COG /t/ > /k/ > /p/, SD /t/ > /k/ > /p/, kalle /p/ > 
/k/ > /t/. Vallandumise intensiivsus oli absoluutväärtustes kõrgeim /p/-l ja mada-
laim /k/-l, kuid suhtelises (suhe järgmise vokaali intensiivsusega) vastupidine. 
Ootamatu oli tulemus lühikeste ja geminaathäälikute vahelises võrdluses: vallan-
dumise intensiivsuse absoluutväärtused olid kõrgemad lühikestes sulghäälikutes 
kui geminaatides. Suhteliste väärtuste võrdluses oli kõige kõrgem intensiivsus 
kolmanda välte geminaatidel, kuid teise välte geminaatide oma oli kõige madalam. 
Suur erinevus kolmanda välte geminaatide ja lühikeste sulghäälikute suhtelises 
intensiivsuses on tõenäoliselt seotud sulghäälikule järgneva rõhutu vokaali 
tugeva redutseerumise ja seetõttu väiksema intensiivsusega kolmandas vältes 
(Eek & Meister 1997). Spektraalmomentide puhul ilmnesid regulaarsed erinevused 
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lühikeste ja geminaatsulghäälikute vahel. Geminaatide vallandumistel olid võr-
reldes lühikeste häälikutega kõrgemad raskuskeskmed ja madalam kalle, mis 
näitab nende vallandumist kõrgematel sagedustel, see omakorda võib viidata 
tugevamale hääldusele (Al-Tamimi & Khattab 2011). Sõnaalguliste lühikeste 
sulghäälikute spektraalmomentide väärtused viitasid vallandumisele kõrgematel 
sagedustel kui sõnasisestel lühikestel sulghäälikutel, kuid siiski olid need sõna-
sisestele lühikestele häälikutele lähemal kui geminaatidele. Võrreldes teistes 
keeltes tehtud uurimustega, olid eesti keele sulghäälikute vallandumise spektri 
raskuskeskmed märkimisväärselt madalamad ja asümmeetriakordajad kõrgemad 
kui nt inglise (Chodroff & Wilson 2014) ja kreeka keele (Nicolaidis et al. 2019) 
kohta käivates uurimustes. See võis olla tingitud heli eeltöötluse parameetritest, 
kõneregistri erinevustest või ka keeltevahelistest erinevustest. Käesolevas uuri-
muses kasutati poolspontaanset kõnet, aga suurem osa spektraalmomente käsit-
lenud uurimustest on kasutanud laborikõnet. Kuna seotud kõne on tõenäolisemalt 
pisut nõrgema hääldusega, on tõenäoline, et sulud vallanduvad madalamatel 
sagedustel. Erinevusi kõneregistrite vahel leidsid ka Chodroff ja Wilson (2014), 
kes mõõtsid spektraalmomente laborikõnes salvestatud silpides ja loetud kõnes 
ning leidsid, et spektri raskuskeskmed olid loetud kõnes madalamad ja spektri 
asümmeetriakordaja väärtused kõrgemad loetud kõnes. 

Võrdlesin eesti keele sulghäälikute akustilisi tunnuseid fortise ja leenise vas-
tanduses oluliste tunnustega. Leidsin, et olulisematest tunnustest (kestus, vallan-
dumise kestus, vallandumise intensiivsus, redutseerumismustrid) rakenduvad eesti 
keeles ainult kestuse ja redutseerumismustrite tunnused. Viimased võivad olla aga 
mõjutatud omakorda kestustest (Dicanio 2012). Saab öelda, et geminaatide ja 
lühikeste häälikute kategoriseerimiseks võib fortise ja leenise vastandust kasu-
tada, kuid sõnaalgulist positsiooni ei ole võimalik olemasolevate andmete põhjal 
fortiseks või leeniseks määrata. 
 

Kokkuvõtteks 

Doktoritöös uuriti eesti keele sulghäälikute akustilisi tunnuseid. Töö põhiees-
mäerk oli kirjeldada sulghäälikute allofoonilist ja kestuslikku varieerumist ja leida 
seda mõjutavaid tegureid. Töö tegeles viie uurimisküsimusega, mis puudutasid 
üldist allofoonilist varieerumist eesti keele sulghäälikutes ning mitmete segmen-
taalsete ja suprasegmentaalsete faktorite mõju allofoonilisele varieerumisele ning 
sulufaasi ja vallandumisfaasi akustikale. 

Tulemused näitasid, et suures osas käituvad eesti keele sulghäälikud nii allo-
foonilises jaotuses kui kestuste varieerumises foneetilistele universaalidele vasta-
valt, kuid esineb ka omapäraseid mustreid, näiteks lühikese velaari /k/ suurem 
redutseerumine võrreldes mitmete teiste keeltega. Redutseerumine esines kõigis 
uuritud kõneregistrites. Esmakordselt uuriti töös vallandumisfaasi intensiivsuse 
ja spektri ehituse seoseid vältevaheldusega. Kui spektri ehitus käitus vastavalt 
üldistele seaduspärasustele, siis intensiivsusmustrid olid ootamatud, näidates 
madalamaid väärtusi geminaatides. 
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Töö panustas sulghäälikute akustika uurimisse uute teadmistega kõneregistrite 
erinevuste, geminaatsulghäälikute akustika ja vallandumisfaasi akustika kohta. 
Uuringutes kasutatud seotud kõne korpuseandmed ei võimalda kontrollida kõiki 
olulisi tegureid, mis teatud nähtusi mõjutavad, kuid siin leitud tendentsid annavad 
aluse edasiseks uurimiseks keerukamate meetoditega. 
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