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ABSTRACT 
 

 The phonetics~phonology interface has long been debated; some linguists argue 

for a modular approach (Keating 1984, Pierrehumbert 1990, Zsiga 1997, Cohn 1998), 

while others argue that there is no interface, and that phonetics and phonology are one 

and the same (Browman & Goldstein 1989-1992, Ohala 1990).  Recent proposals by 

Gafos (2002), and Petrova et al. (2006) have proposed that language-specific phonetic 

differences, such as the timing of articulatory gestures and the implementation of a two-

way voicing contrast in stops, are grammatically controlled through constraints on 

gestural alignment and laryngeal features.  These proposals blur the line between the two 

components by including language-specific phonetic facts within the phonological 

grammar. 

 This dissertation investigates the phonology~phonetics interface by documenting 

and analyzing data from Turkish and Urban East Norwegian, both cited by Petrova et al. 

(2006) and Bradley (2007). The results of a production study in each language and one 

perception study in Turkish demonstrate that the data do not pattern as previously 

described, or as predicted to occur by these proposals. 

 Results demonstrate that Norwegian coalescence of r+coronal sequences 

(producing a retroflex consonant), and voicing assimilation within words in Turkish 

pattern as categorical processes.  However, devoicing of word-initial stops in Turkish is 
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non-neutralizing, and vowel intrusion/deletion for r+non-coronal sequences in 

Norwegian is not a categorical process (Kristoffersen 2000, Bradley 2007), but rather 

gradient and dependent on morphological, consonantal and prosodic context. The 

gradience across contexts is best captured through a coupled-oscillator model of gestural 

timing (Nam & Saltzman 2003), while the task-dynamic phonetics implements this 

coordination of gestures. 

 The data from both languages are best captured if the phonology accounts for 

complete neutralizations by making qualitative featural changes, while a task-dynamic 

phonetics produces a gradient quantitative acoustic signal. This dissertation, then, argues 

for a modular approach to the phonetics~phonology interface, following Keating (1984), 

Pierrehumbert (1990), Zsiga (1997), Cohn (1998), in that the phonology manipulates 

features and segments, and a separate language-specific phonetic component interprets 

features and produces gestural timing patterns. The universal task-dynamic phonetics, 

then, operates on this output, causing gradient and quantitative changes to articulatory 

trajectories and the acoustic output. 
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CHAPTER 1.  THE PHONETICS~PHONOLOGY INTERFACE 

1.1 Introduction 

 The existence and the nature of the phonetics~phonology interface has long been 

debated (Chomsky & Halle 1968, Jakobsen & Halle 1971, Fromkin 1978, Keating 1984, 

1988, Pierrehumbert 1990, Browman & Goldstein 1989, 1990, 1992, Ohala 1990, Zsiga 

1997, Cohn 1998).  Ohala (1990) points out that the term "interface" implies that 

phonetics and phonology are two autonomous systems.  Ohala argues against this notion 

and proposes that the high degree of overlap in the two disciplines suggest that phonetics 

and phonology are one and the same.  He argues that that there is no productive 

phonology, since many phonological alternations can be explained through phonetic 

effects such as limits on perception and production.  Others, such as Keating (1988), 

Pierrehumbert (1990), Zsiga (1997), and Cohn (1998), acknowledge the existence of both 

components. However, the exact nature of the interface is debated.  Recent proposals by 

Gafos (2002), Hall (2003), Petrova, Plapp, Ringen & Szentgyörgyi (2006), Iverson & 

Salmons (2006), and Bradley (2007) argue that language-specific differences in phonetic 

implementation, such as the gestural timing between consonants, and differences in the 

implementation of a two-way voicing contrast, are derived within the phonological 

grammar.  Although, these proposals do not specifically take Ohala's view that phonetics 

and phonology are one and the same, by proposing that language-specific phonetic details 

are derived within the phonological grammar, the proposals blur the line between the 

phonological and phonetic components, and thereby implicitly argue for a more overlap 

approach to the phonetics~phonology interface. 
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This dissertation investigates these issues by documenting and analyzing data 

from Turkish and Norwegian, both cited by Petrova et al. (2006) and Bradley (2007).  

The data on Turkish and Norwegian presented in this dissertation do not pattern as has 

previously been described, or as predicted to occur by these proposals, and therefore, the 

data do not support theories that argue for language-specific differences to be derived 

within the phonological grammar. The data are appropriately accounted for if the 

phonology accounts for complete neutralizations and makes qualitative featural changes, 

while a task-dynamic phonetics operates on the output of the phonology, producing a 

gradient quantitative acoustic signal.  This dissertation, then, argues for a modular 

approach to the phonetics~phonology interface, in line with Keating (1984, 1988), 

Pierrehumbert (1990), Zsiga (1997), Cohn (1998), in that the phonology manipulates 

features and segments, a separate language-specific phonetic component interprets 

features and produces gestural timing patterns, and the universal task-dynamic phonetics 

operates on this output, causing gradient and quantitative changes to articulatory 

trajectories and the acoustic output. 

Before presenting the acoustic studies on Turkish and Norwegian, Chapter 1 

reviews the literature on the phonetics~phonology interface, recent proposals by Gafos 

(2002), Hall (2003), Petrova et al. (2006), and how Turkish and Norwegian can inform on 

these proposals.  Section 1.2 introduces some well-known external sandhi and post-

lexical processes and, briefly, the impact these data had on the idea of a modular 

phonological grammar.  Section 1.3 discusses how processes once described by Lexical 

Phonology as complete segmental or featural changes were found, in light of new 

acoustic and articulatory data, to be gradient, and well-modeled within an Articulatory 
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Phonology framework (AP henceforth, Browman & Goldstein 1989, 1990, 1992, 200).  

AP argues against the traditional notion of phonemes, but rather, that lexical entries are 

argued to consist of articulatory gestural scores. Articulatory Phonology, therefore, takes 

Ohala's view that phonetics and phonology were one and the same. However, not all data 

are well-modeled in Articulatory Phonology, and section 1.3.2 discusses Ladd & Scobbie 

(1997) who present data from Sardinian data that pose problems for a strict AP 

framework.   

Section 1.4, therefore, turns to more general arguments for modular vs. 

overlapped approaches to the phonetics~phonology interface, and the type of data to be 

accounted for.  Section 1.4.1 reviews the literature on approaches modular approaches to 

the interface (Keating 1984, Pierrehumbert 1990, Zsiga 1997, Cohn 1998), and how 

gradient vs. categorical data may be reflexes of the phonetic vs. phonological 

components, respectively.  Section 1.4.2 reviews Ohala (1990)'s overlapped approach to 

the phonetics-phonology interface, and recent proposals on gestural timing within an 

Articulatory Phonology framework (Byrd & Saltzman 1998, Browman & Goldstein 

2000, Nam & Saltzman 2003).  Section 1.5 discusses recent proposals which include non-

contrastive language-specific phonetic details within a phonological OT grammar (Gafos 

2002, Hall 2003, Petrova et al. 2006, Iverson & Salmons 2006), and how further testing 

of processes in Turkish and Norwegian can inform on theses theories, and therefore 

phonetics~phonology interface. Section 1.6 concludes the chapter. 

1.2 External sandhi and lexical phonology 

1.2.1 Examples of external sandhi and post-lexical rules 

 Sandhi, meaning "put together", describes processes that occur when two  
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morphemes or words are placed next to each other.  External sandhi refers to a  

phonological change that takes place when two words are placed together by the syntax  

after the word formation rules have applied.  Italian Raddoppiamento Sintattico (Inkelas 

& Zec 1995) is a commonly cited example of external sandhi which occurs within a  

specific domain.  Within words, geminates are phonemically contrastive.  Across words, 

however, underlyingly short consonants are lengthened following a stressed syllable 

across syntactically adjacent words, or across a head-complement constituent (1.1a-b).  

There is no gemination in words that do not form a syntactic constituent (1.1c).  Thus, 

because this process occurs only across words and not within words (the geminate 

contrast is not neutralized word-internally), it must occur only after syntax has put words 

together.  Raddoppiamento, therefore, was argued to be sensitive to the syntactic 

phrasing, or rather, the prosodic boundary strength (if phrasing is assumed to be 

hierarchical, Selkirk 1980).1  

 (1.1) Italian raddoppiamento sintattico (Inkelas & Zec 1995). 
  a.  Parlò [b:]ene.    
      (He) spoke well. 
  b.  Devi comprare delle [ mappe [ di [ citta [v:]ecchie ]NP ]PP  
        must-2nd  buy      maps   of   cities     old 
       You must buy maps of old cities.  
          c.  Devi comprare delle [ mappe [ di  citta]PP vecchie ]NP   
            must-2nd  buy  maps of cities,  old   
   You must buy old maps of cities. 
 
 The English Rhythm Rule also applies at the sentence level, applying iteratively  

(Kenstowicz 1994, Inkelas & Zec 1995).  Stress can be contrastive in English, cóntract 

vs. to contráct, but stress is also assigned within the lexicon, as the addition of a new 

affix may cause primary stress to move to a different syllable.  The original primary 
                                                

1 See Kramer (2009) for a more recent discussion and a complete description of dialect variation of 
Raddoppiamento Sintattico. 
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stress becomes a secondary stress, and its effects are seen in (1.2a), where there is no 

reduction of a vowel with secondary stress.  Without secondary stress, the vowel is 

reduced to schwa (1.2b).  

 (1.2) English rhythm rule (Kenstowicz 1994, p204). 
  a.  condénse     b.  cómpensàte     Stress assigned  
  condéns + ation        compensate + ion     Affixation  
   condèns átion        còmpensátion     Stress re-assignment  
   n-a         còmpәnsátion     Vowel reduction  
  còndɛnsátion           n-a     Stress neutralization  
 
 The English Rhythm rule must also apply at a later stage than the lexical  

phonology, since primary stress within a phrase can differ from primary stress in citation 

(1.3).  

 (1.3) English stress placement within a phrase (Inkelas & Zec 1995).  
       a.  Mìssissíppi   
        Míssissìppi délta  
   b.  Ànnemaríe   
                  Ánnemarìe héard.  
 
 Some phonological rules apply both within words and across word boundaries, or 

"across the board".  The English Flapping Rule produces a flap between two vowels 

when the first is a stressed vowel ( V́_V), regardless of whether there is a morpheme or a 

word boundary.  Flapping applies both tautomorphemically (1.4a), across morphemes 

(1.4b), and across words when there is no pause (1.4c).   

 (1.4) English flapping in post-stress position (Kenstowicz 1994, p195). 
    a.  atom  [æɾm ̩]   
    b.  meeting    [miɾɪŋ]  
    c.  what is wrong  [wʌɾɪzɹɔŋ]  
 
 The ruki rule in Sanskrit is another well-known example of rules that apply both 

within and across words.  In Vedic Sanskrit (an earlier form of Classical Sanskrit), /s/ 

became a retroflex when preceded by /r, u, k, i/ and when followed by another segment.  
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The ruki rule applied at the phonological phrase, across compound verbs, though not 

across domains larger than the phonological phrase.  In Classical Sanskrit, it is argued 

that this rule applies across morphemes and a few compound verbs (Selkirk 1980).  In 

(1.5a), a prefix ending with an /i/ causes retroflexion of the following /s/ initial word; 

examples (1.5b-c) demonstrate that a following segment must be present in order to 

trigger the rule.  Example (1.5d) demonstrates that the domain of the ruki rule in Vedic 

Sanskrit applied across compound words.  

 (1.5) Classical Sanskrit, (Selkirk 1980).2 
   a.  ti + stha > tiʂʈha  
   b.  caksus mat > cakʂuʂmat  
   c.  sarpis+a  > sarpiʂa  
   Vedic Sanskrit  
   d.  vi syati   > viʂyati  
 
 Thus, there is evidence that phonological processes are sensitive to prosodic 

boundary strength, and a modular grammar that applied phonological rules in stages was 

proposed to account for this sensitivity.  The following section reviews one such modular 

approach  – Lexical Phonology (Kiparsky 1982/1999) – which deals with this sensitivity 

to boundary, and then discuss how acoustic evidence of external sandhi and post-lexical 

processes changed ideas about which processes were handled in a post-lexical module - 

either in a phonological or phonetic component. 

1.2.2 Lexical phonology (Kiparsky 1982/1999) 

 As mentioned, external sandhi or post-lexical processes address the issue of 

modularity in grammar, and whether or not grammar applies in a serial derivation or 

parallel fashion.  In original models of generative grammar (e.g. Chomsky & Halle 

                                                

2 Selkirk does not provide glosses. 
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1968), phonological rules applied one after another in a serial order.  The output of one 

rule was the input to the next rule; rules began with an underlying form in the lexicon and 

changed phonemes accordingly.  The output of these lexical rules was then a word whose 

segments were fully defined for all language-specific features and could be entered into 

the syntax.  Other rules that applied across words or that were sensitive to prosodic 

boundaries (post-lexical rules) could then apply and make additional changes.  The later a 

rule applied, the more general the change and unaware the speaker was of this low-level 

process. 

 Lexical Phonology (LP - Kiparsky 1982/1999, Kenstowicz 1994) attempted to 

synthesize facts about phonological rules and how they applied.  Phonologists had long 

noted that phonological rules fell into two groups: those that were lexically or 

morphologically conditioned producing phonemic changes, and not necessarily 

phonetically motivated; and those that were more regular and produced allophonic and 

phonetically motivated changes.  Lexical phonology proposed that grammar was split 

into various levels, since some affixes or morphological boundaries seemed to trigger a 

particular set of phonological rules.  After adding the set of affixes on one level, the 

phonology of that same level would apply to the lexeme, the output being the input to the 

following level.  LP proposed that more general rules applied at a later stage than those 

that were morphologically or lexically conditioned.  If a rule applied only at a particular 

morpheme boundary, then the rule would apply at the level where this morpheme was 

added. 

 After all word formation rules had applied, the word entered the syntax, where 

words were placed into syntactic constituents.  The resulting sentence entered the post-
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lexical phonology, where any general phonological rules not sensitive to the lexical 

information applied.  Post-lexical processes would then apply in the most general sense, 

in an "across-the-board" fashion. 

Figure 1.1. Model of grammar in Lexical Phonology (Kiparsky 1982/1999). 
 

 

 

 

 

 

 

  

 For example, lexically conditioned irregular plural forms in English such as 

ox~oxen would apply at level 1.  Tri-syllabic laxing, which occurs with the addition of 

the morphemes -ity, -ify, -ual, -ize, and -ous, would apply at level 2 (1.6a); because there 

are many exceptions (1.6b), this rule applies at an early stage. 

 (1.6) Tri-syllabic laxing in English (Kenstowicz 1994, p197). 
 a.  serene serenity 
     vile  vilify 
     grade gradual 
     tyrant tyrannize 
     fable fabulous 
 b.  brave bravery 
     might mightily 
     pirate pirating 

Other more regular processes, though still within words, would also apply at a 

later stage, such as the regular plural [-s/-z/-əz] or past tense [-t/-d/-əd], and laryngeal 

assimilation and epenthesis rules therein would apply at this stage.  Processes that 
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occurred both within words, as well as across words, were assumed to apply after words 

had been entered into the syntactic component in the post-lexical phonology where rules 

would apply within a specified domain (Selkirk 1980, Kaisse 1990, Rice 1990).  The 

English flapping rule applied regardless of morpheme or word boundary, and would 

apply in the 'across-the-board' fashion. 

 These post-lexical processes were said to produce allophonic alternations that are 

"below the level of consciousness," (Kenstowicz 1994, p198) while lexical rules 

produced sound changes that could be phonemically contrastive in the language (and are 

often reflected in the orthography - Kenstowicz 1994).  Tri-syllabic laxing changes one 

vowel into another, which are phonemically contrastive in the language, while a flap and 

a voiceless stop are not phonemically contrastive. 

 Additionally, by separating the lexical and post-lexical rules as two different 

components of the language, it was possible to explain why some rules seem to apply in  

both components but have different outputs.  These rules would display different  

properties depending on which component of the grammar the rules applied.  This occurs 

in Catalan with nasal place assimilation.  Nasal place assimilation occurs both within  

morphemes (1.7a) and across words (1.7b).  

 (1.7) Nasal place assimilation in Catalan (Kenstowicz 1994, p225). 
  a.  kamp-et    field- DIM   bi[n̪t̪]-e   twentieth 
  b.  so[m p]ocos   they are few 
      so[ɱ f]elicos   they are happy  
      so[n̪ d̪]os    they are two 
      so[n s]incers  they are sincere 
      so[ɳ r]ics   they are rich 
      so[ɳ lj]iures   they are free 
      so[ŋ ɡ]rans   they are grand 
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 An obstruent is also deleted in coda position following a nasal (cluster 

simplification) as in (1.8a); however, this occurs only within words.  The place of 

articulation of the deleted obstruent is seen in the nasal (see non-simplified clusters in 

1.8b). 

 (1.8) Cluster simplification and nasal place assimilation (Kenstowicz , p225). 
  a.  kam   field  bin    twenty 
  b.  kamp-et    field- DIM   bi[n̪t ̪]-e   twentieth 
  c.  kam-s  field-pl   bim pans  twenty breads  
      kam es   field is   biŋ kaps  twenty heads 

 Thus, nasal place assimilation must occur before cluster simplification, within the  

lexical phonology.  However, nasal place assimilation must also occur in the post-lexical  

phonology as well, in order to account for the place assimilation across words as 

illustrated in (1.8c). 

 The different natures of the lexical and post-lexical rules are seen in the 

alternations of twenty~twentieth: [bin]~[bin̪t ̪-e].  The [±distributed] feature is not 

contrastive in Catalan, and assumed not to be specified until the post-lexical grammar.  

The distributed feature is therefore, not available in the lexical phonology for the nasal to 

agree with, as in [bin], and due to cluster simplification, there is no [distributed] feature 

with which to assimilate in the post-lexical phonology.  Thus, the lexical phonology dealt 

with contrastive distinctive features, while the post-lexical rules dealt with the fully 

specified featural forms, which could be interpreted through a universal phonetics (within 

SPE, quantitative language differences would also be derived through rules at a late 

derivational stage).  Therefore, external sandhi processes, in addition to informing on the 

sensitivity to boundary strength, inform on the issue of the possible set of distinctive 
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features and the phonetic transparency of these features (i.e., how closely related the 

features are to particular articulatory goals and/or the acoustics of speech). 

1.3 Gradient processes and Articulatory Phonology 

 Many post-lexical processes once thought to be segmental featural alternations 

under more careful scrutiny, have been shown to be gradient (palatalization in English – 

Zsiga 1995, voiced lenis stops in Korean – Jun 1995, vowel devoicing in Japanese –

Tsuchida 1997), and have therefore, questioned the idea of a modular grammar as 

proposed by a Lexical Phonology framework.  Before discussing Articulatory Phonology, 

which has been proposed to account for these gradient processes, the terms gradient vs. 

categorical are defined, as they are used for the remainder of the dissertation, and since 

new acoustic data, and the (in)variance of the data, continually causes phoneticians and 

phonologists alike to rethink the grammar components that derive these data. 

1.3.1 Gradient vs. categorical processes 

Gradient changes seem to change a particular phonetic characteristic along a 

continuous scale.  For instance, voicing of a stop could continue voicing through the 

closure, however, it may continue to the 30% or 80% mark (or at any point in the 

closure).  Each token may vary with respect to where voicing ends.  Vowels in particular 

are subject to gradient changes since height and backness also vary along an infinite 

scale.  Similarly, vowel assimilation may display gradient characteristics in that a vowel 

may become more or less back/high next to other segments.  The formant structure will 

reflect this and will fall in between, though not identical to, the formant structure of two 

vowels in the phonemic inventory.  The extent to which this occurs may rely mostly on 

speed or carefulness of speech. 
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 Categorical changes, on the other hand, cause the data to pattern in two or more 

separate categories.  A complete categorical change can cause the segment, or the 

measured acoustic diagnostics to be identical, or not significantly different to that 

of another phoneme or allophone in the language.  While a particular articulation may 

vary from the mean, the distribution of the data falls into two or more regions, or 

categories.  For instance, percentage of voicing may continue up to 75-100% of the 

closure of a voiced stop, while a voiceless stop may actually have some prevoicing, 

though only between 0-25% of the closure, or vowel formants also may be identical to or 

within the same region as another vowel in the inventory.  Thus, gradient processes vary 

along one continuum, while categorical processes demonstrate distinct categories in the 

distribution of the data. 

There is little disagreement that much of the gradience in the acoustic signal can 

be due to the language-universal phonetic implementation, which is constrained by the 

vocal tract and motor control involved in articulation.  This gradience has been well-

modeled in a task-dynamic model of speech articulations within an Articulatory 

Phonology framework (Browman & Goldstein 1989, 1990, 1992, 2000), and many 

phonologists and phonetics alike have adopted this model for language universals of 

phonetic implementation.  However, Articulatory Phonology in its strict sense argues that 

all segmental alternations are due to changes in articulatory gestures and propose that 

lexical entries consist of constellations of gestures, and do away with the traditional 

notion of a segment.  Thus, the framework views phonetics and phonology as one and the 

same and that there is no interface between the two.  The following section reviews the 
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AP proposal, and gradient postlexical processes found to be well-modeled within an AP 

framework. 

1.3.2 Articulatory Phonology 

Articulatory Phonology (Browman & Goldstein 1989, 1990, 1992, 2000) is based 

on a general theory of motor-control in reaching targets.  Targets are defined for vocal 

tract constrictions in which a particular set of muscles are called on to create a closure (or 

degree of closure) at a specified location.  These targets are the input into the task-

dynamic model that computes an articulatory trajectory based on the location, degree, and 

speed necessary to achieve the targets.  AP, in its strict sense, proposes that lexical entries 

are scores of gestures that are time-aligned with respect to each other.  Certain intervals 

where gestures overlap, for instance a complete tongue closure and an open velum, would 

correspond to the traditional notion of a phoneme (i.e., a nasal dental stop).  These timing 

relations are argued to be in the lexicon, since differences in timing would produce 

contrastive lexemes, and all alternations are the result of changes to gestures themselves 

or in the timing between gestures.3 

Gestures can overlap, be lengthened, or shortened in the gestural score to produce 

phonological alternations.  The gestural score is then the input into a task-dynamic 

model, which is constrained by the speed, rate, and movement between articulators, but 

there can be no addition or subtraction of actual gestures.  Moving from one articulation 

to another at different rates could affect the trajectory and thus the constriction achieved.  

Such changes to articulatory trajectories can account for various sound changes, such as 

                                                

3 Other timing relations, such as between the onset/coda and nucleus, word-timing and prosodic phrasing 
have been investigated in subsequent research, and have also been argued to be present in the gestural score 
or speech planning of gestural timing, (Browman & Goldstein 1986, Byrd & Saltzman 1998, Byrd et al. 
2000, Nam & Saltzman 2003, Nam 2008 - see section 1.4.2 for a complete discussion of these proposals.) 
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insertion, deletion, assimilation, and lenition.  Thus, the effects of the task-dynamic 

model are well-suited to limit and predict the gradient manner of changes once formerly 

described as complete segmental alternations. 

For instance, in a sequence of /ns/, if the closing of the velum occurs earlier than 

the weakening of the tongue gesture for the fricative, the interval where the velum is 

closed and there is complete closure of the tongue tip, an oral alveolar stop will be heard 

(i.e., [nts] – figure 1.2). 

Figure 1.2. Gestural score for [t] insertion. 
        [n]           [t]          [s] 

Tongue tip 

Velum: 

 

 Similarly, articulatory gestures can overlap to such an extent that a gesture is 

hidden and would not be heard acoustically (i.e., deletion).  The [t] in perfect memory is 

hidden by an early lip closure of the [m] (Browman & Goldstein 1990).  Data from x-ray 

pellet trajectories of the tongue blade show that the tongue reaches and even achieves 

contact with the alveolar ridge while the lips are closed for the [m]. 

 Jun (1995) argues that voicing of lenis stops in Korean can be attributed to 

prosodic effects on the magnitude of gestures, and that a weakening of the glottal 

abduction gesture between vowels at a phrase boundary results in voicing.  She 

demonstrates that voicing is "predicted by the relative duration of the lenis stop and 

following vowel: i.e., … shorter stops followed by longer vowels tend to be voiced" 

(p247). If a quick transition from a glottal adduction to abduction, and back to adducted 

(i.e., [VtV]), does not reach a complete glottal abduction goal (i.e., weakened) during the 

CD: complete CD: critical 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Open 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 15 

short lenis stop, then the weak abduction gesture would not achieve the critical degree of 

tension required to induce devoicing.  Therefore, gradient voicing of lenis stops, during 

rapid speech, is well-modeled a task-dynamic phonetic component. 

 Turkish has also been shown to have such gradient processes in connected speech.  

Jannedy (1997) gives data on devoicing and even deletion of a high vowel between 

voiceless segments in Turkish.  Her study demonstrates that devoicing and deletion are 

correlated with a faster rate of speech, when the vowel is either preceded or followed by a 

voiceless consonant.  She proposed a model used for Japanese voiceless vowels 

(Tsuchida 1997), where two glottal opening gestures for the flanking consonants will 

overlap in rapid speech, such that vowels are devoiced or even fully deleted (figure 1.3). 

Figure 1.3. Gestural score for voiceless vowels (Tsuchida 1997). 
    [t]          V   [t] 
  
 
 
   [t]           V̥   [t] 
 
  

 

Thus, acoustic and articulatory data for many gradient processes are well-modeled 

by an AP framework, since alternations are constrained by possible changes to gestural 

scores and the physical parameters of implementing these gestures. The overall AP 

model, then, questions the idea of a modular interface proposed by Lexical Phonology.  

The question remained whether or not all post-lexical process can be reanalyzed within 

and AP framework.  Further acoustic documentation of sandhi processes by Ladd & 

Scobbie (1996) demonstrate that categorical processes do indeed exist, and thus they 

argue for some grammatical component in determining these alternations.  The following 

vocal abduction vocal abduction 

vocal abduction vocal abduction 
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section reviews the data and discusses the issues in accounting for these categorical 

changes. 

1.4 Categorical processes within an Articulatory Phonology framework 

 Ladd & Scobbie (1996) present data on two post-lexical processes in Sardinian 

Italian that produces geminates, which are otherwise phonemic within words.  

Intervocalically, obstruents lenite, that is, a voiceless fricative becomes voiced, 4 and 

plosives do not have a complete closure – similar to a voiced fricative (1.9). 

 (1.9) Categorical gemination across words in Sardinian Italian (Ladd & Scobbie 
1996).  
        a. [saldu]  sardininan   [suzaldu]  the sardinian  
       b. [tera]  land    [sad̞era]  the land 
        c. [kanɛ]   dog     [suɡane]  the dog 

 In addition, a consonant-final word followed by a consonant-initial word will  

produce a fake geminate (1.10a).  And finally, some word-final consonants assimilate  

completely to the following consonant to form a geminate (1.10b).  

  (1.10) Complete assimilation across words in Sardinian Italian (Ladd & Scobbie 
1996). 
   a. [sos:antozo]   /sos santos/    the saints 
             [in:uoro]    /in nuoro/    in Nuoro 

b. [am:andigadu]  /at mandigadu/  s/he ate                     
    [ap:omandigadu]  /appo mandigadu/  I ate 

           [af:at:u]    /at fattu/    s/he did 
        [ap:ovatu]    /appo fattu/    I did 

 Fricatives, geminates, and non-geminates are all contrastive within words (1.11).  

 (1.11) Phonemic geminates (Ladd & Scobbie 1996). 
    [is:u]   he    [gatu]   cat 
    [luiza]  Luisa       [kad:u]   horse 
     [kad̞u]   born 
    [man:ozo]  big (m.pl)  [manozo]  hands  

                                                

4 Ladd & Scobbie (1995) write that no voiced word-initial fricatives occur in Sardinian Italian. 
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Ladd & Scobbie measured the duration of the post-lexical geminates and voiced  

fricatives and compared them to the duration of non-derived geminates and fricatives.   

When prosodic position was controlled, they found that there was no difference in  

duration between post-lexical geminates and fricatives and those within words.  They  

conclude that gemination is a categorical process post-lexically.  This type of categorical  

alternation is not easily explained by AP, as the alternation did not display a gradient  

nature.  

 Even if a gestural analysis could give rise to categorical processes, the mechanics  

of AP could not accurately derive the different place of articulation for geminates across 

words.  For a bilabial nasal geminate (1.10b above), one must stipulate that both the 

velum and the lip gesture must be anticipated.  However, if the geminate produced is a 

[t:] (no example given), one must specify that it is the tongue tip gesture that must 

lengthen in anticipation.  Thus, different gestures must be stipulated for different 

segments in order to account for the post-lexical gemination.  A featural account 

straightforwardly predicts the complete identity of the second consonant by filling the 

segmental slot for the first consonant.  

 Ladd & Scobbie, therefore, argue that not all postlexical changes are gradient  

and can be reanalyzed using Articulatory Phonology.  They further note that it is "an  

empirical question whether all cases of ...  external sandhi, under close phonetic scrutiny,  

turn out to be non-categorical," and their results "further confirm the importance of  

laboratory-based reinvestigations of phonological data" (p166). This dissertation follows 

their suggestion for further research and proposes to acoustically document other 

categorical changes or reinvestigate phonological data argued to be categorical in nature. 
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1.5 Approaches to the phonetics~phonology interface 

 The discussion above demonstrates that new acoustic and articulatory data 

questioned the idea of a modular grammar, and Ladd & Scobbie demonstrate that some 

categorical post-lexical processes are not easily accounted for within an Articulatory 

Phonology framework.  However, some linguists point out that categorical vs. gradient 

data are fundamentally different and argue that categorical processes are due to the 

phonological grammar, while gradient processes are the result of the phonetic 

component. The section below reviews the literature which maintain a more modular 

approach to the phonetics~phonology interface. 

1.5.1 Modular approaches 

Keating (1984, 1988), Pierrehumbert (1990), Keating (1990), Nolan (1992), Zsiga 

(1995), Cohn (1998) view the difference between gradient vs. categorical data as due to 

the phonetic and phonological systems, respectively.  They argue that both phonology 

and phonetics are at work to produce the acoustic speech signal but that the systems are 

separate and fundamentally different.  Whereas phonetics deals with the physical 

(perceptual and productive) nature of speech, phonology deals with the abstract, 

cognitive understanding of the speaker.  Though the phonetic component may be argued 

to have a grammatical system for dealing with language-specific differences (see below 

for discussion of Keating 1984 and Zsiga 2000), phonetics is inherently continuous and 

quantitative, while phonology is qualitative and discrete. 

Zsiga (1995) and Cohn (1998) demonstrate the gradient vs. categorical reflexes of 

phonetics and phonology, through acoustic and articulatory studies.  Cohn provides data 

that demonstrate that phonemic contrasts and other phonological rules manifest as 
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categorical phonetic correlates.  For example, nasal airflow measurements were taken of 

nasal vowels in English and French.  The nasal vowels in French, which contrast 

phonemically with plain oral vowels, showed a plateau across the entire duration of the 

vowel.  In contrast, the allophonically nasalized vowel in English (occurring before a 

tautosyllabic nasal) had increasing nasal airflow throughout the vowel and varied with 

respect to where the rise began (halfway or less generally). 

Similarly, Sundanese has a nasalization rule which spreads rightward until a 

consonant blocks the spreading.  Nasal airflow dropped abruptly at the beginning of 

obstruents, while the decrease occurred more slowly throughout glides and [l].  Cohn 

suggests that categorical effects of nasalization are due to phonological constraints that 

rule out nasal obstruents due to incompatibility of nasality and obstruents (i.e., a stop 

with an open velum is simply a nasal), while the gradient nasalization in glides is not 

incompatible and not ruled out by the phonology.  Therefore, the gradient nasality across 

glides is due to a phonetic coarticulation of velum opening, while the categorical non-

nasality of obstruents is specifically prohibited by the phonological constraints.  

 Zsiga (1995) also demonstrates categorical phonology vs. gradient phonetics as  

correlated with phonological alternations vs. phonetic coarticulation.  Using  

electropalatography, she demonstrates that a /ʃ/, derived from a phonological rule that  

changes /s/ to /ʃ/ within words, is identical to an underlying non-derived /ʃ/.  The /ʃ/ in  

pressure, which is argued to be derived from press, is identical to an underlying /ʃ/.  

However, post-lexically, a sequence of /s+j/, such as miss you, has an articulation that 

corresponds to a blend between an alveolar and a palatal, which would result in a sound 

perceptually similar to /ʃ/.  
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 These data demonstrate the strict division of phonetics and phonology argued for 

by Pierrehumbert (1990) and Keating (1990).  They argue that the phonological  

representation is the input for the phonetic interpretation and that together they create the 

"messy" acoustic signal.  Phonology deals with the phonemic featural contrasts and 

makes qualitative featural changes, while phonetics interprets these features into 

quantitative and time-aligned/degree of articulation. 

Zsiga (1997) also maintains a modular approach and details the specific nature of 

the interpreting features into the phonetic component.  She argues that features, specified 

in the phonology, are mapped to gestures in the phonetics, where they can be manipulated 

via the task-dynamic model proposed in AP.  It is at this phonetic level where gradient 

and variable changes occur. 

Zsiga (1997) proposes that the lexical phonology manipulates features in the 

sense of auto-segmental phonology within words and that the phonetics interprets these 

features into gestures.  Thus, gradient changes are a reflex of the phonetics constrained by 

AP.  Zsiga argues that gestural scores should not replace the traditional  

notion of individual phones because languages do not use contrastively all of the detail 

that AP makes available.  For instance, cross-linguistically, languages contrast  

voiced, voiceless, and voiceless aspirated (and sometimes voiced aspirated).  

However, no language contrasts stops that are half-voiced, 1⁄4 -voiced, and 3⁄4-voiced 

during the stop closure – or any other point in a gesture.  She points out that “any one 

representation that is powerful enough to describe gradient processes will not be 

constrained enough to explain the categorical nature of alternations” (p231).  

 She demonstrates this distinction of feature-changing rules vs. gesture changing in  
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Igbo, where vowel harmony within words is categorical and vowel assimilation across  

words is gradient.  Within words, vowels harmonize with respect to the feature [±ATR].  

Arguments that vowel harmony is a lexical phonological rule are that there are lexical 

exceptions to harmony, and the harmony doesn't apply across all morphemes.  A gestural 

account could not accurately explain the difference between the harmonizing and non-

harmonizing contexts, since these lexical alternations must be stored in the lexicon as a 

gestural score, and any harmonizing context is merely stipulated rather than characterized 

as a productive process.  

 The final argument for the interpretation of Igbo Vowel Harmony as a 

phonological process is that a phonetic account cannot easily explain the a̙/e alternation 

([i̙-zu̙-ta̙], INF-buy-DIREC, 'to buy for'; [i-zu-te], INF-meet-DIREC, 'to meet with').  Sharing 

a feature of [ATR] does not necessarily cause fronting or backing of the tongue, as was 

shown for other systems that harmonize with respect to [ATR] (Ladefoged & Maddieson 

1996).  Thus, by harmonizing [ATR], the other contrastive features of the language, 

[high] and [round], must also change in order to accurately account for the fronting of [a̙] 

into [e], since within an AP framework fronting and rounding gestures cannot be added 

or changed in the gestural score.  

 Vowel assimilation across words, however, Zsiga demonstrates as highly  

gradient, rather than a categorical phonological process.  In a [V.V] context, V1 

assimilates to the place and [ATR] of V2.  Some tokens completely assimilated to the 

following vowel, while others did not.  Still, in other tokens the formant structure of 

others fell in between the expected formant structure of either vowel.  Complete vs. 
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partial assimilation was dependent on the similarity of V1 and V2, though there were 

exceptions based on case and speaker.  Thus, she proposes that word-final vowels are 

reduced and that the articulatory gesture for V2 is anticipated (lengthened to the left) and 

overlaps with the previous vowel. 

 Vowel assimilation, she argues, is not a phonological rule expressed through the  

spreading of features, since it cannot accurately capture the data.  First, a phonological 

rule would have to be expressed as optional, in order to account for assimilated vs. non-

assimilated cases.  Additionally, this rule would not account for the gradience found in 

the across word tokens, as features are either present or absent in a segment and may not 

begin halfway through a segment, as would have to be argued for the partial assimilation 

cases.  While, various changes to feature structure have been discussed, such as double 

linking, none have been convincing and constrained enough as gestures in an AP 

framework.  

 Figure 1.4, below, demonstrates the schema proposed for mapping features into 

gestures.  The features are specified through the phonemic representation and the  

harmonizing lexical rule.  The phonetics interprets the features into gestures, where  

vowel assimilation can occur to a varying extent.  Phasing relations among gestures will 

be specified within a phoneme.  Below, a narrow pharynx – to create a back vowel – and 

a constricted tongue root – [ATR] – must be time aligned in order to create [a̙]. 
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Figure 1.4. Features mapped into gestures (Zsiga 1997).  
Phonology 

root   d  e    a̙   t 
          
         [-cont]               [-cont] 
 
features       [+high]    [-back]    [+low][-high][+back] 
 
Phonetic Gesture Interpretation 
root   d  e   a̙   t 
 
 
T.tip  
 
T.body 
 
T.root 
 

 AP has been shown to be particularly well-suited for gradient changes, as these  

changes are constrained by the articulatory parameters of the vocal tract.  Gradient  

changes are, then, by virtue of AP, phonetically driven, and not sensitive to lexical or  

morphological material – as was previously noticed of post-lexical rules in general.  

While phonetics may deal with the quantitative physical parameters of 

interpreting features, Keating (1984) and Zsiga (2000) propose an additional phonetic 

module to deal with language-specific phonetic differences.  Keating uses the language-

specific differences in the implementation of a two-way voicing contrast in stops to argue 

for abstract laryngeal features, and a separate language-specific phonetic module that 

interprets these features.  Lisker & Abramson (1964) noted that languages generally 

implement a two-way voicing contrast in stops as prevoiced (voicing during the closure) 

vs. voiceless unaspirated, such as in Spanish, or voiceless unaspirated vs. voiceless 

Closed 

Palatal wide 
Pharyngeal narrow 

constricted 

Closed 
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aspirated, as in English; Keating, Likner & Huffman (1983) also found languages which 

implemented a two-way contrast as prevoiced vs. voiceless aspirated.  Keating (1984) 

argues against proposals such as Halle & Stevens (1971), that use features to derive these 

language-specific differences and ever increasing phonetic detail in the implementation 

of stops; instead, she argues that features should only deal with phonemic contrasts, and 

to define natural classes for phonological rules.  

Halle & Stevens (1971) propose a set of features that characterize the state of the 

larynx at the time of the opening to determine how language implements voicing 

contrasts.  These laryngeal features are also used to relate the laryngeal states that occur 

in producing differences in pitch - both phonemic and non-contrastive differences in pitch 

which can occur with voicing - i.e., high and voiceless are related).  This system, then, 

defines features solely on articulatory configurations, which then directly maps to an 

acoustic output.  Their system of features contrasts [±stiff vocal cords], [±slack vocal 

cords], [±spread vocal cords], and [±constricted vocal cords].  Keating points out that the 

difference for English speakers who have prevoicing during a closure vs. those who have 

no voicing during the closure would then be due a difference in the specification of the 

[±stiff vocal cords] feature.  However, Keating notes that the laryngeal state in a 

prevoiced and a voiceless stop can be identical, and what determines whether or not a 

closure is fully voiced is the air pressure above the glottis in the oral tract.  Therefore, in 

order to describe this difference an additional feature defining the air pressure in the oral 

tract would be required.  Keating argues that adding additional features to describe 

phonetic details and differences in the articulatory state would only complicate the 

system; additional features could potentially be used by languages as phonemic contrasts, 
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which are unattested in actual languages.  Already the set of features proposed by Halle 

& Stevens, produce redundant contrasts: voiceless unaspirated vs. voiceless lax.  By 

proposing abstract features, the system is constrained by the phonemic contrasts attested 

in languages, and different articulatory configurations are the result of a separate 

language-specific phonetic component. 

She further argues for abstraction of laryngeal features, since abstract features will 

make the prediction that the same type of phonological assimilations can occur across 

languages despite differences in the phonetic acoustic correlates.  Phonetically 

transparent features, however, would make specific predictions on the phonetic correlates 

for phonological assimilations, and therefore, each language would have different rules of 

voicing and any generalizations across languages will be missed.  For example, vowels 

are longer before voiced stops than before voiceless stops, despite differences in the 

implementation of these categories.  One might assume that vowel length corresponds to 

amount of voicing.  However, this is not the case, as English vowels before voiced stops, 

realized as voiceless unaspirated, are longer than the vowels before voiced stops in 

French, which are realized as prevoiced.  In each language, the voiced counterpart is 

longer than the voiceless counterpart, however, there is no generalization across the 

phonetic categories prevoiced, voiceless unaspirated, and voiceless aspirated.  The 

generalization that vowels are longer before phonological voiced stops than voiceless 

stops, despite difference in the phonetic implementation, she argues, can only be made if 

"vowel length is correlated with phonological feature", as opposed to "phonetic detail" 

(Keating 1984, p294).   



 26 

Cross-linguistic data of F0 also demonstrate a need for abstract phonological 

categories.  F0 measurements across the voiced and voiceless categories in French and 

English differ by the same magnitude, despite differences in the phonetic 

implementation. Stops implemented as voiceless unaspirated, but belonging to different 

phonological categories across languages (i.e., [-voice] or [+voice]), demonstrate 

differences in F0 according to which phonological category the stop belongs to.  

Keating proposes that languages with only two-way contrast differ only in the 

choice of phonetic category for implementing phonological laryngeal features, as 

opposed to different underlying features.  Thus, Keating proposes a language-specific 

phonetic implementation module, which interprets abstract features defined within the 

phonology.  She argues that the available phonetic categories for implementing the 

laryngeal feature are either prevoiced, voiceless unaspirated and voiceless aspirated, and 

suggests there may be a perceptual basis for three categories.  Native listeners' of 

Spanish, which contrasts prevoiced vs. voiceless unaspirated, can distinguish stops with 

voice onset times in the range of voiceless aspirated stops from stops with voice onset 

times in the range of voiceless unaspirated stops.  The same is found for English 

speakers, who are able to distinguish prevoiced tokens from voiceless unaspirated, in 

some contexts. 

In addition to a language-specific phonetic component, she argues for a universal 

phonetic component that causes gradient changes.  Any quantitative differences in lag 

time or prevoicing, within a language, can be attributed to the general universal 

phonetics, and could be affected by prosodic position (i.e., stress, syllable, phrase or 

utterance position). 



 27 

Zsiga (2000) also follows Keating (1984) in proposing a language-specific 

phonetic grammar to account for differences in the timing of words across languages.  In 

English, consonant sequences are produced with articulatory overlap at word boundaries, 

while Russian maintains more separation between consonants across words.  Thus, she 

suggests that there may be language-specific gestural alignment constraints between 

words to account for the detailed quantitative phonetic differences between English and 

Russian.  However, not all phoneticians and phonologists agree on a separate component 

which derives these non-contrastive differences across languages and phonetic details of 

gestural timing.  After presenting proposals which view the phonetics~phonology 

interface as non-modular, section 1.6 returns to this discussion by reviewing recent 

proposals which argue that language-specific phonetic differences are derived within the 

phonological grammar, and thereby implicitly argue for a more overlapped approach. 

1.5.2 Non-modular approaches to the phonetics~phonology interface 

 Ohala (1990), however, does not view the phonetics~phonology interface as 

modular, but views the two components as one and the same, and therefore there is no 

interface between two modules.  He argues that this autonomous approach is circular and 

myopic, and falls into the trap of projecting ones own belief and attributing abstract 

forms to material or physical entities ('reification'). 

 He argues that proposing rules or constraints based on what is common is a 

circular argument, because these same rules or constraints are argued to be the cause of 

common processes, thus falsely attributing a mere description of the data to be innate or 

abstract entities.  He argues that a separation of the two components results in 

investigating only one type of data in one particular way.  Thus, examining data purely 
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abstractly and categorically will not reflect the full extent of the data nor test all possible 

hypotheses. 

 Rather than propose an interface between the two systems, he believes that there is 

an "overlap in the domain of covered by these disciplines" (Ohala 1990, p154) and that 

"there is an intimate interaction between [them]" (Ohala 1990, p156).  This approach to 

phonetics~phonology, he argues, allows phoneticians and phonologists to propose more 

general and simple theories that converge in the form of attributing both phonetic and 

phonological data as one theory, a hallmark of good science by Ockham's Razor.  Lastly, 

a theory that incorporates both phonetic and phonological form is empirically testable.  

Phonological theories that attribute abstract form as only mental constructs cannot 

(barring new neurological technology) be tested directly.  He leaves to further 

investigation the exact nature of this global phonetic and phonological system. 

As discussed above, Articulatory Phonology (Browman & Goldstein 1989, 1990, 

1992, 2000) takes Ohala's approach that phonetics and phonology are one and the same.  

They argue that lexical items do not consist of phonemes, but are abstract articulatory 

gestural scores, which are directly implemented via a task-dynamic model of phonetics.  

Thus, alternations are both constrained by changes to articulatory gestures and timing 

between gestures.  More recently, phoneticians working within an Articulatory 

Phonology framework have found that strength of prosodic boundary and other 

phonological units, such as position within the syllable, stress, and lexical status, have 

low-level phonetic differences in articulation (Fougeron & Keating 1997; Byrd, Kaun, 

Narayanan & Satlzman 2000; Keating, Cho, Fourgeron & Hsao 2003; Byrd, Lee, Riggs 

& Adams 2005; Zsiga 2000; Cho 2006; Kochetov 2006).  Onset vs. coda, stressed vs. 
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unstressed, phrasal-edge vs. phrase-medial, phrase-initial vs. phrase-final position have 

all been found to affect the relative stability in the gestural timing and articulatory 

kinematics of speech gestures (de Jong, Beckman & Edwards 1993, de Jong 1995, 

Fowler 1995, Byrd et al. 1998, 2000, 2005).  Others (Zsiga 2000; Nam & Saltzman 2003; 

Goldstein, Chitoran & Selkirk 2007; Nam 2008) have also found cross-linguistic 

differences in timing of gestures and relative stability of gestures at prosodic boundaries.  

What phonologists have traditionally described as prosodic structure seems to manifest in 

low-level phonetic implementation, and phoneticians have proposed models to account 

for these data.  Byrd et al. (1998, 2000, 2005) does away with the traditional notion of 

hierarchical prosodic structure and argues that prosodic structure is actually differing 

strengths of what she calls the π-gesture, affecting the phonetic implementation of 

articulatory trajectories at the edges of phrases.  Browman & Goldstein (2000) propose 

the idea of differing bonding strengths between gestures in order to account for the 

relative stability of gestural timing in different prosodic positions.  They argue that 

competing alignments and bonding strength are responsible for the c-center effect, the 

tendency for the gestural timing between consonants in onset position to align such that 

the middle of the aggregate gesture is the same distance from the following vowel, 

regardless of the number of consonants in onset position, figure 1.5.  Consonants in coda 

position do not demonstrate the c-center effect, and demonstrate greater variability in 

duration and timing.   
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Figure 1.5. The c-center effect (Browman & Goldstein 2000). 
 
                               C      V   
 
 
 
 
 
   C      C   V 
 

Browman & Goldstein argue that this effect is due to competing alignments 

between segments.  Browman & Goldstein (2000) argue that the individual consonants 

are competing to align themselves with the vowel, but due to the need for perceptual 

recoverability and difficulty in articulation, the consonantal gestures cannot overlap 

completely.  Therefore, an alignment in which gestures are partially overlapped satisfies 

both constraints; both gestures are aligned closely with the vowel, while maintaining a 

separate alignment (albeit a partial overlap). 

Browman & Goldstein suggest that these alignments have differing bonding 

strengths, which derive the relative stability of gestural alignment across contexts.  The 

idea of bonding strengths and competing alignment was taken up by Saltzman & Byrd 

(2000), Nam & Saltzman (2003), Goldstein et al. (2007), Nam (2008), Nam & Saltzman 

(in press), and Goldstein, Nam, Chitoran, Saltzman (submitted), in their model of gestural 

timing as couplings between non-linear oscillators. 

1.5.2.1 A coupled-oscillator model of gestural timing 

A coupled-oscillator model is a model of speech planning in which, an 

articulatory gesture (a task-specific action) is modeled as a non-linear oscillator.  An 

oscillator, such as pendulum, moves in simple harmonic motion.  Oscillators can affect 

one another's movement, and this effect is called coupling.  Coupling was first noted by 



 31 

Christian Hyugens, a clockmaker, who noticed that the pendulums on grandfather clocks, 

which were set in motion at different times (so that the phases of each began at different 

times) would, by the end of the day, all be swinging completely in-sync.  This coupling, 

is show in figure 1.6, below, and would be described as having a zero degree phase 

difference, since, once the oscillators settle, the cycle for each oscillator begins at the 

same time.  However, the coupling can specify any target value as the phase difference 

between the two oscillators (i.e., the second gesture begins at the 180, 270, etc. degree 

point of the other gesture), so that, regardless of the starting phase relation between the 

two oscillators, over time, the oscillators will settle into the specified phasing relations, 

figure 1.6. 

Figure 1.6. Synchronization of two non-linear oscillators with an in-phase coupling (Nam 
2008). 

 

Following Browman & Goldstein, two types of coupling are proposed: in-phase − 

a completely in-sync or overlapped gestural phasing, as described above − or, anti-phase 

− a sequential alignment, so that the second gesture begins after the onset of the first 

gesture, figure 1.8. 

Figure 1.7. In-phase coupling. 
            C  V 
 
     Gestural output:          CENTER 
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Figure 1.8. Anti-phase coupling. 
       C           C 
    Gestural output: 
 
 
 
 

Nam & Saltzman (2003) demonstrate through computational modeling that 

multiple and competing couplings (i.e., couplings which specify different phasing) will 

over time, stabilize such that a medial alignment is predicted by the computational model.  

As proposed by Browman & Goldstein (2000), the phasing between sequential 

consonants is modeled as an anti-phase coupling, so that each consonant is perceptually 

recoverable.  In addition, each consonant will have an in-phase coupling with the vowel, 

figure 1.9.  

Figure 1.9. C-center couplings. 
 
   C          C V 
 
 
 
Figure 1.10. Coda cluster coupling. 
 
   V          C C 

The computational model demonstrates that partial overlap of the two consonants 

is predicted for the couplings in figure 1.9.  The resulting phasing relation is one in which 

neither of the two gestures is in-phase with the vowel, nor completely out-of-phase with 

each other, but each one slightly off-center, resulting in the c-center effect.  In coda 

position, the c-center effect is not consistently found, and therefore Browman & 

Goldstein propose that there is no additional phasing between the second consonant in 

coda position and the vowel, as in figure 1.10.  There is no competition between the coda 

consonants, and a completely sequential alignment can be achieved.  Gestures that are not 
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coupled with respect to one another will have a relative phase that is determined through 

couplings to other segments.  Nam & Saltzman (2003) demonstrate that the absence of a 

coupling between consonants across boundaries results in greater standard deviations 

(when noise is added to the model) and therefore, greater variability in the phasing 

between oscillators (or alignment of gestures).  A coupled-oscillator can then account for 

both more variable gestural timing patterns (through the absence of couples) as well as 

more stable patterns. Therefore, seemingly categorical gestural timings (i.e., regular 

stable transitions) are produced through multiple couplings. 

Nam (2008) extends the coupled-oscillator model to account for language-specific 

differences in the moraic status of consonants in coda position.  He proposes that the 

consonantal gesture is split into two portions, closure and release, and models the 

difference as the presence or absence of an additional coupling between the release in 

coda position and the vowel.  Nam finds that the computational model predicts a shorter 

overall duration for the rhyme with couplings shown in figure 1.11a.  A shorter duration 

adds less weight to the syllable, and consonants are then considered non-moraic in the 

language.  No coupling between the release and the vowel, figure 1.11b, will produce 

longer rhymes, adding duration, resulting in consonants having moraic status in the 

language.  

Figure 1.11. Cross-linguistic differences deriving moraic status of consonants (Nam 
2008). 
 
a.  Non-moraic consonants         V     closure     release  
 
 
b.  Moraic consonants                 V    closure      release  

 The couplings are proposed to occur as part of the gestural score, which as 

proposed by AP models replaces the traditional notion of phonemes, and other prosodic 
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units used as the basis for lexical entries.  Thus, this theory of gestural timing across 

prosodic contexts within an Articulatory Phonology framework would replace a 

phonological grammar, however, it is possible that these theories could be used as a 

model of phonetic implementation for language-specific phonetic differences and 

phonetic details of articulation, similar to the feature-to-gesture mapping proposed by 

Zsiga (1997).  In Chapter 5, it is proposed that a coupled-oscillator model can account for 

the differences in alignment of Norwegian r+non-coronal sequences found across 

prosodic contexts.  While a coupled-oscillator model can account for the differences in 

stability of gestural timing, and thus producing seemingly categorical effects, the model 

does not account for the invariability in the manner of articulation found for coalesced 

r+coronal sequences, since overlap of gestures on the same articulatory tier, such as the 

tongue tip, would result in conflicting gestural stricture.  Therefore, it is argued that a 

coupled-oscillator model of gestural timing occurs after the phonological grammar has 

made segmental featural changes.  However, not all proposals agree that language-

specific differences are part of a separate phonetic-grammar, or that gestural scores and 

coupled-oscillators are a replacement for lexical entries and segments.  The following 

sections turns to proposals that account for apparent categorical facts such as gestural 

timing and language-specific phonetic implementation differences as part of a more 

traditional phonological grammar within an OT framework. 

1.6 Language-specific phonetic differences within OT phonological frameworks 

While the approaches discussed in section 1.5.2, above, exemplify Ohala's view 

that phonetics and phonology are one and the same, recent approaches to phonology 

have, in fact, incorporated more phonetic details into the phonology grammar, 
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demonstrating an overlap in the domain of phonetics and phonology.  Constraints in 

Optimality Theory (OT, henceforth - Prince & Smolensky 1993), in the original proposal, 

are phonetically grounded in what is articulatory or acoustically unmarked. The Gradual 

Learning Algorithm and bidirectional constraint grammars (Boersma 1997, Hamann 

2003b, Boersma & Hamann 2008) propose perceptual and acoustically based features and 

constraints within an OT grammar and address how the acoustic signal is decoded by the 

listener and how this may affect the listener's own constraint rankings for production.  

Features can be acoustically based, since different articulatory configurations could 

produce the same acoustic signal, which is ultimately important for listener's 

comprehension.5  

Two proposals are discussed below which argue for more language-specific 

phonetic differences to be derived within the phonological grammar: the first argues for 

phonetically transparent features to derive cross-linguistic differences in the 

implementation of a two-way voicing contrast (Petrova et al. 2006, Iverson & Salmons 

2006), and the second argues for constraints on gestural alignment within an OT 

phonological grammar (Gafos 2002). 

Turkish and Norwegian are cited in arguing for these theories (Petrova et al. 2006, 

Bradley 2007), however, these proposals are based on rather limited acoustic data.  Such 

data are important, as many such processes that have been used in arguing for the 

modularity of grammar have been reanalyzed as gradient in nature (such as external 

sandhi process cited by Lexical Phonology - Kiparsky 1982/1999).  This gradience has 

been better analyzed as part of a phonetic component (Browman & Goldstein 1990a, Jun 
                                                

5 For example, lowering of F3 can be achieved through either bunching of the tongue, retracting the root, or 
curling the tongue, and rhotic articulations demonstrate this variability (Hamann 2003b). 
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1995, Zsiga 1995, 1997), thus, questioning the idea of a modular phonetics~phonology 

interface.  This dissertation, then, further documents these processes and investigates 

whether or not the evidence supports proposals that argue for language-specific phonetic 

facts to be included within the phonological grammar. 

1.6.1 Phonetically transparent features 

Jessen & Ringen (2002), Iverson & Salmons (2006), and Petrova et al. (2006) 

argue for phonetic transparency of privative laryngeal features, as a method for deriving 

the difference across languages in implementing a two-way contrast of the phonological 

voice category.  Note that "laryngeal realism" (as Iverson & Salmons 2006 call the direct 

interpretation of privative laryngeal features to voicing and lag time) is in direct contrast 

to Keating's (1984) proposal that the language-specific differences in the implementation 

of a two-way voicing contrast is not a phonological featural difference, but rather a 

difference in the implementation of abstract features in separate language-specific 

phonetic grammar.  Their proposals are more in line with earlier proposals by Jakobsen, 

Fant & Halle (1951) and Halle & Stevens (1971) who argued for phonetically transparent 

features.  Petrova et al. (2006), work within an OT framework, and argue that laryngeal 

features are narrowly interpreted, such that an optimal output of privative [voice] results 

in a prevoiced stop, [spread glottis] as aspirated and the voicing of unspecified stops are 

gradiently voiced or devoiced in a phonetic grammar.  The different rankings of 

constraints on laryngeal features across languages will result in different optimal outputs, 

and therefore the phonological grammar is argued to be responsible for the language-

specific differences in the phonetic implementation of a two-way voicing contrast. 



 37 

Petrova et al. (2006) cite Turkish as a language which implements a two-way 

contrast as prevoiced vs. voiceless aspirated, and therefore a language with a [voice] vs. 

[spread glottis] contrast in initial position.  In word-final position, however, they propose 

a three-way contrast of [voice], [spread glottis], and unspecified to derive the non-

alternating vs. alternating stops in word-final position. 

(1.12) Word-final stops (Swift 1963, Lewis 1967, Inkelas & Orgun 1995, Kornfilt 
1997). 

a.  Non-alternating. 
at  horse    ata   horse-DAT 
ad  name       ada   name-DAT 

b.  Alternating. 
kitap  book     kitab-a  book-DATIVE 

The voicing of unspecified stops is argued derived in the phonetic grammar, 

where FINALDEVOICING results in word-final voiceless stops, and PASSIVEVOICE results 

in voiced stops.  Although they do not specify the exact nature of this phonetic grammar, 

they do mention that they view gradient processes to be part of phonetics, and categorical 

data part of the phonology.  However, data on Turkish presented here and reported 

elsewhere (Kopkallı-Yavuz, 1993, 2000, Wilson 2003, Kallestinova 2004) demonstrate 

that the representation of voicing proposed does not accurately match the acoustic data.  

Kopkallı (1993) and Wilson (2003) demonstrate that alternating stops in word-final 

position are completely neutralized with their respective non-alternating counterpart 

stops, suggesting that the laryngeal feature for an unspecified stop is phonologically 

determined. Additionally, the data presented in this dissertation demonstrate that 

orthographically voiced stops in word-initial position lack prevoicing following 

orthographically voiceless word-final obstruents (e.g. /VT#dV/), and a perception study 

demonstrates that this assimilation in non-neutralizing. Kallestinova (2004) also finds 

variable prevoicing for orthographically voiced stops in phrase-initial position. 
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Orthographically voiced stops, then, often lack prevoicing, and therefore an analysis of 

these stops as [voice] narrowly interpreted as prevoiced is not supported.  

The differences in variation across contexts in orthographically voiced stops are 

straightforwardly explained if laryngeal features are abstract, and there is only a two-way 

laryngeal contrast in stops for word-initial and word-final position. Therefore, the 

phonetic implementation of voicing in Turkish stops derived within the phonology is not 

supported, thus, questioning the idea that the cross-linguistic differences the 

implementation of stops as part of the phonological grammar, overall. 

1.6.2 Gestural alignment constraints 

Gafos (2002) and Hall (2003) also incorporate non-contrastive phonetic details 

into the phonological grammar by proposing that gestural alignment constraints (see 

above for a discussion of Zsiga 2000 on gestural alignment constraints) occur within an 

OT grammar along with constraints that reference phonological structure (such as 

segments, syllable structure etc).  Gafos' and Hall's data derive mainly from the 

patterning of intrusive vowels, or formant structure found between consonants.  Gafos 

(2002) argues that these intrusive vowels are the result of a more separated transition 

between two consonantal gestures.  Gafos' arguments derive from the difference between 

epenthesis and consonant gemination required by templatic morphology in Moroccan 

Colloquial Arabic vs. intrusive vowels that arise during the transition between two 

consonants of quadri-consonantal roots (see below for further details).  Hall (2003) 

further argues that these vowels are not true epenthetic vowels, since these vowels do not 

affect stress placement or speakers' judgments on number of syllables (Hall 2003).  
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Hall (2003) provides evidence that the occurrence of intrusive vowels can differ 

across languages.  Languages may differ in whether or not intrusive vowels occur 

between consonants in the onset vs. coda, in homorganic vs. heterorganic clusters and in 

tauto- vs. heterosyllabic consonants.  Oscan reportedly has intrusive vowels in complex 

homorganic onsets [tr] and [dr], but not in coda position, [rt], [rn], [rs], and [lt] (Hall 

2003).  Scots Gaelic, however, has vowel intrusion only in heterorganic clusters, as in 

sentence (1.13). 

  (1.13) Scots Gaelic - Barra Dialect (Hall 2003). 
 /ʃaLk/6     [ʃaLak] 'hunting' 
 /kɛN'p/   [kɛN'ɛp] 'hemp' 

 Dutch vowel intrusion is said to occur optionally and only in tautosyllabic 

heterorganic clusters (1.14). 

(1.14)  Dutch (Hall 2003). 
kalem  kalm   'quiet' 

 arem   arm   'arm' 
 helep  help  'help' 
 harep   harp   'harp' 

 Hall (2003) concludes that these differences across languages are evidence that 

differences in the timing between gestures are grammatically controlled within the 

phonological grammar.  She uses Gafos' proposal of gestural alignment constraints within 

an Optimality Theoretic grammar, in which language-specific rankings of universal 

constraints produce the different timings between consonantal gestures.  Although Hall 

argues for gestural alignment constraints to be included in the phonological grammar, she 

argues that gestural scores are not a replacement for segments, and that there is no 

                                                

6 Hall writes that capital letters are the traditional transcription for tense sonorants, and an apostrophe 
indicates palatizations. See Hall (2003) for a complete description of Scots Gaelic phonetic transcription. 
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underlying gestural score nor faithfulness constraints to any gestural alignment.  She 

argues that if faithfulness constraints (to an underlying gestural alignment) were ranked 

above markedness, then languages could potentially lexically contrast all combinations of 

alignment between the five landmarks in each gesture. These contrasts, however, are 

unattested in actual languages.  Additionally, she argues that gestural scores do not 

replace prosodic structure, as gestural alignment constraints must reference prosodic 

structure to derive the different patterning of intrusive vowels across languages.  

Therefore, although more phonetic detail is derived within an OT framework, gestural 

alignment constraints do not fully replace traditional notions of the phoneme, and other 

phonological structure.  Gestural alignment constraints, then, argue against the notion of 

a separate language-specific phonetic implementation as argued by Keating (1984) and 

Zsiga (2000). 

Gafos (2002)'s original proposal for including gestural alignment constraints 

within an OT grammar derives from Moroccan Colloquial Arabic (MCA), where in 

connected speech, schwa is noted to delete between heterorganic consonants, but is said 

to never delete in homorganic consonants (1.15). 

 (1.15) Moroccan Colloquial Arabic (Gafos 2002). 
/ktәb/  [katәb]  'write' 
/tqǔb/  [taqәb]  'puncture'  
/ZnTiT/  [Znatәt]  'tail'  
/wlasis/  [wlasәs]  'swollen gland'  

 Similar to Zsiga (2000), Gafos proposes gestural alignment constraints between 

segments, but only pre-defined landmarks (ONSET, TARGET, C-CENTER, RELEASE, OFFSET) 

can align with the landmarks of other gestures.  Such a proposal greatly reduces the 

possible contrasts of a language and derives language-specific phonetic regularities in 
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gestural timing.  Gestural alignment constraints are similar to alignment constraints in 

OT, which require an alignment between of the left or right edges of two morphological 

or prosodic units, however, gestures require the particular alignment between two 

gestures, at the five different pre-defined landmarks within the gestures. 

 Gafos proposes a gestural constraint that aligns the onset of C1 and the offset of C2 

on the same tier, causing a schwa to be heard, figure 1.12.  No such constraint exists for 

gestures of heterorganic consonants.  Since the gestures of heterorganic consonants are 

on different tiers, the gestures are free to overlap.  Hence, there is no release and no 

intrusive vowel is heard.   

Figure 1.12. Landmarks for the gestures alignment (Gafos 2002).  
                [ә]    
       TARGET              C-CENTER 6447448             

 
RELEASE 

       ONSET  C1 OFFSET    ONSET C2  

 He argues that this is part of the morphological component because other 

geminates are dealt with differently in the grammar.  These geminates are constructed 

through templatic morphology where consonantal roots are mapped to a consonant-vowel 

template.  A CCVCC template is filled by a tri-consonantal root in the following way:  

C1C2VC2C3.  However, in a tri-consonantal root where C2 = C3, a glide is inserted rather  

than C2, which would result in a geminate (1.16).   

   (1.16) Tri-consonantal root (Gafos 2002). 
             /rqiq/   [rq1iyq2]  thin- DIM,   *[rq1iq1

әq2]  

 The geminates with an intrusive between the two consonants, which Gafos 

analyzes as the result of gestural alignment, are crucially derived from quadri-

consonantal roots with two identical segments ("fake" geminates).  Because Arabic 
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morpho-phonology requires that all segments in the root must have a correspondent in the 

output, all four segments must appear when filling a quadri-consonantal template.  Thus, 

glide epenthesis cannot occur and both consonants appear as a fake geminate (1.17), 

whose gestural coordination is governed by a temporal alignment constraint.   

  (1.17) /C1C2C3C4/   [C1C2 V C3 
ә C4] , *[C1 C2 V G C3]   

  True geminates in MCA, which are required by the morpho-phonology (C1C2C3  

C1C2VC3C3), never have epenthesis of schwa, and, Gafos argues, are made up of one  

segment (i.e., a true geminate, which has one bundle of features associated with two 

segment slots).  Thus, there is only one gesture, and there is no coordination of  

gestures, where an intrusive vowel could possibly occur.  While Gafos’ data do 

potentially7 demonstrate the need for a grammar with respect to phonetic implementation 

rules for the alignment of gestures (i.e., language-specific phonetic implementation 

rules), it is less clear whether or not there is a need for phonetic implementation rules 

within the lexical phonology. 

 Gafos argues that the templatic morpho-phonology must be able to look-ahead in 

the case of glide epenthesis so as not to create a geminate.  However, OT provides this 

ability to look ahead in its correspondence theory of input-output relations.  A 

faithfulness constraint that requires each segment in the root input to have a 

correspondent in the output can be ranked higher than the Obligatory Contour Principle 

(OCP), which militates against fake geminates.  The optimal candidate for a quadri-

consonantal root (with a fake geminate) would violate the OCP constraint in order to 

satisfy this higher-ranking faithfulness constraint.  Thus, there are three cases: a) glide 

                                                

7 Pending evidence that vowel intrusion is, indeed, categorical, since no acoustic data is given. 
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epenthesis, b) fake geminates from quadri-syllabic roots, and c) the true geminate 

required by the templatic morphology.  Morpho-phonology in an OT framework can 

derive the difference between case (a) and (b), and the phonetic grammar could 

implement the difference between fake geminates, (case b), and true geminates, (case c).  

As he mentions, fake geminates constitute two segment slots corresponding to two 

gestures, while true geminates are one single bundle of features assigned to two segment 

slots and could be interpreted as only one extra long gesture.  Thus, a phonetic grammar 

could derive the categorical vowel intrusion for fake geminates via gestural coordination, 

while no vowel intrusion occurs in true geminates, since there is only one gesture and no 

coordination is needed. 

 The data above provide further evidence of language-specific differences in the 

alignment between segments. However, no acoustic data are provided and acoustic data 

are required in order to demonstrate that these categorical phonetic facts do indeed occur.  

If categorical phonetic changes are found in the timing of gestures for intrusive vowels, a 

coupled-oscillator model may be able to handle these timing patterns. Multiple couplings 

between segments across prosodic contexts can derive stable transitions between 

segments, resulting in an apparent phonological patterning.  Thus, there may not be a 

need for gestural alignment constraints within the phonological component, since a 

phonetic task-dynamic model is needed for other gestural timing patterns. 

1.7 Conclusion 

To conclude, recent proposals by phonologists have incorporated non-contrastive 

and categorical phonetic facts within the phonological grammar.  While phonologists 

(Gafos 2002, Hall 2003, Jessen & Ringen 2002, Petrova et al. 2006) still recognize the 
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need for a universal phonetic component, that implements speech segments according to 

aerodynamic principles and anatomical parameters, these proposals argue that categorical 

phonetic facts and language-specific differences are part of the phonological component, 

rather than a separate language-specific phonetic grammar.  Thus, their approach to the 

phonetics~phonology interface, is a less-modular approach, however, these proposals do 

not necessarily replace traditional phonological structure, such as features, segments and 

prosodic structure with gestural scores. 

However, as mentioned, these proposals cite evidence that require further acoustic 

testing.  As discussed in sections 1.2-1.3, explicit testing of external sandhi processes 

documents the phonetic facts to be accounted for within the phonology.  Such 

documentation changed ideas about the modularity of grammar.  By providing acoustic 

studies on Turkish and Norwegian, this dissertation follows laboratory phonologists who 

"share a concern for strengthening the scientific foundations of phonology through 

improved methodology, explicit modeling, and accumulation of results" (Pierrehumbert, 

Beckman and Ladd 2000, p273).  The acoustic data presented in the dissertation also 

demonstrate that post-lexical processes argued or predicted to be categorical are, in fact, 

more gradient and more aptly explained through low-level phonetic implementation 

modules, as previous findings have found for other cases of external sandhi. 

The data found in this dissertation do not support previous accounts of Turkish or 

Norwegian, which argue that language-specific phonetic differences are derived within 

the phonological grammar.  The data are best accounted for by deriving complete 

neutralizations and assimilations as segmental or featural alternations in the phonological 

grammar, while the gradient neutralizations and acoustic realizations are due to the task-
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dynamic phonetics operating on the output of phonology.  Therefore, this dissertation 

argues for a more modular approach to the phonetics~phonology interface. 

Alternations previously described as categorical, such as vowel intrusion and/or 

deletion of an r+non-coronal sequence in Norwegian, (Kristoffersen 2000, Bradley 2007) 

are not, in fact, categorical, but rather gradient and demonstrate a full range of potential 

acoustic realizations.  Coalescence of a tap+coronal is, however, found to be categorical 

and is argued to be a phonological segmental change.  Although a coupled-oscillator 

model can account for the stability in the alignment of gestures, this model predicts that 

an overlap of gestures will result in a conflict of gestural stricture.  However, the data 

demonstrate that manner of articulation was always that of the following consonant.  

Therefore, faithfulness constraints to manner features of the second consonant are 

required in order to derive complete coalescence in the coronal context.  The difference 

between the coronal and non-coronal contexts is therefore the result of the phonological 

vs. phonetic components.  In the coronal context, the output of the phonology produces 

only one segment, and there is only one segment to coordinate, while there are two 

segments for an r+non-coronal sequence, and differing acoustic realizations are the result 

of a phonetic implementation component, which determines the coordination and gestural 

timing between consonants.  

Data from Turkish voicing in stops demonstrate that what appears to be 

categorical devoicing is also straightforwardly explained through aerodynamic 

difficulties of voicing during stops in different contexts.  In both cases, differences in 

variation across contexts are straightforwardly explained if the task-dynamic model of 

phonetics operates on the output of phonological featural and segmental alternations.  
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Language-specific differences, such as the implementation of a two-way voicing contrast, 

and gestural alignment, is better accounted for within a separate component that operates 

on the output of the phonology; a universal task-dynamic phonetics would then operate 

on the output of this language-specific phonetic grammar. This dissertation, then, argues 

for a more modular approach to the phonetics~phonology interface in line with Keating 

(1984, 1989), Zsiga (1997) and Cohn (1998). 
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CHAPTER 2.  TURKISH ACOUSTIC STUDY 

2.1 Introduction 

 As mentioned in Chapter 1, recent proposals have argued for the phonetic 

transparency of privative laryngeal features in order to account for the cross-linguistic 

differences in the implementation of a two-way contrast (Petrova et al. 2006, Iverson & 

Salmons 2006).  Turkish is one language that has been used in arguing for narrow 

transparency of laryngeal features; however, the data rely mainly on orthography or 

phrase-initial context as an indication of underlying (or phonetic implementation) of 

voicing.  Complete acoustic data for voicing in a variety of contexts are required, as 

many arguments for privative features can rely "in large part on the details of the 

interaction between neutralization and assimilations" (Lombardi 1995, p238).  Detailed 

acoustic investigation of voicing neutralizations is therefore especially imperative for 

proposals that argue for phonetic transparency of laryngeal features, as the assimilations 

and neutralizations predicted by these proposals will determine the phonetic realization of 

stops in these contexts. 

The study presented here examines stops in a context not previously studied for 

Turkish, namely the voicing of word-initial stops in a post-consonantal context.  Results 

demonstrate that there is incomplete neutralization of voicing in this context, and as will 

be demonstrated in the next chapter, proposals that argue for phonetically transparent 

features have difficulty deriving both complete and incomplete voicing neutralizations 

found for Turkish.  Therefore, the study here not only informs the implementation of stop 

voicing contrasts in Turkish, but on the phonetics~phonology interface for laryngeal 

features and assimilations in general. 
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2.2 Phonetics and phonology of Turkish stops 

 Turkish obstruents generally have a two-way contrast, which is written in the 

orthography as voiced and voiceless, (p vs. b, t vs. d, k vs. g).8 The phonetic realization of 

these stops has traditionally been described as prevoiced – i.e., voicing during the 

closure, or a negative voice onset time – and voiceless aspirated  – i.e., no voicing during 

the closure with a positive voice onset time (Lewis, 1967, Underhill 1976, Kornfilt 1997, 

Kopkallı-Yavuz 1993, 2000).  However, acoustic studies demonstrate variation in the 

phonetic realization of obstruents for different prosodic contexts (Kopkallı-Yavuz 1993, 

2000, Wilson 2003, Kallestinova 2004).  To complicate matters, there are various 

laryngeal neutralizations and assimilations, which are written in the orthography, and 

these laryngeal alternations have been conflictingly described as phonetic or phonological 

processes (Inkelas & Orgun 1995, Petrova et al. 2006).  Therefore, the phonetic correlates 

and the distribution of orthographically voiced and voiceless stops are discussed in 

tandem.  After presenting an acoustic study on word-initial stops in post-consonantal 

context, Chapter 3 presents a phonological and phonetic analysis that can account for the 

complete and incomplete voicing neutralizations found in Turkish. 

                                                

8 Turkish orthography is fairly close to the phonemes in the language, though as Underhill (1997) points 
out, some allophonic variations, such as vowel length, palatalization, and velarization of liquids are not 
written in the orthography.  In 1928, the Turkish government switched from Arabo-Persian script to a Latin 
based alphabet "to break ties with Islam east and facilitate communication with the west" (Lewis 1999, 
p27).  However, this was also done to render Turkish language more readable, as the Arabo-Persian 
alphabet did not easily transcribe Turkish words, and to encourage Turkish pronunciations of non-native 
words (Lewis 1999).  Therefore, much of the orthography is close to Turkish pronunciations. 



 49 

Table 2.1. Consonantal inventory of Turkish (Lewis 1967, Underhill 1976, Kornfilt 
1997). 
 Bilabial  Alveolar Palatal-

alveolar 
Palatalized Velar Glottal 

plosives p  ,  b  t , d  kj, gj k, g ʔ 
fricatives  f v s, z ʃ , ʒ   h 
affricates    t ͡ʃ, d͡ʒ    
nasals m  n     
liquids   l ,  r j    

The two-way stop contrast occurs across all obstruents except for the glottal 

fricative.  The palatalized velar mainly occurs before front vowels, though Kornfilt 

(1997) points out palatalized velars do occur before back vowels and have glide insertion 

(kâr [kjjar] 'profit', gâvur [gjjavur] 'infidel'), which makes the distribution of palatalized 

velars unpredictable, and possibly phonemic.  Lewis (1999) writes that palatalized 

consonants only occur in non-native words, and is very faint in western Turkish 

pronunciations.  The distribution of a voiced velar is also somewhat limited.  A voiced 

velar occurs freely in word-initial position; however, although voiced velars are attested 

in word-internal position (see example 2.1 below), Kopkallı (2000) mentions that the 

frequency is limited.  In addition, a voiced velar in root-final position is deleted before a 

vowel-initial affix.  Stops are otherwise voiced in this position, thus demonstrating the 

markedness of voiced velars in non-initial position (see below for before (Lewis 1967, 

Kornfilt 1997). 

In word-internal position, voicing is contrastive (2.1, below), and Kopkallı-Yavuz 

(2000) demonstrates that orthographically voiced stops /b, d, g/ have the typical acoustic 

correlates of voicing found cross-linguistically: the closure is fully voiced, the closure 

duration is shorter than voiceless stops, and the prior vowel is longer.  Voiceless stops 

have some perseverative voicing during the closure (20 ms - or roughly 25% of the 
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closure), and are aspirated with voice onset time (VOT, henceforth) of 30 ms, as opposed 

to voiced stops which have 50 ms (100%) voicing during the closure and an average 

VOT of 6 ms.  Therefore, the commonly assumed the realization of stops in Turkish is 

prevoiced vs. voiceless aspirated. 

 (2.1) Word-internal position (Kopkallı 1993). 
 sopa stick    soba   stove 9 

kapı  container-ACC  kabı   door 
katı  hard, solid  kadı   judge 
takan attach-AGENTIVE pagan  pagan 
bakan  minister  baga[ʒ] trunk 

In word-initial position, voicing is contrastive and written in the orthography, as 

the examples in (2.2), below, demonstrate.  Kallestinova (2004) studied word-initial stops 

read in a list, and therefore in phrase-initial position, and finds an average VOT of 60 ms 

for orthographically voiceless stops, and variable prevoicing for orthographically voiced 

stops.  While bilabials are prevoiced, alveolar and velar stops often lack prevoicing (a 

total of 3 of 19 tokens were prevoiced).  Petrova et al. (2006) report (in a footnote) that in 

an unpublished study that for six speakers 94.6% of orthographically voiced stops are 

prevoiced, however no information is given as to the elicitation method or the 

surrounding context.  Therefore, we conclude that in word-initial stops are at least 

variably voiced in phrase-initial position. 

 (2.2) Contrastive voicing in initial position (Bemez, Blakeny & Brown 1994, Özel 
ms).  
   a. pul   stamp, postage bul  find-IMP 
       pak   pure hearted  bak     look-IMP 

                                                

9 In order to not confuse phonetic correlates of voicing and proposed underlying laryngeal features for 
voicing in Turkish stops, I use the Turkish orthographic conventions, unless otherwise written with 
brackets, [].  I do not discuss vowels or vowel harmony in this dissertation, therefore, I use the Turkish 
orthography of ö for a mid-front rounded vowel [ø], and ü for a high-front rounded vowel [y], and ı for a 
back-unrounded vowel [ɨ]. 
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   b. tek   single, sole  dek  trick, ruse 
       tip  type, unusual  dip bottom, lowest part 
   c. gül  flower   kül  ash 
      kel   bald   gel  come-IMP 

In word-final position, Turkish is said to have a three-way distinction: alternating, 

non-alternating voiced and non-alternating voiceless consonants.  Alternating stops, are 

written as voiceless in word-final position (2.3a), and voiced before a vowel-initial affix 

(2.3b).  

 (2.3) Final consonant voicing alternation with vowel-initial suffixes (Özel ms). 
 a.  kitap  book     b.  kitab-a   book-DATIVE 

           [d͡ʒ]evap   answer           [d͡ʒ]evab-ı   answer-ACC 
        dört       four           dörd-ü   four-ACC 
          satran[t ͡ʃ]   chess           satran[d͡ʒ]-ı  chess-ACC  

Velar stops are voiceless word-finally; however voiced velars are deleted when 

followed by a vowel in polysyllabic roots (2.4a), remain voiceless in monosyllabic roots 

(2.4b – Lewis 1967, Inkelas & Orgun 1995, Kornfilt 1997, Özel ms).10  Zimmer & Abbot 

(1978) provide evidence that velar deletion is a productive process.  Native Turkish 

speakers were given mono- and polysyllabic nonce words that ended in voiceless velars 

and were asked to produce sentences in which the morphology required a vowel-initial 

suffix on the nonce words. Speakers deleted the velar in polysyllabic words, while in 

monosyllabic words, the velar was produced as a voiceless velar. 

 (2.4) Velar deletion before a vowel-initial suffix (Özel ms). 
   a.  Polysyllabic roots 
   [tʃodʒuk]  child [tʃodʒu.u] child-ACC  

   [tʃodʒu.um] child-POSS-1STSG 

                                                

10 Only one exception to this pattern exists çok ~ çoğu ([t͡ʃok] [t͡ʃo.u] 'much'/'much'-ACC, Inkelas & Orgun 
1995). 
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[utʃak]  plane [utʃa.ɨ]  plane-ACC 
[ajak]  foot [aja.ɨ]   foot-ACC 

   [t ͡ʃ]i. [t͡ʃ]ek   flower [t ͡ʃ]i. [t͡ʃ]e.e  flower-DAT 
   b.  Monosyllabic roots (Inkelas & Orgun 1995). 
   ek  affix   ek-i  affix-ACC 
   kök  root   kök-ü  root-ACC 
   gök  sky  gök-ü  sky-ACC 

Non-alternating codas (2.5) do not voice intervocalically or devoice word-finally.  

Non-alternating voiceless stops are written as voiceless before a vowel-initial suffix, as in 

example (2.5a); non-alternating voiced stops are written as voiced in word-final position 

(example 2.5b).  The non-alternating stops are mostly limited to monosyllables (Inkelas 

& Orgun 1995, Göksel & Kerslake 2005), although some non-alternating poly-syllabic 

roots are attested; Kopkallı (1993) also mentions that non-alternating stops are less 

common and less familiar words than alternating stops. 

(2.5) Non-alternating roots. (Lewis 1967, Özel ms, Kallestinova 2004). 
 a.  Non-alternating voiceless stops 

  i.  at   horse    ii.  ata   horse-DAT 
  iii. [ʃ]irket  company  iv. [ʃ]irketi company-ACC   
  b.  Non-alternating voiced stops  
  i.  ad   name       ii.  ada  name-DAT 
  iii.  etüd  etude  iv.  etüdü  etude-ACC 

Kopkallı (1993) and Wilson (2003) demonstrate that there is no significant 

difference between the orthographically voiceless word-final stops for all acoustic 

correlates: prior vowel duration, voicing during closure, closure duration, and 

aspiration.11   Furthermore, Kopkallı (1993) finds that listeners cannot correctly identify 

nor discriminate alternating and non-alternating voiceless stops in excised VC# and 

VC#V clips.  However, there was a bias towards an alternating stop response, since she 

                                                

11 There was also no effect on the familiarity (i.e., frequency) of the word. 
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mentions that alternating stops are more common and familiar words than non-alternating 

stops.  Thus, there is complete acoustic neutralization for alternating stops (2.3a) and 

non-alternating voiceless stops (2.5a) in word-final position. 

 Wilson (2003) also investigated word-final stops; however, he studied additional 

contexts: phrase-final (_#), pre-vocalic (_#V) and pre-consonantal (_#g) position.  In 

addition, Wilson investigated non-alternating voiced stops (i.e., ad~adı), which were 

excluded in Kopkallı's study.  Closure duration was not significantly different between 

any of the three stops, though environment (phrase-final, pre-vocalic, and pre-

consonantal) did have an effect on closure duration.  In terms of voicing during the 

closure, Wilson also finds no difference between alternating voiceless word-final stops 

(i.e., kitap~kitabı) and non-alternating voiceless stops (i.e., at~atı).  Non-alternating 

voiced stops are slightly (and significantly) more voiced than orthographic voiceless 

stops, with 25 ms of voicing across all contexts and closure durations of 70-150 ms 

across contexts.  The percentage of voicing translates into roughly 16-36%12 voicing 

during the closure across contexts.  Non-alternating voiced stops, then, demonstrate 

incomplete neutralization of voicing in word-final position.  

 Wilson also compared 6 tokens of non-alternating voiced stops, and alternating 

stops (i.e., kap~kabı) before a vowel-initial suffix, and found no significant difference in 

closure or voicing during the closure.  The data suggest, then, that there is complete 

voicing of alternating stops in an intervocalic context as the orthography suggests.  The 

acoustic production and perceptions studies demonstrate that complete neutralization 

                                                

12 Calculated using closure duration and duration of voicing as reported by Wilson (2003). 
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occurs for alternations written in the orthography (i.e., alternating stops) and incomplete 

neutralization of non-alternating voiced stops in word-final position. 

 There is also a two-way contrast in voicing for fricatives, which is written in the 

orthography.  However, fricatives do not undergo word-final devoicing or intervocalic 

voicing. 

 (2.6) Word-final fricatives (Özel ms). 
 a. ses  sound  sesi  sound-ACC 
  elmas diamonds elmasa  diamonds-DAT 
  namus intergity  namus-u integrity-ACC 
 b.   kız girl    kıza   girl-DAT  
       domuz  pig   domuz-u pig-ACC  
 c.    di[ʃ] teeth   di[ʃ]-i  teeth-ACC 
       biti[ʃ]  finish, end  biti[ʃ]-e end-DAT 
 d.   pla[ʒ]  beach  pla[ʒ]-a  beach-DAT 
 e.   sınıf  classroom  sɨnɨf-ɨ  classroom-ACC 

   f.   dev  giant  dev-i  giant-ACC 

One final alternation in Turkish is the root-affix voicing assimilation.  Consonant-

initial suffixes agree in voicing with the prior segment, as demonstrated by the examples 

in (2.7a-e), and are written in the orthography (Lewis 1967, Underhill 1976, Kornfilt 

1997, Özel ms).  Non-alternating stops remain written as voiced or voiceless and the 

consonant-initial affix agrees in voicing with the non-alternating stop, (2.7f-i). 

 (2.7) Voicing assimilations of consonant-initial suffixes, (Özel ms). 
   a.  kitap-ta  book-LOC     b.  kol-da arm-LOC 
  c.  git-tim  go-PAST.1stSG   d.  mı[j]-dım Q-mkr – PAST.1stSG 
  e.  kız-dım  got mad-PAST.1stSG 
  Non-alternating stops before consonant-initial suffixes. 
  f.  ad-da name-LOC 
  g.  at-ta  horse-LOC 
  h.  etüd-de etude-loc 
  i. [ʃ]irket-te company-loc 
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The only acoustic study of consonant clusters, to my knowledge, is Kallestinova 

(2003) who reports that the aspiration duration for the initial consonant of the affix (C2 in 

C1-C2 clusters) and finds VOTs between 22-49 ms.  There are also two consonant-initial 

suffixes which do not alternate in voicing: -ki, -ken, (masa-da-ki 'table-LOC-RELATIVE' the 

one on the table, gel-ir-ken come-AORIST-ADVERBIAL 'while coming').  Although, these 

suffixes never attach to the root, Kallestinova (2003) tested nonce forms in which the 

non-alternating suffix is attached directly to the root-final stops.  She finds that -ki has a 

VOT of 46-75 ms13, which she argues constitutes aspiration.  Kallestinova categorizes 

these suffixes as a voiceless unaspirated for the alternating suffixes, and voiceless 

aspirated for the non-alternating suffixes, however, the difference in VOT between these 

two affixes could be due to place of articulation, as stops further back in the oral tract 

generally have greater VOTs than those articulated in the front of the mouth (Stevens 

1998).  More tokens are required, and data overall on aspiration length in Turkish are 

required (see section 2.4.3.2 for a discussion of VOT of word-initial stops) to determine 

whether or not these suffixes are indeed distinguished by VOT. 

 The table below summarizes the various neutralizations with respect to the 

acoustic correlates of orthographically voiced and voiceless stops in Turkish.  Acoustic 

studies demonstrate that there is complete neutralization of alternating stops.  In word-

final position, there is no difference between alternating stops written as voiceless and 

non-alternating voiceless stops; similarly, the alternating stop written as voiced before a 

vowel-initial suffix is not significantly different from non-alternating voiced stops.  In 

contrast, while orthographically voiced stops in word-initial and word-final position do 

                                                

13 5 tokens in total. 
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seem to lack prevoicing or have a less than 50% voicing during the closure, this 

neutralization is incomplete as other acoustic diagnostics such as VOT (in both contexts) 

and vowel duration, closure and voicing during the closure (for word-final position) are 

still significantly different from the orthographically voiceless stops in the same contexts. 

Table 2.2. Complete and incomplete neutralization of voiced and voiceless stops. 
 Example Difference in acoustic correlates 

kap vs. at no difference 
(Kopkallı 1993, 2000, Wilson 2003) 

Complete neutralization 

kaba vs. ada no difference 
(Wilson 2003) 

kap/at vs. ad vowel & closure duration, voicing during 
closure, VOT 
(Wilson 200) 

Incomplete neutralization 

#t ~ #d VOT only 
(Kallestinova 2004) 

2.3 Phonological accounts of voicing in Turkish 

 Turning now to phonological accounts of Turkish laryngeal alternations, 

proposals have assumed different underlying representations and mechanisms to derive 

the laryngeal contrasts and alternations.  These proposals make different predictions 

regarding voicing assimilation across words, and therefore the phonetic realization of 

word-initial stops.  In many cases the details of the phonetic component are not fully 

explicated and problems arise when one tries to map the proposed laryngeal features to 

the phonetic correlates found in the acoustic studies reviewed above and presented here.  

These proposals are reviewed below and the different predictions for assimilation across 

words.  

2.3.1 Inkelas & Orgun (1995) 

Inkelas & Orgun (1995) account for the orthographic alternations and non-

alternations of voicing within a Lexical Phonology framework.  They assume that non-
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alternating stops are specified in the lexical representation as [± voice], respectively.  The 

alternating stops are underspecified, and voicing is specified through feature filling rules 

that assign [+voice] to stops in onset position and [-voice] in coda position.  Alternating 

stops are, at the output of the phonology, completely featurally indistinct from the non-

alternating voiceless stops in word-final position and non-alternating voiced stops 

intervocalically.  Although Inkelas & Orgun do not address the phonetic implementation 

of stop voicing, any implementation stage would derive the complete neutralization of 

alternating stops, since the features are the same as the non-alternating counterpart.  

However, the stage in which the featuring filling rules apply has consequences for 

deriving voicing assimilations across words.  Their proposal is reviewed below, and the 

consequences on the implementation of word-initial stops in a post-consonantal context. 

Alternating stops are underspecified and a default specification is filled in by 

syllable position, namely that the default in coda position is [-voice], and [+voice] in 

onset position.  In (2.8) below, Inkelas & Orgun propose a bimoraic size condition that 

applies a word boundary at Level 1.  The bimoraic size condition is grounded in data 

collected from CV syllables which they argue are lengthened to CVV; in addition, velar 

deletion does not occur in monosyllables and non-alternating stops often occur in 

monosyllables.  Inkelas & Orgun, therefore, argue that consonants within the minimal 

word are consonants are invisible to phonological rules at later levels.  The alternating 

word-final stop in the polysyllable kitap~kitabı, is outside of the bimoraic word boundary 

and therefore, subject to phonological rules at subsequent levels.  
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(2.8)  Alternating stops (Inkelas & Orgun 1995). 
 a. /kitaB/  b. /kitaB/  c. /t͡ʃot ͡ʃuK/ 

Level 1  [kita]B   [kita]B      [t͡ʃot͡ʃu]K     BIMORAIC CONDITION  
Level 3 14 --------   [[kita]B +ɨ]     [t͡ʃot͡ʃu]K+u]      VELAR DELETION  
Phrasal level [ki.tap] φ  [ki.ta.bɨ]φ     [t ͡ʃo.t ͡ʃu.u] φ 

 
In example 2.9, Inkelas & Orgun (1995) propose that non-alternating stops are 

specified for [± voice], respectively, in the input and structure filling rules do not apply as 

in examples 2.9(a-b).  For the non-alternating stop that ends in a voiceless velar ek~eki, 

velar deletion cannot apply, since the velar is inside the minimal word boundary and 

invisible to any phonological rules at later levels. 

(2.9) Non-alternating stops. 
a.  Word-final position. 

/ad/  /at/  /ek/ 
Level 1  [ad]  [at]  [ek]      BIMORAIC CONDITION 
Level 3  -----  ----  ---- 
Phrasal level -----  ----  ---- 
  [ad]  [at]  [ek] 
 
b.  Pre-vocalic position. 

 /ad/  /at/  /ek/ 
Level 1  [ad]  [at]  [ek]    BIMORAIC CONDITION 
Level 3  [[ad]+a] [[at]+a] [ek]+i  VELAR DELETION 
Phrasal level -----  -----  ---- 
  [a.da]  [a.ta]  [e.ki] 

Inkelas & Orgun (1995) propose that these structure filling rules apply at the 

phrasal level, since Kaisse (1992) provided anecdotal evidence that final stops are re-

syllabified before a vowel-initial word and voiced in the onset.  Thus, Inkelas & Orgun 

propose that coda devoicing and onset voicing occurs after all syllabification has 

occurred.15 

                                                

14Level 2 affixes are verbal affixes. 
15 Wilson (2003) finds only 3 of 84 tokens in which an orthographically voiceless word-final stop (one 
token was an alternating stop) was resyllabified and voiced in the onset.  However, he points out that this 
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 (2.10)  Resyllabification and voicing (Kaisse 1992). 
[kitap oku-jor-um]  [kita.bokujorum]  

   book read-PRES.PROG-1ST.SG 
   "I read books." 

While their analysis derives the voicing of alternating stops in word-final position, 

their account will incorrectly predict that voicing occurs in consonant-initial affixes.  For 

example, a stem like kitap will be underspecified for voicing, and there will be no voicing 

specification with which to agree, since structure filling rules do not occur until the 

phrasal level.  At the phrasal level, syllabification occurs, and two consonants will appear 

as a coda and onset.  Structure filling rules will assign [-voice] to the coda, and [+voice] 

to the onset, deriving (2.11), which is incorrect. 

(2.11) Alternating stops before consonant-initial suffixes. 
 [kita]Blevel 1 
 [kita]B+Da]level x 
         *[ki.tap.da]φ 

Voicing assimilation should then occur at the phrasal level, after the structure-

filling rule assigns [-voice] to the coda, but before the onset has been assigned a [-voice] 

feature.  If this is the case, then voicing alternations would be expected to occur across 

word boundaries as well.  Voicing assimilation across words would be a progressive 

featural assimilation, producing a sequence of two [-voice] or [+voice] segments (i.e.,                   

[-voice]#[+voice]  [-voice]#[-voice], and [+voice]#[-voice]  [+voice]#[+voice].) 

Although Inkelas & Orgun (1995) do not address the phonetic implementation of 

[voice] as prevoiced and voiceless aspirated, presumably there is a language-specific 

phonetics which implements [+voice] as prevoiced, and [-voice] as voiceless aspirated - 

                                                                                                                                            

may be due to the elicitation method (within the carrier phrase "bir ___ istiyorum", I want a ____,), which 
may have drawn their attention to the words under study, and suggests that resyllabification may be more 
common in everyday speech. 
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the assumed implementation of stops in Turkish (Lewis 1967, Underhill 1976, Kornfilt 

1997).  The output sequences [+voiced]#[+voice] would then be implemented as 

prevoiced with no aspiration, and [-voice]#[-voice] as voiceless aspirated.  While the data 

from an acoustic study presented in this chapter demonstrates that orthographically 

voiced word-initial stops in a voiceless context are devoiced, a perception study 

demonstrates that this devoicing is non-neutralizing.  In addition, orthographically 

voiceless stops do not voice following voiced segments.  Therefore, Chapter 3 argues that 

the devoicing in a voiceless context is the result of the task-dynamic phonetics, rather 

than a phonological process.  

The previous discussion demonstrates that the assumed features and processes by 

which voicing assimilations and featuring filling occur make predictions on the direction 

of assimilation across words and, as a result, the phonetic implementation of these stops.  

The same arguments apply to non-derivational accounts of voicing alternations, such as 

Optimality Theory, and even more so for accounts which do not assume a separate 

language-specific phonetic implementation stage of voicing.  The following section turns 

to Optimality Theory accounts of laryngeal assimilations and neutralizations. 

2.3.2 Optimality theoretic accounts of voicing alternations 

Within Optimality Theory (Prince & Smolensky 1993), constraints are evaluated 

simultaneously, and as Lombardi (1999) discusses, the formulation of laryngeal features 

and the proposed constraints and the ranking of these constraints to produce a particular 

contrast or neutralization make predictions on the direction of voicing assimilations 

across words.  Proposals that argue for phonetic transparency, then, make explicit 

predictions about the phonetic realization of stops in different contexts.  As will be 
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discussed, Petrova et al.'s (2006) proposal cannot accurately account for the complete and 

incomplete neutralizations of stops in Turkish, without assuming a default feature filling 

or laryngeal setting for unspecified stops.  As is argued in Chapter 3, a phonetic 

implementation stage of voicing is necessary, regardless of the phonetic transparency of 

laryngeal features, in order to correctly derive Turkish laryngeal contrasts and 

alternations.  First, Kallestinova's proposal is reviewed, who proposes binary [voice] and 

[spread glottis] features to derive the Turkish voicing contrasts and alternations.  The 

mapping of her proposed features to the acoustic findings (presented above) is discussed, 

followed by a review Petrova et al. (2006)'s proposal, who build on Kallestinova (2004). 

2.3.2.1 Kallestinova (2004) 

Kallestinova (2004) proposes an analysis of Turkish stops using a combination of 

[voice] and [spread glottis] binary features to account for the contrasts in word-initial and 

word-final position.  She proposes that the output of an OT phonology results in a two-

way featural contrast in word-initial position, while in word-final position there is a three-

way featural contrast.  However, as mentioned in section 2.2, a three-way contrast is not 

maintained in the acoustic output.  The mapping of her proposed optimal features to the 

acoustic realization of stops and the problems therein is discussed below. 

The tableaux below demonstrate how a three-way contrast in word-final position 

arises for the non-alternating and alternating stops.  ID-IOROOT is ranked above *VOICE 

and *SPREADGLOTTIS (*SG, henceforth), so that the optimal output is faithful to the input 

laryngeal features.  An optimal output of [+voice, -sg] maps to a non-alternating voiced 

stop as in tableau 2.1; [-voice, -sg] maps to an alternating stop, and [-voice, +sg] maps to 

a non-alternating voiceless stops as in tableaux 2.2-3.  Voiced aspirated stops do not 
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occur in Turkish, and therefore *[+voice][+sg] is argued to be undominated, which will 

rule out any [+voice, +sg] candidates (in any context). 

Tableau 2.1.  Non-alternating voiced stops in word-final position16.  
/ad/ *VOI/SG ID-IOROOT *VOICE *SG 
a.  
ad 

  *  

b.  at  *!   
c.  atsg  *!  * 
d.  adsg *! * * * 

 
Tableau 2.2.  Alternating stops in word-final position. 

/kap/ *VOI/SG ID-IOROOT *VOICE *SG 
a.  kap     
b.  kab  *! *  
c.  kapsg  *!  * 
d.  kabsg *! * * * 

 
Tableau 2.3.  Non-alternating voiceless stops in word-final position. 

/atsg/ *VOI/SG ID-IOROOT *VOICE *SG 
a.  atsg    * 
b.  at  *!   
c.  ad  *! *  
d.  adsg *! * * * 

Non-alternating voiceless stops and alternating stops in word-final position are 

therefore distinguished by the [spread glottis] feature.  However, she found no significant 

difference for aspiration length between voiced and voiceless stops, and other acoustic 

studies (Kopkallı 1993, Wilson 2003) demonstrate that there is complete neutralization 

for these two stops for acoustic correlates.  In her proposal, then, a featural contrast is 

produced which is not maintained in the acoustic output.  

The fact that non-alternating voiceless stops are not voiced intervocalically is due 

to a ranking of ID-IOSG over PASSIVEVOICE (voicing between sonorants); an input of   

                                                

16 Tableaux reproduced from Kallestinova (2004). 
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[-voice, +sg] will not voice intervocalically (tableau 2.4), because a change to [+voice] 

(candidate 2.4d) will be ruled out by the undominated markedness constraint *[+voice,   

+ sg].  Therefore, the optimal output is the fully faithful candidate and is aspirated in 

intervocalic position (i.e., non-alternating voiceless stops).  An input of [+ voice, -sg] 

consonant will remain voiced (tableau 2.5), since the faithful candidate satisfies the 

markedness constraints PASSIVEVOICE and *VOICE/SG.  An input of [-voice, -sg] will 

result in an optimal output of [+voice, -sg] as PASSIVEVOICE is ranked above, ID-IOROOT 

and *VOICE as in tableau 2.6. 

Tableau 2.4.  Non-alternating voiceless stops in intervocalic position. 
 /atsg/-ɨ *VOI/SG ID-IOSG PASSIVEVOICE ID-IOROOT *VOICE *SG 

a.  atsgɨ   *   * 

b.  adɨ  *!  ** *  

c.  atɨ  *! * *   

d.  adsgɨ *!   * * * 
 
Tableau 2.5.  Non-alternating voiced stops intervocalic position. 

/ad/-ɨ *VOI/SG ID-IOSG PASSIVEVOICE ID-IOROOT *VOICE *SG 

a.  adɨ     *  

b.  atɨ   *! *   

c.  atsgɨ  *! * **  * 

d.  adsgɨ *! *  * * * 
 
Tableau 2.6.  Alternating stops in intervocalic position. 

/kap/-ɨ *VOI/SG ID-IOSG PASSIVEVOICE ID-IOROOT *VOICE *SG 

a.  kapɨ  * *!    

b.  kabɨ    * *  

c.  kapsgɨ  *! * *  * 

d.  kabsgɨ *! *  ** * * 

Turning to word-initial position, VOICEONSET is ranked above ID-IOroot and 

*VOICE in order to produce a two-way contrast.  An input of [+voice, -sg] or [-voice, - sg] 
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both result in an optimal output of [+voice], as shown in tableaux 2.7-8.  An input of      

[-voice, +sg] results in a faithful candidate, as ID-IOSG is ranked above VOICEONSET, 

which requires onsets to be voiced in the initial syllable. 

(2.12) VOICEONSET (Kallestinova 2004). 
       A stop in initial syllable is [+voice]. 

 
Tableau 2.7. [-voice, -sg] arises as [+voice] in initial position. 

/pul/ *VOI/SG ID-IOSG VOICEONSET ID-IOROOT *VOICE *SG 
a.  pul   *!    
b.  psgul  *! *   * 
c.  bul    * *  
d.  bsgul *!   * * * 

 
Tableau 2.8. [+voice, -sg] arises as [+voice] in initial position. 

/bul/ *VOI/SG ID-IOSG VOICEONSET ID-IOROOT *VOICE *SG 
a.  bul     *  
b.  pul   *! *   
c.  psg ul  *! *   * 
d.  bsgul *!   * * * 

 
Tableau 2.9. [-voice, +sg] arises as aspirated initial position. 

/psgul/ *VOI/SG ID-IOSG VOICEONSET ID-IOROOT *VOICE *SG 
a.  psgul   *   * 
b.  pul  *! * *   
c.  bul  *!  * *  
d.  bsgul *!   * * * 

The table below summarizes the optimal output features proposed by Kallestinova 

for stops in word-initial vs. word-final position.  Orthographically voiced stops are 

featurally defined as [+voice]; this is the case for word-initial stops, non-alternating 

voiced stops, and alternating stops in an intervocalic position.  The variable prevoicing 

found in phrase-initial position and word-final position is easily explained as a result of 

the difficulty in voicing at the beginning of an utterance and at the end of a word 

(Westbury & Keating 1983), and therefore part of the task-dynamic phonetics.  However, 

in word-final position, there is a featural distinction of [±sg] between alternating and non-
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alternating stops, despite the fact that aspiration was not significantly different between 

these two classes of stops in her study, nor for any other acoustic correlate. 

Table 2.3. Input~output feature mapping across contexts (Kallestinova 2004). 
Input Optimal word-initial 

output 
Optimal word-final 
output 

Optimal root-final 
intervocalic output 

[+voice, -sg] [+voice, -sg] 
i.e., "b" 

[+voice, -sg] 
i.e., non-alternating 
voiced 

same 

[-voice, -sg] [+voice, -sg] 
i.e., "b" 

[-voice, -sg] 
i.e., alternating stops 
kap 

[+voice, -sg] 
i.e., alternating stop 
kabı 

[-voice, +sg] [-voice, +sg] 
i.e., "p" 

[-voice, +sg] 
i.e., non-alternating 
voiceless 

same 

In order to derive the alternation of consonant-initial affixes, a constraint 

SHAREVOICE requires that the voicing feature be shared.  Because ID-IOSG is ranked 

above SHAREVOICE, a non-alternating voiceless stop will arise optimally as aspirated in a 

consonant cluster, since candidates (2.10c-d), which are [-voice -sg] or [+voice, -sg], both 

fatally violate the ID-IOSG constraint. 

Tableau 2.10.  Non-alternating voiceless before a consonant-initial affix. 
/at sg-tan/ *VOICE/SG ID-IOSG SHAREVOI PASSIVEVOICE ID-IO 

 ROOT 
*VOI *SG 

 a.  at sgtan       * 
b.  atsgtsgan  *!     ** 
c.  attan  *!   *   
d.  addan  *!   * **  
e.  atsg dan   *!   * * 

An alternating root-final stop (with an input of [-voice, -sg]) is proposed to remain 

as such, since a change to [+sg] will fatally violate ID-IOSG.  In tableau 2.11, a 

consonant-initial affix following a non-alternating voiced stop will arise as [+voice], 

since neither the markedness constraint SHAREVoice, nor the constraint requiring 

faithfulness to a consonant in the root, ID-IOROOT, is violated.  Regressive voicing does 
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not occur when a non-alternating voiced stop is followed by a voiced consonant-initial 

stop, since ID-IOROOT is fatally violated when a change to the root laryngeal feature 

occurs, as in candidate (2.12b-c); candidates which do not agree in voicing fatally violate 

SHAREVoice, as in candidates (2.12d-e). 

Tableau 2.11.  Alternating consonants before a consonant-initial affix. 
/kap-tan/ *VOICE/SG IO-IOSG SHAREVOI PASSIVEVOICE ID-IO 

 ROOT 
*VOI *SG 

a.  kaptan       * 
b.  kaptsgan  *!     ** 
c.  kapsgtan  *!   *   
d.  kabdan  *!   * **  
e.  kapsgdan   *!   * * 
f.  kapsgtsgan  *!*      

 
Tableau 2.12.  Non-alternating voiced consonants before a consonant-initial affix. 

/ad-tan/ *VOICE/SG ID-IOSG SHAREVOI PASSIVEVOICE ID-IO 
 ROOT 

*VOI *SG 

a.  addan      **  
b.  attan     *!   
c.  attsgan  *!   *  * 
d.  adtsgan  *! *   * * 
e.  adtan   *!   *  

Based on her acoustic data, Kallestinova argues that alternating suffixes are 

voiceless unaspirated, and therefore [-voice, -sg], while non-alternating -ki and -ken are 

aspirated and therefore [-voice, +sg] (however, see discussion of VOT for these two 

affixes in section 2.2).  Non-alternating affixes which are defined as having an input of   

[-voice, +sg] will not agree in voicing with the root, as ID-IOSG is ranked above 

SHAREVoice, thus ruling out the candidate which agrees in voicing.  She also finds that the 

nonce form, ad-ki,(a non-alternating voiced stop), the non-alternating voiced stop is 

devoiced, and argues that ID-IOSG is ranked above SHAREVoice, which result in regressive 

voicing assimilation.  However, the lack of prevoicing in non-alternating stops could be 
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due to the fact that non-alternating voiced stops often lack prevoicing overall, as found by 

Wilson (2003) rather than a featural assimilation. 

Tableau 2.13.  Regressive assimilation with a non-alternating suffix. 
/ad-ksg ɨ/ *VOICE/SG ID-IOSG SHAREVOI PASSIVEVOICE ID-IO 

 ROOT 
*VOI *SG 

a.  adkɨ  *! *   *  

b.  atkɨ  *!   *   

c.  atksgɨ     *  * 

d.  adtsgɨ   *!   * * 

Her proposal for alternating vs. non-alternating affixes mirrors her proposal for 

root-final stops, in that alternating stops are distinguished by the [sg] feature, and a 

ranking of the faithfulness to the [sg] feature above markedness constraints (SHAREvoice 

and PASSIVEVOICE) rules out candidates that alter this feature.  However, acoustic studies 

demonstrate that there is complete neutralization in word-final position (see table 2.2 

above).  Additionally, it is unclear that the difference in VOT between alternating and 

non-alternating suffixes constitutes a voiceless unaspirated vs. voiceless aspirated 

difference.  In word-initial position, however, the acoustic data do demonstrate a 

significant difference in aspiration between orthographically voiced and voiceless stops, 

suggesting that [spread glottis] is the contrasting feature; instead, [+voice] is used in 

addition to [spread glottis].  This falls out because, overall, she attempts to derive a three-

way featural contrast in word-final position, and the [spread glottis] feature is used to 

distinguish non-alternating voiceless stops from alternating voiceless stops, leaving 

[voice] to define orthographically voiced stops.  However, as mentioned, the non-

alternating stops have been argued to be limited to monosyllables or to be less common 

and frequent in the lexicon, and therefore it is possible that some mechanism other than 

features may be used to distinguish the non-alternating stops from alternating stops.  If an 
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alternate explanation of non-alternating stops is possible, then aspiration, either as an 

phonetic implementation of [±voice] or a feature [±spread glottis]) could then be the 

distinguishing correlate of stops in Turkish, as is suggested by her acoustic data. 

2.3.2.2 Petrova, Plapp, Ringen, and Szentgyörgyi (2006) 

Petrova et al. (2006) build on Kallestinova's work, however, they argue for a 

narrow interpretation of privative laryngeal features to account for the difference in 

implementation of stops across languages.  They follow Kallestinova, in that Turkish is 

proposed to have an asymmetry of a two-way vs. three-way laryngeal contrast in word-

initial and word-final, respectively.  They propose that non-alternating voiced stops are 

[voice], a non-alternating voiceless stop is [spread glottis], and an alternating stop is 

unspecified, with the voicing specified in the phonetic grammar. 

Table 2.4. Feature specifications for word-final position (Petrova et al. 2006). 
Orthography Feature 

Specification 
Optimal Output 

a.  ad~adı17 [voice]  /ad/      [ad] 
b.  at~atı [spread glottis] /at sg/  [at sg] 
c.  kap~kabı unspecified /kaP/ [kap]~ [kapı]* 

        *gradiently voiced in the "phonetic grammar." 

They propose that the features are narrowly interpreted so that stops with an 

optimal [voice] feature results in a prevoiced stop and an optimal [spread glottis] will 

result in a voiceless aspirated stop.  The voicing of stops that arise optimally as 

unspecified (table 2.4c) is determined through a phonetic grammar, whereby voicing 

occurs intervocalically and voiceless stops occur in phrase-initial and word-final position.  

The differences between languages are proposed to be the result of language-specific 

                                                

17 I write a capital P for an input of an unspecified stop, and a plain p for an unspecified candidate/output.  
There is no [-voice] with privative features, a [voice] stop is written as d, and a [spread glottis] as a 
superscript [psg]. 
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rankings of constraints on laryngeal features, such that a language which implements a 

contrast of prevoiced vs. voiceless unaspirated will have a [voice] vs. unspecified, a 

language with a voiceless unaspirated vs. voiceless aspirated will have an optimal output 

of unspecified vs. [spread glottis].  For Turkish, which is assumed to implement a two-

way contrast as prevoiced vs. voiceless aspirated, an optimal output of [voice] and 

[spread glottis] in initial position derives the prevoiced vs. voiceless aspirated 

implementation.  Thus, the different optimal results across languages will derive the 

different implementations of stops.  

To derive the three-way contrast in word-final position, faithfulness constraints to 

laryngeal features are ranked above markedness constraints, so that the non-alternating 

voiced and voiceless stops arise faithfully in both word-final position and before a vowel-

initial suffix.  In tableaux 2.14-15, an input of [voice] arises faithfully, as does an input of 

[spread glottis]. 

Tableau 2.14.  Non-alternating voiced stops in word-final position. 
a/d/ IDSG IDVOI *SG *VOICE 
a.  atsg *! * *  
b.  ad    * 
c.  at  *!   

  
Tableau 2.15.  Non-alternating voiced stops in intervocalic position. 

a/d/ + ɨ IDSG IDVOI *SG *VOICE 

a.  atsgɨ *! * *  

b.  adɨ    * 

c.  atɨ  *!   
 
Tableau 2.16.  Non-alternating voiceless stops in word-final position. 

a/t sg/  IDSG IDVOI *SG *VOICE 
a.  at sg   *  
b.  at *!    
c.  ad *! *  * 
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Tableau 2.17.  Non-alternating voiceless stops in intervocalic position. 
a/t sg /+ ɨ IDSG IDVOI *SG *VOICE 

a.  at sgɨ    *  

b.  atɨ *!    

c.  adɨ *! *  * 
 

Any change to an unspecified stop (i.e., alternating stops) results in a fatal 

violation of the faithfulness constraints and the optimal output is an unspecified stop in 

both word-final position and before a vowel-initial suffix(tableaux 2.18-19).  Petrova et 

al. (2006) argue that the voicing is derived within a phonetic grammar, such that 

"PASSIVEVOICE yields [kabɨ]", (a voiced stop in intervocalic position), and "are voiceless 

in word-final position" (p 27). 

Tableau 2.18.  Alternating stops in word-final position. 
ka/p/ IDSG IDVOI *SG *VOICE 
a.  kapsg *!  *  
b.  kab  *!  * 
c.  kap     

 
Tableau 2.19.  Alternating stops in intervocalic position. 

ka/p/+ ɨ IDsg IDVOI *sg *voice 

a.  kapsgɨ *!  *  

b.  kapɨ*     

c.  kabɨ *! *  * 
*PASSIVEVOICE in the phonetics yields [kabɨ]. 

While deriving these processes in a phonetic grammar seem probable from a 

phonetic point of view, this analysis is problematic within the overall phonology and 

phonetics of Turkish voicing.  Firstly, intervocalic voicing cannot be a phonetic process, 

as velars are deleted in this context.  Velar deletion and epenthesis ([tʃodʒuk] child, 

[tʃodʒu-um] child-1ST SG.POSS) is a well-known Opacity problem in OT (Kager 1999).  In 
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an attempt to solve this problem by hypothesizing that velars do not delete but rather 

lenite, Feizollahi (ms) conducted an acoustic study of velars in intervocalic position.  No 

evidence of a velar or a lenited glide was found across a morpheme boundary. (See 

appendix A for a spectrogram of a deleted velar.) There is no evidence that the phonetic 

grammar can manipulate segments, and we, therefore, conclude that velar deletion is a 

phonological alternation.  This deletion would be the result of ranking both 

PASSIVEVOICE, which requires a voiced stop in intervocalic position, and a markedness 

constraint on voiced velars, *G, which penalizes voiced velars in non-initial position, 

over MAX, which disallows deletions.  Therefore, PASSIVEVOICE must be a constraint in 

the phonology to produce velar deletion. 

And lastly, as mentioned, there is complete neutralization of orthographically 

voiceless stops (i.e., alternating and non-alternating voiceless stops) and this should be 

derived by some mechanism.  The two stops should be rendered equivalent in terms of 

laryngeal state (either through feature filling or a default laryngeal abduction gesture for 

obstruents).  While default features filling rules by syllable position have been proposed, 

as in Inkelas & Orgun's (1995) proposal within a Lexical Phonology framework, this 

seems as if complete neutralization processes such as final devoicing and intervocalic are 

delegated to a phonetic implementation stage, while language-specific phonetic 

differences are derived within a phonological grammar.  As we will see below and in the 

following chapter, allowing unspecified stops in word-final position has consequences for 

the voicing of consonant clusters across words, and additional default rules must be 

proposed in order to derive the complete and incomplete neutralizations.  It seems, then, 
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that a separate phonetic implementation stage is needed regardless of the phonetic 

transparency of laryngeal features. 

Turning to word-initial position, it is argued that there is only a two-way contrast.  

Petrova et al. use an undominated positional constraint, SPECIFY-σ1, which requires 

laryngeal specification for stops in the initial syllable.  This constraint rules out any 

unspecified stop in word-initial position, thus deriving the prevoiced vs. voiceless 

aspirated implementation of stops in Turkish.  

(2.13) SPECIFY-σ1 
A stop in the initial syllable must be specified for laryngeal features. 

 In tableau 2.21-23, an input of [sg] and [voice] arise as optimal, since the faithful 

candidates satisfy SPECIFY-σ1, which is ranked above the markedness constraints of these 

features.  However, an unspecified stop will result in a [voice] feature, since SPECIFY-σ1 

is ranked above faithfulness to the [voice] feature, but not above the faithfulness 

constraint to the [sg] feature.  

 Tableau 2.21.  Aspirated stops arise as [spread glottis]. 
/psgul/ SPECIFY - σ IDSG IDVOICE *SG *VOICE 
a.  pul *!     
b.  bul  *! *  * 
c.  psgul    *  

 
Tableau 2.22.  Voiced stops arise as [voice]. 

/bul/ SPECIFY - σ IDSG IDVOICE *SG *VOICE 
a.  pul *!  *   
b.  bul     * 
c.  psgul    *! * *  

 
Tableau 2.23.  Unspecified stops arise as [spread glottis]. 

/pul/ SPECIFY-σ1 IDSG IDVOICE *SG *VOICE 
a.  pul *!     
b.  bul   *  * 
c.  psgul  *! * *  
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The constraint requiring a laryngeal feature in initial position will have 

consequences for voicing assimilation across words.  Voicing assimilation within words 

occurs as a result of AGREE(VOICE) and IDROOT ranked above general faithfulness to 

[voice], IDVOICE.  In tableau 2.24, non-alternating voiced stops result in a voiced 

consonant-initial affix; in tableau 2.25, an alternating stop will result in an optimal output 

of a voiceless cluster, as does the non-alternating voiceless stop in tableau 2.26. 

Tableau 2.24 Root-affix voicing assimilation.18  
/ad + tan/ AGREE(VOI) IDSG IDROOT IDVOI *SG *VOICE 
a.  ad+tan *!     ** 
 b.  ad+dan    *  * 
c.  at+tan   *! *   

 
Tableau 2.25 Root-affix voiceless assimilation. 

/kap+dan/ AGREE(VOI) IDSG IDROOT IDVOI *SG *VOICE 
a.  kap+dan *!      
b.  kap+tan    *   
c.  kab+dan   *! *  ** 

 
Tableau 2.26 Root-affix voiceless assimilation. 

 /atsg+dan/ AGREE(VOI) IDSG IDROOT IDVOI *SG *VOICE 
a.  atsg+dan *!    *  
b. atsg+tan    * *  
c.  at + dan  *! * *  ** 
d.  atsg + tsgan  *!   **  

Across words, however, the undominated SPECIFY-σ1 constraint will result in 

regressive assimilation when a non-alternating voiced stop is followed by a voiceless 

                                                

18 ID[sg] is ranked above IDROOT, because Petrova et al. (2006) follow Kallestinova in distinguishing non-
alternating suffix -ki, from alternating suffixes by the [sg] feature.  

Tableau 2.A Non-alternating suffix following a non-alternating voiced stop. 
/ad + ksgi / AGREE(VOI) IDSG IDROOT IDVOI *SG *VOICE 
a.  ad + ksgi *!    * * 
b.  ad+gi  *!  *  * 
c.  at+ ksgi   * * *  
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word-initial stop (tableau 2.27), and when a word-final alternating stop is followed by an 

orthographically voiced stop in word-initial position (tableau 2.28).  

Tableau 2.27.  Regressive voicing across words. 
/b#tsg/ SPECIFY-σ1 AGREE(VOI) IDSG IDROOT IDVOI *SG *VOICE 
a.  b#tsg  *!      
b.  p#tsg    * *   
c.  b#d  *  **    
d.  b#t *! *  * *  ** 

 
Tableau 2.28.  Regressive assimilation. 

/p#d/ SPECIFY-σ1 AGREE(VOI) IDSG IDROOT IDVOI *SG *VOICE 
a.  p#d  *!  *    
b.  p#t *!    *   
c.  b#d    * *  ** 

However, no assimilation will occur between a non-alternating voiceless stop and 

a word-initial voiced stop.  

Tableau 2.29.  No assimilation between a non-alternating voiceless stop and a word-
initial voiced stop. 

tsg#d SPECIFY-σ1 AGREE(VOI) IDSG IDROOT IDVOI *SG *VOICE 
a.  tsg#d  *      
b.  tsg#t *   * *   
c.  d#d   * **    
d.  d#t *! * * * *  ** 

There is no evidence to suggest that alternating voiceless stops and non-

alternating stops behave differently with regards to direction of voicing assimilation.  

Wilson (2003) studied alternating stops before a voiced velar and found no significant 

difference between non-alternating voiceless stops. Therefore, we can assume that there 

is no difference between these stops, as is predicted by Petrova et al.'s proposal.  

Regressive voicing assimilation is also contrary to the prediction made by a Lexical 

Phonology account (using Inkelas & Orgun's account of voicing alternations), which 

predicts progressive assimilation across words. 
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While the re-ranking of constraints could be proposed, or additional constraints to 

prevent this distinction, unspecified stops or clusters arise with any constraint.  Proposing 

that unspecified stops have a default laryngeal abduction state for stops is plausible, 

however, this seems to undermine their attempt to account for the phonetic 

implementation of voicing across languages within the phonological grammar.  If a 

component that fills in default specifications is needed to account for the behavior of 

complete neutralization anyway, then perhaps this component could also account for the 

difference across languages, given that deriving the phonological alternations using 

unspecified stops in Turkish is somewhat problematic.  Chapter 3 further discusses the 

problems with allowing unspecified stops, and narrow interpretation of privative features 

in Turkish, after presenting a study on clusters across words. 

2.3.3 Unresolved issues 

There are several unresolved issues with respect to the proposals discussed above: 

First, the direction of laryngeal assimilations across words is conflictingly predicted to 

occur regressively or progressively depending on the proposal and framework.  And 

secondly, the contrasting feature for orthographically voiced and voiceless stops in 

Turkish is highly debated, however, the acoustic literature reviewed in section 2.2 above 

suggest that length of aspiration, as opposed to prevoicing, is the distinguishing acoustic 

correlate.  In the sections below, an acoustic study of voicing and aspiration of 

consonants across word-boundaries is presented.  Chapter 3 then proposes a phonetic and 

phonological analysis for the acoustic studies reviewed above and presented here.  
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2.4 Experiment 1 - production 

2.4.1 Hypotheses 

2.4.1.1 Hypothesis 1 

 Voicing assimilation, which occurs within words, also occurs across words, as 

predicted by Lexical Phonological accounts of Turkish. 

2.4.1.2 Hypothesis 2 

  Aspiration is the contrasting feature in initial position for the voiced~voiceless 

contrast in Turkish. 

2.4.2 Data collection & methodology 

Four native speakers of Turkish were recorded in a lab with an Audio Technica 

microphone and a USB pre-amp sound device using Praat (Boersma 2007) on an iMac 

computer.  Three were native to Istanbul, Turkey, and one to Ankara, Turkey; A fifth 

speaker began the recording session but could not complete the study and therefore was 

not analyzed.19  The speakers were asked to pronounce five repetitions for each sentence 

presented on a computer screen.  

The sentences combined words that ended in voiced and voiceless word-final 

consonants (C1), followed by voiced and voiceless word-initial stops (C2).  Because most 

word-final stops are voiceless, sonorants [m, n, j, l] and one voiced obstruent [z] were the 

only voiced consonants in C1 position.  The voiceless consonants were [p, t, k, ʃ].  The 

word-initial consonants (C2) were orthographically voiceless stops, [p, t, k], and 

orthographically voiced stops, [b, d, g].  Because Turkish is an verb final language 

                                                

19 Although there are differences in dialect according to geographical region, the Istanbul and Ankara 
dialect do not differ greatly, and no differences were found between the subject from Ankara and those 
from Istanbul. 
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(Subject-Object-Verb), the tokens involved either an object-verb sequence or a subject-

verb sequence.  Words were chosen for semantic naturalness and verbs that would allow 

a non-specific object.  Specific objects are marked for case, and most affixes that mark 

case end in a vowel, which would no longer juxtapose a word-final voiceless consonant 

with a word-initial consonant.  Thus, when necessary, C1 was the word-final consonant 

of a topicalized subject, as this moves the subject to pre-verbal position, but does not 

require a case marker.  The noun-verb tokens were placed in a full sentence that 

contextualized the sentences, as in sentence (2.14) (see appendix B for a full list of 

sentences.) 

(2.14) Köye gidip, kuş gördüm. 
   village-to went, birds saw-1stsg.  
  I went to the village, and saw birds. 

The recordings were analyzed using Praat (Boersma 2007), by annotating the 

closure, aspiration, and voicing during the sequence of consonants.  The start of the 

closure was measured at the location where the amplitude of the waveform sharply 

decreased and where the formants of the previous vowel or sonorant ended.  Aspiration 

was measured from the release burst to the beginning of a regular repeating waveform 

(i.e., glottal pulsation).  Voicing was also analyzed on a separate tier from the beginning 

of C1 until the glottal pulses died out or decreased in amplitude equivalent to the 

background noise.  Amplitude of the waveform, shape of the waveform (i.e., a 

recognizable repeating pattern), and Praat's Linear Predictive Coding (LPC) algorithm for 

pitch were used to determine voicing.  For example, if Praat found that voicing extended 

into the closure, but amplitude was very low and no pattern could be found, then no 

voicing was considered to be present.  If, on the other hand, Praat did find voicing and a 
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regular pattern could be found, then this was considered to be voicing and was annotated 

in the TextGrid.  

A script was written to analyze the percentage of voicing during the closure and 

the duration of aspiration in milliseconds.  All results were written into a text file, which 

was then used for statistical analysis in SPSS. 

2.4.3 Results 

2.4.3.1 Hypothesis 1 – voicing 

Hypothesis 1 predicts that only underlying voicing of C1 will affect the 

percentage of voicing in C2, namely that in a voiceless context (/T#_/ hereafter) both 

orthographically voiced and voiceless C2 will be realized as voiceless.  Likewise, in a 

voiced context (/M#_/ hereafter)20, voiced and voiceless C2 will be realized as voiced. 

As figure 2.1, below, demonstrates, an orthographically voiced C2 has almost no 

voicing in a voiceless context.  For three of the four speakers, a t-test found no significant 

difference in mean percentage of voicing between orthographically voiced and voiceless 

C2 in a /T#_/ context.  For Speaker 1, there was a significant difference (p = 0.017)21, 

however, this was in the direction of more voicing for the orthographically voiceless C2.  

Thus, C2 does seem to assimilate in voicing following a voiceless consonant.  The results 

differ somewhat with respect to the /M#_/ context.  The null hypothesis predicts that both 

voiced and voiceless C2 will be realized as voiced.  The difference between voiced C2 

and voiceless C2 is significant for all speakers. A voiceless C2 does not fully voice 

following a voiced consonant.  Thus, both underlying voicing of C1 and C2 and the 

                                                

20 The voiced obstruent cases (/z#_/) were not included in the data set, as the context had an unexpected 
result of C1 devoicing.  I discuss the results below in Section 2.2.3.2. 
21 The orthographically voiced stop actually has less voicing than the orthographically voiceless stop, thus 
confirming the overall results that orthographically voiced stops are devoicing in the voiceless context. 



 79 

interaction of underlying voicing of C1 and C2 are significant for all four speakers, 

contrary to hypothesis 1 that a voiceless C1 would assimilate in voicing (see tables 2.5-7 

for statistics). 

Figure 2.1. Mean percentage of voicing in a post-consonantal context for all speakers. 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Table 2.5. Descriptive statistics for percentage of voicing. 

 T#T T#D M#T M#D 

Speaker 1 M = 11% 
SD = 13% 

M = 5%, 
SD = 9% 

M = 49% 
SD = 31% 

M = 97% 
SD = 11% 

Speaker 2 M = 0.99% 
SD = 4% 

M = 2% 
SD = 4% 

M = 13% 
SD = 28% 

M = 99% 
SD = 7% 

Speaker 3 M = 3% 
SD = 9% 

M = 3%,  
SD = 9% 

M = 12%, 
SD = 17% 

M = 100% 
SD = 0% 

Speaker 4 M = 1%  
SD = 3% 

M = 2% 
SD = 7% 

M = 17% 
SD = 30% 

M = 99% 
SD = 6% 

 
Table 2.6. Effect of C1, C2 and the interaction of C1 and C2 on percentage of voicing. 

 C1 Factor C2 Factor Interaction 
Speaker 1 F1,222 = 645.0,   p < 0.001 F1,222 = 71.3,   p < 0.001 F1,222 = 113.4, p < 0.001 
Speaker 2 F1, 217 = 693.2,  p < 0.001 F1, 217 = 439.9, p < 0.001 F1, 217 = 423.7, p < 0.001 
Speaker 3 F1,210 = 1313.7, p < 0.001 F1,210 = 912.5, p < 0.001 F1,210 = 888.6, p < 0.001 
Speaker 4 F1,254 = 700.3,   p < 0.001 F1,254 = 383.8,  p < 0.001 F1,254 = 366.4, p <  0.001 
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Table 2.7. T-tests for mean percentage of voicing in voiced and voiceless C2. 
 T#T vs. T#D T#D vs. M#D T#T vs. M#T 
Speaker 1 t = 2.436 

df = 98  
p = 0.017 

t = -8.83 
df  = 117  
p < 0.001 

t = -8.84 
df = 76.8 
p < 0.001 

Speaker 2 t = -0.994 
df = 82.570 
p = 0.323 

t = -89.463 
df = 97.9 
p < 0.001 

t = -3.278 
df = 118 
p = 0.001 

Speaker 3 t = -0.334 
df = 98.4  
p = 0.739 

t = -82.251 
df = 96 
p < 0.001 

t = -3.774 
df = 114 
p < 0.001 

Speaker 4 t = -0.951 
df = 80.934 
p = 0.345 

t = -84.270 
df = 107.9 
p < 0.001 

t =-3.722 
df = 110 
p < 0.001 

As a control condition, word-initial stops were also recorded in a post-vocalic 

context (/V#_V/).  In an intervocalic context, orthographically voiced stops are realized 

as prevoiced.  While there is some perseverative voicing in an underlyingly voiceless 

stop, as found for the post-sonorant context, the closure is mainly realized without 

prevoicing.  The voicing in intervocalic position will be important in chapter 3, where the 

acoustic studies on Turkish voicing across contexts will be discussed in arguing for a 

phonetic account of the devoicing of orthographically voiced stops in word-initial 

position. 

Figure 2.2. Mean percentage of voicing  of stops in a post-vocalic context . 
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Table 2.8. Descriptive statistics for mean percentage of voicing in a pre-vocalic context. 
Speaker V#TV V#DV 

1 M = 26 %  
SD = 12 % 

M = 93 % 
M = 10 % 

2 M = 10 % 
SD = 15 % 

M = 100 % 
SD = 0 % 

3 M = 13 % 
SD = 22 % 

M = 100 % 
SD = 0 % 

4 M = 13 % 
SD = 10 % 

M = 100 % 
SD = 0 % 

 
Table 2.9. Effect of underlying voicing on percentage of voicing.  

Speaker ANOVA 
1 F1, 23 = 217, p < 0.001 
2 F1, 26 = 347, p < 0.001 
3 F 1, 24 = 52,   p < 0.001 
4 F 1, 29 = 387, p < 0.001 

 

2.4.3.1.1 Perseverative voicing in a voiceless C2 

The difference between voiceless C2 in the /T#_/ context and the /M#_/ context is 

also significant for all four speakers.  While perseverative voicing also occurs in the 

/T#_/ context, this voicing has a lower percentage as compared to the /M#_/ context.  In 

the /T#_/ context, C1 was a voiceless obstruent, and in many cases, there was no release 

burst of C1, thus the beginning of the closure of C2 was ambiguous.  The closure 

duration would include both C1 and C2, thus perseverative voicing in a T#T context is 

perseverative voicing into the closure of C1 and not of C2.  However, because no word-

final voiced stops were recorded, the word-final voiced C1 were sonorants: [j, m, n, l].  

The beginning of the closure can be unambiguously measured, and the perseverative 

voicing is voicing into C2. 

For Speaker 1, some tokens completely lack prevoicing, and others are 

completely prevoiced, while others lie in between.  Of the tokens that were completely 

prevoiced (a total of 12), 11 tokens followed nasals, [m, n].   
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Figure 2.3. Speaker 1 – histograms for percentage of voicing across contexts. 

 
 

For speakers 2-4, the difference in percent of voicing between the two contexts 

(/T#T/ vs. /M#T/) is only 9% - 16%.  Histograms (figures 2.4-6) for the various contexts, 

demonstrate this variance more clearly; while the M#D, T#D, and T#T contexts all lie on 

one side or the other of the graph, the M#T are spread across the graph.  

Figure 2.4. Speaker 2 – histograms for percentage of voicing across contexts. 
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Figure 2.5. Speaker 3 – histograms for percentage of voicing across contexts. 

 

Speaker 3 does not demonstrate quite such an extreme variance in the /M#T/ 

context, although there are more perseverative voicing tokens than for the /T#T/ context.  

23 tokens had a percentage of voicing greater than zero, 11 tokens were following nasals 

[n, m] and the rest following [1, j].  Speaker 4 has a wide variance of voicing for the 

/M#T/ context, much like Speaker 1, as opposed to the other three contexts; the 

percentage of voicing in C2 in the /M#T/ context can be as much as 100%.  Three out of 

four fully voiced tokens were following the bilabial nasal in C1 context [m#_]. Of the 

partially voiced tokens, four were in a nasal coronal context [n#_], while the other 13 

partially voiced tokens occurred following [j, l]. 
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Figure 2.6. Speaker 4 – histograms for percentage of voicing across contexts. 

 

Perseverative voicing following a nasal is not unexpected, as voicing can continue 

during the interval that it takes the velum to close off the nasal cavity (Pater 1999, Hayes 

& Stivers 2000).  While the passage to the nasal cavity is still partially open, there is a 

"nasal leak" (Hayes & Stivers 2000, p1); airflow will escape and allow voicing to 

continue, producing a voiced stop.  In addition, a bilabial nasal could possibly mask any 

gesture corresponding to a consonant produced with the tongue (i.e., alveolars and velars 

- three tokens) and complete overlap of bilabial stops [p]. 

The amount of variation in the percentage of voicing for a voiceless C2 in an 

/M#_/ context and the significant difference between underlying voiced and voiceless 

consonants in this context, suggests that voiceless C2 is not categorically realized as 

voiced, contrary to hypothesis 1. 
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2.4.3.2 Devoicing of the word-final fricative 

 As mentioned, the /z#_/ cases were excluded from the previous data, because a 

word-final /z/ seemed to devoice rather than cause progressive voicing assimilation.  The 

prediction was that an underlyingly voiced C1 would significantly affect the voicing of 

C2.  Instead, the reverse pattern is found for an underlyingly voiced word-final final 

fricative.  Underlying voicing of C2 is a significant factor for all speakers in predicting 

percentage of voicing in C1.  As figure 2.7, below, demonstrates, /z/ is almost entirely 

devoiced when followed by a voiceless C2 and fully voiced when followed by a voiced 

C2. (The voiced C2 was also fully voiced.) 

Figure 2.7. Mean percentage of voicing during closure in word-final /z/. 

 

Table 2.10 below summarizes the percentage of voicing in the different contexts 

for all speakers.  Speaker 1 had a mean percentage of voicing of 23% (SD = 6%) before 

voiceless stops, and 83% (SD = 23%) before voiced stops.  Speaker 1 demonstrated the 

most variation in a voiced C2 context, suggesting that the change may not be completely 

categorical.  Speakers 2-4 appear to have categorical voicing in the voiced C2 context, 

each with a mean of 100% voicing and a standard deviation of 0%.  The devoicing of /z/ 
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for speakers 2-4 is similar to that of Speaker 1: percentage of voicing reaches at most to 

30%, significantly less than in the voiced context, although not completely devoiced; the 

standard deviations for Speaker 3 had a larger standard deviation (SD = 13%) before 

voiceless stops. 

Table 2.10. Descriptive statistics for percentage of voicing in word-final /z/ across 
contexts and the effect of following consonant on percentage of voicing in /z/. 

Speaker Context 

Mean 
Voicing 
Percentage SD 

Number of 
Tokens F score 

Significance 
Level 

1 z#T 24 % 7 16 F1,28 = 94 p < 0.001 
 z#D 84 % 24 15   
2 z#T 24 % 7 15 F1, 24 = 1018 p < 0.001 
 z#D 100 % 0 10   
3 z#T 16 % 14 14 F1,26 = 579 p < 0.001 
 z#D 100 % 0 15   
4 z#T 5 % 5 20 F1, 28 = 3263 p < 0.001 
 z#D 100 % 0 11   

 
Table 2.11. Descriptive statistics for percentage of voicing in word-final fricatives and 
the effect of underlying voicing on percentage of voicing in a /V_#TV/ context. 

Speaker Context Mean SD # of tokens F Significance level 

1 ʃ#t 0 0 15 F(1, 30)  = 179.5  p < 0.001 
 z#t 23.55 6.801 16   
2 ʃ#t 0 0 15 F (1, 29) = 159.6 p < 0.001 
 z#t 24.3 7.45 15   
3 ʃ#t 0 0 16 F(1, 29)  = 21.5 p < 0.001 
 z#t 15.68 13.588 14   

4 ʃ#t 0 0 14 F (1, 33) = 12.8 p = 0.001 
 z#t 5.24 5.459 20   

 The mean difference in percentage of voicing between a voiced fricative in a 

voiceless context /z#T/ and a voiceless fricative in a voiceless context /ʃ#T/ is, however, 

significant for all speakers.  Thus, while devoicing occurs in a word-final fricative, some 

perseverative voicing into the closure is present.  The results of word-final fricatives 

demonstrate that word-final /z/ in a voiceless context /_#T/ is significantly different from 

the voiced context, as well as underlyingly voiceless fricatives in a voiceless context. 
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2.4.3.3 Discussion of hypothesis 1 - voicing 

Hypothesis 1 predicted that the direction of voicing assimilation across words 

would be progressive, and therefore that underlyingly voicing of C1 would be the 

significant factor in predicting the voicing of C2.  However, this was not the case; both 

C1 and C2 were significant factors.  Orthographically voiced stops were produced as 

voiceless in a voiceless context, but orthographically voiceless stops in C2 were not 

produced as voiced in a voiced context.  Therefore, the direction assimilation seems to be 

progressive, however only for a T#D context.  Kopkallı (1993, 2000), Wilson (2003), and 

Kallestinova (2004), for the most part, studied single consonants in either word-initial, 

word-final or intervocalic (word-medial context), as opposed to the above study, which 

investigates voicing in consonant clusters.  Their results demonstrate that in an 

intervocalic context, underlyingly voiced stops are prevoiced during the closure, while 

voiceless stops are lack voicing during the closure and have a positive voice onset time. 

Kallestinova investigated word-initial stops; words were read as a list, so the 

context is utterance-initial position.  Though percentage of voicing during the closure is 

not reported for voiceless stops, she reports that in phrase-initial position, orthographic b 

is produced as partially prevoiced, while coronals and velars mostly lack prevoicing.  The 

lack of prevoicing found by Kallestinova could be related to the fact that consonants were 

in utterance-initial position.  The results of the study presented above also demonstrate 

that prosodic position and surrounding segments crucially determine voicing during the 

closure of underlyingly voiced segments. 

Kopkallı-Yavuz (2000) reports intervocalic voiceless stops as having about 20 ms 

of voicing into the closure; with closure durations being about 80 ms, this constitutes 

only about 25% voicing during closure.  Wilson (2003) reports for alternating and non-
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alternating voiceless stops an average of 15-20 ms across contexts (i.e., in citation, before 

a vowel, and before a voiced velar: /V_#g/).  However, with duration of closure being 

between 60-150 ms, this translates into 7.5-25% of voicing during the closure.22 Their 

results are similar to the voicing found for orthographically voiceless stops in the present 

study, in which some perserverative voicing was found either into the closure of C123 or 

the closure of C2. 

As discussed in section 2.2, Wilson (2003) found that non-alternating voiced 

word-final stops are slightly more voiced with only 16%-36% of voicing during the 

closure.  This devoicing occurs in even in a pre-vocalic context, the most likely context 

for voicing to occur (Westbury & Keating 1983), devoicing also occurs in a pre-

consonantal (/_#g/) context.  This finding is in contrast the orthographically voiced word-

final fricatives ([z#g]), which were fully voiced before voiced consonants.  However, the 

present study did find partial devoicing of a word-final fricative in a voiceless context 

([z̥#tʰ]).  Thus, it seems that obstruents in word-final position are often devoiced in word-

final position, though a word-final /z/ is fully voiced before orthographically voiced 

stops, while non-alternating voiced stops are not.  

To summarize, orthographically voiceless stops are produced as voiceless 

aspirated in all contexts; orthographically voiced stops, however, often lack prevoicing, 

and are only reliably voiced in a voiced context for word-initial position (the present 

study) and intervocalically for word-medial position (Kopallı-Yavuz 2000, Kallestinova 

                                                

22 Calculated from mean duration and voicing in ms, since no data was given for percentage of voicing 
during the closure. 
23 If there was no release burst for a C1 stop, then only one closure was measured across the C1#C2 
context, and any perseverative voicing will be that of C1 rather than C2.  Following fricatives, sonorants 
and released stops, preservative voicing is unambiguously part of the C2 closure. 
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2004).  Orthographically voiced stops often lack prevoicing in utterance-initial position 

(Kallestinova 2004), in word-initial position following voiceless stops (the present study), 

and in all contexts in word-final position (Wilson 2003). 

2.4.3.4 Hypothesis 2 – aspiration 

The second hypothesis predicted that aspiration would be the contrastive feature 

between underlying voiced and voiceless C2 plosives irrespective of the context or 

underlying voicing of C1.  That is, only underlying voicing of C2 would be a factor in 

predicting length of aspiration in C2.  As in hypothesis 1, underlying voicing of both C1 

and C2 are significant factors, as is the interaction of the two variables, for all speakers. 

Table 2.12. Descriptive statistics for VOT (ms) across contexts. 
 T#T T#D M#T M#D 
Speaker 1 M = 39 ms 

SD = 9.9 
M = 24 ms  
SD = 8.5 

M = 44 ms 
SD = 13.6 

M = 4.3 ms 
SD = 10.2 

Speaker 2 M = 36 ms 
SD = 11.8 

M = 23 ms 
SD = 13.3 

M = 35 ms 
SD = 17.4 

M = 0.13 ms 
SD = 1.0 

Speaker 3 M = 35 ms  
SD = 11.8 

M =23 ms 
SD = 9.969 

M = 46 ms 
SD = 15.5 

M = 0.39 ms 
SD = 1.9 

Speaker 4 M = 30 ms 
 SD = 7.7 

M = 23 ms 
SD = 11.4 

M = 35 ms 
SD = 10.9 

M = 3.72 ms 
SD = 7.2 

 
Table 2.13. Effect of C1, C2, and the interaction of C1 and C2 on VOT (ms). 

 C1 C2 Interaction 
Speaker 1 F1,219  =  22.9, p < 0.001 F1,219 = 349.5, p < 0.001 F1,219 = 66.5,   p < 0.001 
Speaker 2 F1, 217 = 49.5,  p < 0.001 F1, 217 = 196.4 p < 0.001 F1, 217 = 45.2,   p < 0.001 
Speaker 3 F1, 207 = 14.5,   p < 0.001 F1,207 = 347.5, p < 0.001 F1,207 = 128.4, p < 0.001 
Speaker 4 F1, 229 = 33.0,  p < 0.001 F1,229 = 226.7, p < 0.001 F1,229 = 95.4    p < 0.001 

 
Table 2.14. Difference in VOT (ms) for C2. 

 T-test between voiced and voiceless C2 
 in T#_ context 

T-test for D in T#_ and D#_ context 

Speaker 1 t = 8.483 df = 91.946 p < 0.001 t = 10.283 df = 93 p < 0.001 
Speaker 2 t = 4.784 df = 79.359 p < 0.001 t = 13.543 df = 99 p < 0.001 
Speaker 3 t = 5.248 df = 101.436 p < 0.001 t = 16.569 df = 98 p < 0.001 
Speaker 4 t = 3.709 df = 100.503 p < 0.001 t = 11.155 df = 116 p < 0.001 
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Figure 2.8. Aspiration length for all four speakers. 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 Figure 2.8 displays the mean length of voice onset time (VOT) for all contexts 

and all four speakers.  In the voiced context, a voiceless C2 remains aspirated, while 

voiced C2 remains voiced for all speakers, as expected.  However, the results are unclear 

as to the voiceless context.  An underlyingly voiceless C2 has a VOT of 25-46 ms, 

however, the VOT for a voiced C2 in a voiceless context is significantly shorter (between 

7-16 ms) than the VOT of a voiceless C2 in the same context.  The VOTs for 

underlyingly voiced stops across speakers ranges from 14-33 ms. 

Table 2.15. Mean VOT (ms) for underlyingly voiced C2 in a voiceless context by place of 
articulation. 

T#D Speaker 1 Speaker 2 Speaker 3 Speaker 4  
bilabial 20 14 16 14 
coronal 25 21 23 33 
velar 26 33 31 20 
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Table 2.16. Mean VOT (ms) for underlyingly voiceless C2 in a voiceless context by place 
of articulation. 

T#T Speaker 1 Speaker 2 Speaker 3 Speaker 4 
bilabial 36 26 33 25 
coronal 42 33 31 28 
velar 38 46 39 33 

  Although the difference in VOT between the /VT#TV/ and /VT#DT/ is 

significant, there is only a difference 7-16 ms between the T#T and T#D context ranges. 

Table 2.17, below, demonstrates the mean difference between an orthographic voiced and 

voiceless stop in a voiceless context (/VT#_V/) by place of articulation for all speakers. 

Table 2.17. Turkish VOTs (ms) differences between orthographic voiced and voiceless C2 
in a voiceless context by place of articulation. 

VT#_V Speaker 1 Speaker 2 Speaker 3 Speaker 4 

bilabial 16 12 17 11 
coronal 17 8 8 -5 
velar 12 13 8 13 

 Table 2.18 demonstrates that orthographically voiceless word-initial stops have 

VOTs from 17-57 ms across places of articulation and speakers. The VOTs in the post-

vocalic context were not significantly different from the post-consonantal context 

(/VC#TV/). 

Table 2.18. Summary of VOTs (ms) in the post-vocalic context for all speakers by place 
of articulation. 

V#TV Speaker 1 Speaker 2 Speaker 3 Speaker 4 
p 37 23 55 42 
t 47 34 40 17 
k 24  57 (2 tokens)  21 

2.4.3.5 Discussion of hypothesis 2 - aspiration 

 Kopkallı-Yavuz (2000) and Kallestinova (2004) also measured aspiration of 

voiced and voiceless stops.  Kallestinova (2004) recorded aspiration of a coronal 

                                                

24 The voiceless velar was taken from the word [kitabɨ] kitabı, which resulted in a voiceless vowel and, 
therefore, the voice onset time could not be measured. 
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following a consonant, (-tan -Dative), the average being 38 ms, which is comparable to 

the coronal aspirations lengths found in table 2.15.  In initial position, Kallestinova found 

longer VOTs than those found in the present study, however, this is expected as the 

tokens were read in citation form with no carrier phrase; these tokens are, then, also in 

phrase-initial position, and the longer VOT are likely due to phrase-initial strengthening.   

Table 2.19. Summary of VOTs (ms) by place of articulation reported by Kallestinova 
(2004) and Kopkallı-Yavuz (2000). 

Kallestinova25 initial  initial  medial  medial Kopkallı- 
Yavuz 

medial  medial 

p 49 b 12 p 39 b 15* p 25 b 2 
t 49 d 22 t 56 d 10 t 35 d 8 
k 69 g 27 k 60 g 0 k 36 g 9 

*one token only. 

Both Kallestinova and Kopkallı-Yavuz measured voiced and voiceless stops in 

intervocalic position (the voiceless stops were in tautomorphemes and therefore, do not 

undergo intervocalic passive voicing).  The aspiration for voiceless stops is comparable 

to those in the present study, though Kallestinova found longer aspiration for voiceless 

velars.  The voiced stops have much shorter VOTs, though this is to be expected, as the 

stops are fully voiced in intervocalic position and expected to have negative VOTs, or to 

have only a short burst corresponding to the noise created when the oral articulators open. 

For the most part, VOTs for the different places of articulation in Turkish pattern 

similar to cross-linguistic evidence that demonstrates consonants farther back in the 

mouth have longer VOTs.  The VOTs reported for voiceless unaspirated stops by Lisker 

& Abramson (1964) and by Cho & Ladefoged (1999) seem comparable to the VOTs for 

/VT#DV/ tokens in Turkish (table 2.15).  Lisker & Abramson report bilabials VOTs that 

                                                

25 Mean calculated from Kallestinova's individual tokens.  She does not provide statistics for differences 
between places of articulation, though significant differences in VOT were found between the overall 
voiced and voiceless VOTs.  Averages for Kopkallı-Yavuz were estimated from graphs, since individual 
statistics were not given, though differences were found to be significant. 
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are mainly in the single digits.  However, Korean and Tamil demonstrate the longest 

VOT for bilabials, and Turkish seems to fall within the same range.  VOTs for coronals 

in a voiceless context in Turkish (20-25 ms) are also in the higher range of cross-

linguistic data for coronals (table 2.15). Speaker 4 has a longer coronal VOT for and is 

curiously longer than the velar VOTs.  A longer VOT for coronal is not unheard of, as 

Cho & Ladefoged report a shorter VOT for velar (42 ms) than for alveolar (27 ms) place 

of articulation in Dahalo.  For the other three speakers and cross-linguistically, velars 

generally demonstrate the longest VOT, ranging from 24-47 ms. 

Table 2.20. Cross-linguistic VOT (ms) for unaspirated stops by place of articulation 
(Lisker & Abramson 1964). 

 Cantonese Eastern 
Armenian 

Korean English* Dutch Puerto Rico 
Spanish 

Hungarian Tamil 

p 9 3 18 6 10 4 2 12 
t 14 15 25 30 15 9 16 8 
k 34 30 47 18 25 29 29 24 

*VOT ms for voiced stops /b, d, g/ produced as voiceless. 

 The comparison of Turkish VOTs with Lisker & Abramson's cross-linguistic data 

would suggest that the devoiced stops could be labeled as voiceless unaspirated 

consonants.  A comparison of the VOTs for orthographically voiceless C2 (table 2.17-18) 

with cross-linguistic data, however, demonstrates that these VOTs are shorter than the 

voiceless aspirated category.  Turkish VOTs for underlyingly voiceless C2 range from 

25-46 ms, while cross-linguistic data for voiceless aspirated stops begin at 58 ms and can 

range up to 126 ms for Korean velars.  The shorter durations found for Turkish may be 

due to the fact that the cross-linguistic data uses initial position in citation form for VOT.  

Kallestinova's data of phrase-initial word-initial position are probably more comparable.  

The VOTs reported by Kallestinova in this context are longer, though still on the low end 

of aspirated stops cross-linguistically, as shown in table 2.20. 
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Table 2.21. Cross-linguistic VOTs (ms) for aspirated stops by place of articulation 
(Lisker & Abramson 1964). 

 Cantonese Eastern 
Armenian 

Korean English 

ph 77 78 91 58 
th 75 59 94 70 
kh 87 98 126 80 

As compared to languages that have distinctions between aspirated and 

unaspirated voiceless stops, the difference in Turkish stops (table 2.17) is much lower 

than any other language, all of which begin near 40 ms and can range up to 75 ms, as 

occurs for Eastern Armenian.  Kallestinova's data do have a greater difference in VOT 

between voiced and voiceless consonants (the longest being between velars at 42 ms), 

though these are still on the lower end of the spectrum for the cross-linguistic data. 

Table 2.22. Cross-linguistic VOTs (ms) differences for aspirated vs. unaspirated 
consonants by place of articulation (Lisker & Abramson 1964, Cho & Ladefoged 1999). 

 Cantonese E.  
Armenian 

Korean English Apache Khonoma 
Angami 

Jalapa 
Mazatec 

Hupa Gaelic 

bilabial 68 75 73 52 n.a. 73 n.a. n.a. 51 
coronal 61 44 69 40 36* 46 52 66 43 
velar 53 68 79 62 51 71 57 40 45 

*dental aspirated (22 ms) vs. alveolar unaspirated (58 ms). 

While the difference in VOT between the underlyingly voiced and voiceless C2 is 

statistically significant, it is unclear if this difference is perceptible and whether or not 

this constitutes a change from an unaspirated stop to a fully aspirated voiceless 

consonant.  The underlying voiced C2s have reasonable VOTs for voiceless unaspirated 

stops, though the times are on the high end of the spectrum for voiceless unaspirated 

stops.  However, the underlyingly voiceless stops have relatively low VOT as compared 

to cross-linguistic data.  These two findings on VOTs produce a low VOTs difference 

between Turkish voiced and voiceless stops in a voiceless context.  Pisoni (1977) 

presents data from a discrimination task in which listeners peak at -20 ms or 20 ms in 

VOT; VOT differences in Turkish are just below 20 ms.  Thus, further information is 
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required regarding VOT time listener's perception of Turkish stops in word initial 

position and whether or not the word-initial stops are neutralized in this position. 

  A perceptual test is needed in order to determine if the orthographically voiced  

stops in a voiceless context are recognized as distinct from underlyingly voiceless 

consonants.  If the orthographically voiced stops are categorized as voiced, then we 

would interpret the results as showing that voiced stops undergo phonetic devoicing 

following word-final voiceless stops.  If the tokens are not categorized as voiced, then 

this would argue for a phonological change of voiced stops to voiceless stops.  In 

addition, since the VOTs for underlyingly voiceless stops are relatively low, a gating 

study that manipulates the VOTs in increments would provide evidence as to the length 

of aspiration required to be recognized as an underlyingly voiceless stop.  The perception 

experiment and results are discussed in section 2.5. 

2.4.4 Summary of production study 

The production study presented above, demonstrates that orthographically voiced 

stops are produced without voicing during the closure following voiceless segments and 

that in a voiced context, orthographically voiced stops are fully voiced, as expected by 

hypothesis 1.  While there is some aspiration found in this context, the VOT is 

significantly shorter by 5-10 ms than orthographically voiceless stops in this context.  

Such data suggest that there is incomplete neutralization of voiced stops in a voiceless 

context.  Orthographically voiceless stops, however, do not assimilate, contrary to 

hypothesis 1, but remain voiceless and aspirated in both contexts. The data is 

inconclusive regarding hypothesis 2, and the following study on the perception of word-

initial stops in a voiceless context was designed to further address this hypothesis. 
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2.5 Experiment 2 - perception 

2.5.1 Introduction 

 The results of the production experiment indicate that in Turkish, word-initial 

voiced stops are categorically devoiced following word-final voiceless segments.  It 

would seem, then, that the contrast between underlyingly voiced and voiceless segments 

in Turkish is aspiration.  However, the data are inconclusive regarding the required length 

of aspiration for a voiceless stop.  While voiceless stops are aspirated in this context (29-

39 ms), voiced stops also display some aspiration, although less so: average duration was 

23 ms and ranged from 14-33 ms across places of articulation and speakers.  A 

statistically significant difference of 5-10 ms is only one or two glottal pulses.  These data 

suggest that the voiced~voiceless distinction is completely neutralized and is therefore a 

phonological alternation. 

 Further research is required in order to determine whether the devoiced word-

initial stops can still be categorized as voiced or are indistinguishable from the voiceless 

word-initial stops, which are fully aspirated.  A perception experiment that requires 

native speakers of Turkish to categorize recorded clips of VT#CV sequences would 

determine whether voiced and voiceless C2 are indistinguishable from each other in 

word-initial position, therefore constituting a phonological alternation.  In addition, a 

study in which listeners categorize recorded clips of VT#CV sequences where the length 

of aspiration in C2 has been manipulated to varying lengths was designed to demonstrate 

the crossover point in aspiration length that is necessary for distinguishing voiceless from 

voiced stops. 
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2.5.2 Prior research 

 Kopkallı (1993) conducted three perception studies on devoiced (i.e., alternating) 

and voiceless non-alternating word-final stops.  The first study excised the second 

syllable of a disyllabic word alone; in the second experiment, the word was in context 

with the first syllable taken out.  In both experiments speakers had to identify whether or 

not the syllable was an alternating voiceless stop or a non-alternating voiceless stop.  The 

third experiment was a discrimination task between the alternating and non-alternating 

stop in citation form (similar to the first study).  None of the studies digitally altered the 

actual recording; however, the recordings were chosen for having a wide range of 

acoustic measurements between the alternating and non-alternating voiceless categories.  

No data were given on the actual measurements for the recordings.   

All three studies demonstrated responses at a level of chance.  There was a bias in 

favor of the alternating voiceless word-final stop, which was identified more accurately 

than a non-alternating voiceless stop; however, Kopkallı attributes this to the word 

occurring with an alternating stop being more common than the word with a non-

alternating voiceless stop.  The studies above demonstrate that speakers cannot 

distinguish between alternating and non-alternating voiceless stops, and suggest that 

word-final devoicing is, in fact, a phonological alternation.  Thus, for the study below, if 

the word-initial stops are recognized at a level of chance as the previous study found, we 

would expect there to be a category change. 

2.5.3 Hypotheses 

 Length of aspiration is a distinguishing factor in determining underlying voicing 

of word-initial stops.  Specifically: 
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2.5.3.1 Hypothesis 3 

 Turkish listeners will be able to correctly identify the underlying voicing of C2 in 

recorded clips of VT#CV sequences that have not been digitally altered. 

2.5.3.2 Hypothesis 4 

 Length of aspiration is a significant factor in predicting categorization of C2 as 

voiced or voiceless. 

2.5.4 Methodology 

 Exact clips constituting the VT#CV sequence were taken from the production 

experiment and played to the listeners.  Both underlyingly voiced, [b, d, g], and 

underlyingly voiceless stops, [p, t, k], were chosen for C2 in the context of a voiceless 

C1, [t, k, ʃ].  Naturally occurring recordings with varying degrees of length of aspiration 

were chosen for each C2, as in table 2.23, below, and were not digitally altered.  Varying 

lengths of aspiration were chosen in order to test whether or not tokens whose aspiration 

length were at the maximum or minimum for their respective category could be correctly 

identified. 
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Table 2.23. Length of aspiration in non-synthesized recording clips and estimated tokens 
of word-initial C2V2 occurring in the Redhouse Turkish-English Dictionary. 

Voiceless C2 
Bilabial VOT (ms) Coronal VOT (ms) Velar VOT (ms) 
uʃ#pa 15 uʃ#to 26 ek#ka 28 
uʃ#pa 17 øp#to 27 uʃ#ka 37 
ek#pa 22 øp#to 31 ek#ka 48 
uʃ#pa 25   uʃ#ka lenited 
ek#pa 38     

øp#pa 42     
Dictionary tokens for CV word initial voiceless~voiced pairs 
pa~ba 423~858 to~do 258~247 ka~ga 2800 ~ 350 
Voiced C2 
uʃ#bu 0 øp#dy 25 øp#gø 27 
øp#bu 18 uʃ#dy 28 øp#gø 36 
uʃ#bu 29     
Dictionary tokens for CV word-initial voiced~voiceless pairs 
bu~pu 211~71 dy~ty 247~153 gø~kø 352~188 

In addition, the Redhouse Turkish dictionary (Büyük Elsözlüğü - 1994), 

consisting of approximately 40,000 words26, was consulted in order to ensure that both a 

voiced and voiceless C2 in the C2V2 sequence occurred with a relatively high degree of 

frequency.  This was to ensure that the following vowel could not cue the listener as to 

which consonant was uttered, since some vowels infrequently co-occur with certain 

consonants.  Differences in frequency could not be avoided as, overall, voiceless stops 

are more frequent that voiced stops.  However, for all potential VT#CV sequences, the 

Redhouse Turkish dictionary was consulted to ensure that in all C2V2 sequences both an 

underlying voiced and voiceless C2 could co-occur with V2 with a frequency of at least 

100 tokens.  For instance, word-initial [ka] has an estimate of 2,800 words, and word-

initial [ga], which has fewer entries, albeit a fair amount, has about 350 entries, (e.g. 

[garipsemek] to feel lonely, isolated; [gagalanmak] to be pecked, berated ~ [kazanmak] to 
                                                

26 Calculated by taking the average number of words per page (47) from ten pages and multiplying by the 
total number of pages (853). 
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win, [katɨlmak] to participate).  However, word-initial [ko] occurs in an estimated 735 

entries, (e.g. [koʃmak] to run, [kokmak] to smell, to have a smell, etc.), while [go] only 

occurs in a total of 25 entries, mainly borrowed words (golf - golf, gol - goal, goşist - 

Gauchist) 27.  Admittedly, the /bu~pu/ pair has low frequency for /pu/; however, it was 

chosen because a sequence of /pu/ occurred in verbs, nouns, and adjectives for native, 

slang and non-native Turkish words (as opposed to [go] which mainly had borrowed 

nouns). 

 In addition, the aspiration length was digitally manipulated using Praat speech 

processing software (Boersma & Weenik 2007-9) to synthesize different lengths of 

aspiration.  Recordings were also taken from the production study.  The original 

recordings were chosen for a length of aspiration close to the mean length of aspiration.  

Using Praat's manipulation and resynthesis algorithms, a script was written to produce 

VOTs varying from 0-60 ms in 5 ms increments and then checked by the author for 

accuracy.  On occasion, the resynthesis algorithm would produce a repeating pattern, 

since the algorithm uses the original signal to smooth the transitions between the 

resynthesized signal and the non-synthesized signal.  In order for to avoid this pattern 

from being recognized as voicing, and thus shortening the desired length of VOT, the 

author hand-manipulated these recordings so that only the burst and aspiration were 

present in the VOT (i.e., no repeating pattern was included as part of the VOT). 

 Lisker & Abramson (1964) and Fry (1999) note that the intensity of the burst is 

affected by voicing, as the increased pressure from the vocal fold adduction reduces the 

                                                

27 1256 words with word-initial [ka] and 105 words with [ga] occurred in the METU Turkish corpus, which 
has 2 million tokens (as opposed to unique words), while only 15 were found for [go] and 535 for [ko]. 
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energy in the airflow, producing a weaker and lower frequency burst.  Stevens (1998, 

p471) writes that the rate of increase in intraoral pressure for voiceless aspirated stops is 

greater than for unaspirated (or voiced stops), "since the vocal folds are more open and 

there may be an increased stiffness of the vocal tract walls."  In order to control for this 

potential bias in the perception of aspiration length, two tokens of the same context were 

taken in which the original recordings had a high and low mean relative intensity.  

Villafaña (2006) writes that absolute intensity of the burst cannot be directly compared, 

since a higher or lower intensity may be indicative of an utterance that was produced as 

louder or softer overall.  For instance, sentences uttered at the beginning of the recording 

are more likely to be louder than those uttered toward the end.  The mean relative 

intensity (MRI) was calculated using the formula in (2.15), where the intensity in dB is 

calculated as the logarithm of Power, (2.16), which was calculated using Praat's power 

function in (2.17), (Villafaña 2006). 

(2.15)  Mean Relative Intensity = intensityphoneme (dB) - intensityutterance (dB) 

(2.16) intensity (dB) = 10 * log 10 (power) 

(2.17) power (Watt / m2) = 1 / (pcT) ʃ x2 (t) dt 

MRI intensity was calculated for all tokens of the chosen sentences.  The tokens 

with the highest and lowest MRI were chosen for the original recordings used in the 

resynthesis. 
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Table 2.24. List of recordings for resynthesis with original length of aspiration and MRI 
intensity. 
 Bilabial VOT 

(ms) 
MRI 
(dB) 

Coronal VOT (ms) MRI (dB) Velar  VOT 
(ms) 

MRI (dB) 

Voiceless ek#pa 30 -10.18 ek#to 33 -6.57 ek#ka 28 -7.29 
  38 -5.18  30 -9.19  32 -1.44 
 øp#pa 40 -0.18 øp#to 37 -5.06 *   
  37 6.86  40 -8.40    
Voiced øp#bu 18 -8.21 28   øp#gø 36 -12.37 
  18 -13.04     39 -15.62 

This does not mean, however, that MRI is a controlled factor in the resynthesized 

recordings.  Through the resynthesis process, MRI intensity is altered since a greater 

length of aspiration will have a greater intensity, thus affecting MRI.  The intention was 

to control any bias due to burst intensity present in the original recordings.  Future studies 

would more directly control for burst intensity in order to demonstrate exactly which 

acoustic cues contribute to recognition of underlying voicing of word-initial stops.  

Clips whose C1 was [ʃ] were not used for the digitally altered tokens, since Praat's 

resynthesis algorithm an seem to produce an extra background noise and this noise could 

potentially have affected responses.  This noise could be due to the sibilant's length and 

intensity, which was very noticeable in the VT#CV clips, and could have affected 

listeners' judgments, biasing the results towards voiceless responses. 

 The study was posted on the web and circulated to various Turkish contacts and 

Turkish Student Association groups, resulting in 23 participants.  Due to programming 

limitations, the recordings (191 recordings in all) were converted to MP3 files using 

Apple iTunes.  However, a low compression rate (320 kbps) and a 48,000 Hz sampling 

rate) were used to ensure the highest quality of recordings.  The author listened to both 

                                                

28 A sequence of [ty] did not occur frequently in word-initial position.  Other recordings could have been 
chosen from the production; however, this was an oversight. 
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the wav and the MP3 recordings and could not hear any noticeable difference between 

the two.  Holt (1998) conducted a study on the loss of quality and listeners' ability to 

discern the quality of two songs at different compression rates.  He writes, 

"In general, the difference at 256 kbps was not discernible, and the difference at 128 kbps, was 
small enough to most likely be tolerable. … The location of the noise, therefore, potentially allows 
the distortion to be hidden from human perception under the neighboring strong signal of interest.  
While it certainly differs from raw PCM data, human hearing cannot differentiate between a high 
bit-rate MP3 and the PCM source used to create it." 
 

Therefore, a compression rate of 320 kbps does not seem to affect the recording quality 

greatly enough to affect results.  If the recordings had been kept in the original format, 

there was also no control of speaker/headphone quality for playback, since listeners 

participated via the web on their own computers.  An ideal study would have all listeners 

use the same equipment in the same room, however ease of finding participants online 

outweighed maintaining this control factor. 

Participants were given instructions regarding what type of recordings they would 

hear and how to answer appropriately (see appendix C).  The participants were able to 

listen to each recording up to two times and forced-choice answers were presented in the 

form of VTCV with C2 alternating in voicing (e.g.  "a.  öpgö;  b.  öpkö" ).  Listeners 

were allowed to complete as much of the study as they wished.  With the exception of 

one participant who completed only a third of the study, all participants responded to all 

the recordings. 

2.5.5 Results 

2.5.5.1 Hypothesis 3 

Table 2.25, below, shows with the percentage of correctly categorized responses 

vs. incorrectly categorized responses.  Combining all responses, 80% of responses 

correctly identified the recording clips, a greater-than-chance score (95% confidence 
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interval is 77-84%, p < 0.001).  On average, the underlyingly voiced C2 recordings were 

correctly identified 75% of the time, while underlyingly voiceless C2 recordings were 

correct only slightly more often with an average of 82%.  The three lowest response 

scores were the two bilabial consonants whose VOTs were 18 ms and 29 ms, although 

both received a greater-than-chance score.  The coronal with a VOT length of 28 ms, 

however, was actually identified as a voiceless coronal.  A possible explanation for this 

effect could be the sibilant prior to the coronal, as other recordings in which C1 was a 

sibilant also had low scores, although the clips were correctly identified at a greater-than-

chance level.  A chi-square demonstrates that a fricative in C1 has a significant effect on 

correct answers (73.5%) than for stops in C1 (86.5%), (χ2 = 11, p = 0.001).  Following 

plosives however, recordings that were specifically chosen as having longer or shorter 

VOTs for their respective category (i.e., long VOT for an underlyingly voiced, and a 

short VOT for underlyingly voiceless) were still correctly identified.  For example, 

[øp#gø] and [ek#ka] had VOTs of 27~28 ms, yet both were identified correctly 90% of 

the time. 
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Table 2.25. Responses for non-manipulated /VT#CV/ recording clips. 
Context VOT Percent of correct responses 

uʃ#bu 0 89.47% 
øp#bu 18 63.16% 
uʃ#bu 29 68.42% 
øp#dy 25 89.47% 
uʃ#dy 28 35.00% 
øp#gø 27 90.00% 
uʃ#gø 31 95.00% 

Total Voiced: 136 tokens 75.74% 

uʃ#pa 15 65.00% 
uʃ#pa 17 63.16% 
ek#pa 22 100.00% 
uʃ#pa 25 90.00% 
ek#pa 38 90.00% 
øp#pa 42 80.95% 
ek#to 30 75.00% 
uʃ#to 26 85.71% 
øp#to 27 100.00% 
øp#to 31 85.00% 
uʃ#ka lenited/0 66.67% 
ek#ka 28 95.24% 
uʃ#ka 37 76.19% 
ek#ka 48 80.95% 

Total Voiceless: 286 tokens 82.52% 

Total Count: 422 tokens 339 

Total Percent: 80.33% 

2.5.5.2 Hypothesis 4 

Figure 2.9 displays the responses from all speakers for all digitally manipulated 

files presented in the perception study.  The crossover point is between 10 ms and 15 ms.  

This difference is below the average aspiration length for the devoiced stops, whose 

length varies from 23-39 ms.  This would suggest that the devoiced stops could be 

considered as aspirated.  However, separating the responses for the different places of 
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articulation and underlying voicing demonstrates that differences are, in fact, perceived 

fairly accurately. 

Figure 2.9. Total correct responses for digitally altered tokens. 

 

Figures 2.10 and 2.11, below, display the responses for underlying voiceless and 

voiced bilabials that have been manipulated for VOT in 5 ms increments.  A voiceless 

bilabial seems to be recognized as such for all lengths of aspiration, while the crossover 

point for a voiced bilabial is at 20 ms.  Compared to the production experiment, the 

average duration of aspiration for underlyingly voiced bilabials in a voiceless context was 

14-20 ms, just below the crossover point for voiced bilabials. 
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Figure 2.10. Responses for digitally altered VOT in an underlying voiceless bilabial. 

 

Figure 2.11. Responses for digitally altered VOT in an underlying voiced bilabial. 
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The crossover point for an underlyingly voiceless coronal is between 10 ms and 

15 ms, which is similar to the average overall responses.  The voiced coronal average 

aspiration in the production experiment was between 23-35 ms, which is longer than the 

crossover point for voiceless coronals.  These data could be interpreted as there being no 

difference between the voiced and voiceless C2 in a voiceless context for the production 

experiment.  However, the underlying voicing of the original recording does seem to 

make a difference in crossover point, as is demonstrated by the bilabial and velar data. 

Figure 2.12. Responses for digitally altered VOT in an underlying voiceless alveolar. 

 

There is a striking difference between the crossover point for the underlyingly 

voiceless velar and the crossover point for an underlyingly voiced velar.  An underlyingly 

voiced velar must have a VOT of 50 ms to be categorized as a voiceless velar.  This 

duration is much longer than the average VOTs in the production experiment.  In 

contrast, an underlyingly voiceless velar is recognized as such until the VOT is as low as 
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15-20 ms.  The mean VOT in the production experiment was 20-33 ms across all 

speakers for voiced velars in a voiceless context.  However, this does not constitute a 

neutralization of the voiced and voiceless velars in a voiceless context since, as noted, the 

voiced velars must have a much longer VOT in order for a voiced velar to actually be 

categorized as voiceless.  These data suggest that there is some acoustic information 

present in the burst that helps to identify underlying voicing.  

Figure 2.13. Responses for digitally altered VOT in an underlyingly voiceless velar. 
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Figure 2.14. Responses for digitally altered VOT in an underlying voiced velar. 

 

2.5.6 Discussion 

The exact matching task demonstrated that for all tokens the VT#CV clips were 

correctly identified 80% of the time.  These data demonstrate that an underlyingly voiced 

C2 is still distinguishable from an underlyingly voiceless C2, and thus, the contrast is not 

phonologically neutralized, but rather there is phonetic devoicing of the voiced stops in a 

voiceless context.  This suggests that either the difference in a 5-10 ms VOT is enough to 

correctly identify the voiced vs. voiceless contrast, or, as is argued below, there are other 

acoustic cues consistent with glottal adduction available to the listener in identifying the 

contrast. 

While overall identification was highly accurate, lower recognition rates were 

found following fricatives.  Stevens (1998) writes that the air pressure required for 

sustaining frication creates lateral forces on the glottis, causing glottal abduction for 
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fricatives.  This force on the glottis could delay the glottal adduction for C2 or result in a 

smaller magnitude of glottal adduction that would obscure the acoustic cues associated 

with glottal adduction.  In addition, recording clips specifically chosen for having longer 

or shorter VOTs for their respective category were still correctly identified, suggesting 

that other cues are present in the signal for categorization of underlying voicing. 

The second perception experiment reveals a few more subtleties in the recognition 

task.  The majority of listeners categorized an underlyingly voiceless bilabial as voiceless 

for all voice onset times, including 0 ms.  An underlyingly voiced C2 can be forced to be 

categorized as voiceless by altering the VOT, although the crossover point occurs at a 

VOT between 45-50 ms for [g], which is greater than the mean VOTs for both voiceless 

and voiced velars (20-33 ms for the /VT#gV/ context, and 33-48 ms for the /VT#kV/ 

context) produced by speakers in experiment 1. Similarly, the crossover VOT is between 

10-15 ms for [b], which is just under the mean VOTs produced by speakers (14-20 ms).  

This suggests that there is some other information present in the acoustic signal which 

signals underlying voicing.  While the intensity of the chosen recordings was not a 

significant factor in determining voicing response, future experiments would more 

carefully control the intensity of the release burst for each of the recordings.  As 

mentioned only the intensity of the original recordings was controlled, and resynthesis 

affects the mean relative intensity.  

Harmonics present in the spectra of the burst and F0 after the onset of voicing 

could also be cues for voicing perception of plosives.  Voiced stops have a lowered and 

stiffer larynx, both causing a lower frequency in glottal pulses; this stiffness corresponds 

to a lowering of the frequency by 7 Hz for males and 14 Hz for females (Stevens 1998, 
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p470).  Voiceless stops would have a higher F0 at the onset of voicing.  Whalen, 

Abramson, Lisker & Mody (1993) and Abramson & Lisker (1985) present data in which 

higher F0 values result in fewer voiced responses for VOTs that are in the mid-range 

between voiced and voiceless stops.  A stop with a VOT of 20 ms with an F0 at 130 Hz 

was categorized as p 80% of the time p, while at 98-108 Hz, only 35%  of responses 

categorized the token as p (Whalen et al. 1993). 

A delay in the onset of F1 been shown to be a perceptual cue for voicing and is 

indicative of glottal aperture (Lisker & Abramson 1964, Benki 2001).  Stevens (1998, 

p457) writes that there is "a decreased prominence of F1" and that the second harmonic 

also has a decreased amplitude as evidence of glottal opening. 

Benki (2001) presents evidence that an increased F1 and shorter transition results 

in more voiceless responses for a stop when VOT is held constant.  Thus, the fact that 

much longer VOTs are required for an underlyingly voiced stop to be categorized as a 

voiceless stop in Turkish follows Benki's data that aspiration is not the only cue and that 

longer VOTs are required in order to overcome these cues.  Though in Benki's data a 

velar place of articulation resulted in fewer voiceless judgments than bilabial or alveolar 

for all F1 transition patterns, fewer voiceless judgments were given for low F1 and longer 

transition/onset period.  Such data pattern similarly to the Turkish data, in which an 

underlyingly voiced velar place of articulation had a much longer VOT crossover point. 

Future studies would, of course, control for the surrounding vowels, release burst 

intensity, harmonics-to-noise ratio in the vowel, F0 transitions, and delays in F1 onset, in 

order to determine the significant factors and their relative importance for perception of 

voicing in plosives for Turkish.  In addition, an ideal perception experiment would have a 
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native speaker produce a variety of nonsense words in a variety of prosodic environments 

(CV, VCV, VCCV, VC, etc.) rather than using manipulated recordings from a production 

experiment.  However, all of the cues contributing to perception of voicing are consistent 

with the acoustics of glottal abduction and adduction.  The fact that longer VOTs are 

required to force a voiceless categorization of an underlyingly voiced stop suggests that 

the glottal muscles for the devoiced stops are to some degree contracted or stiffened in 

anticipation, or reminiscent of a glottal adduction gesture.  Listeners can then use these 

cues, in addition to VOT, to categorize the voicing of stops. 

2.6 Summary of results 

 All four speakers demonstrated that an underlyingly voiced C2 in a voiceless 

context is not produced with prevoicing (i.e., vocal fold vibration during the closure).  No 

significant difference was found for percentage of voicing between a voiced and 

voiceless C2 in this context for any speaker.  In a voiced context (VM#_V), however, 

while an underlyingly voiced C2 remained voiced, a voiceless C2 demonstrated gradient 

voicing.  The standard deviation was quite wide in this context for all four speakers, and 

was significantly different from both a voiced C2 in the voiced context (VM#DV) and 

from a voiceless C2 in a voiceless context (VT#TV).  Thus, we conclude that the 

agreement in voicing that occurs within words does not apply in the same way as across 

words.  Within words both an underlyingly voiced and voiceless C1 cause voicing 

alternations in C2, while across words only an underlyingly voiceless C1 causes a voicing 

alternation in an underlyingly voiced C2.  In addition, an unexpected result revealed that 

regressive assimilation occurred gradiently before voiceless stops for a voiced fricative in 

word-final position (/Vz#TV/  [z̥#tʰ]). 



 114 

 The second hypothesis predicted that aspiration would be the contrasting feature 

for underlyingly voiced and voiceless C2.  The results for length of aspiration were not as 

clear as the voicing results.  While a voiceless C2 is aspirated in both contexts and a 

voiced C2 is unaspirated in a voiced context, results demonstrate that some aspiration 

occurs in a voiceless context.  This result was consistent across all four speakers and 

required further investigation.  The mean difference in a voiceless context between a 

voiceless and voiced C2 varied from 6 ms to 16 ms across speakers.  A length of 15 ms 

roughly equates to 2-3 glottal pulses.  However, additional cues indicating glottal 

adduction may result in a difference of 16 ms being a great enough difference to be 

perceptible and therefore distinguishable as voiced or voiceless in this context.  

A perception study revealed that word-initial stops are not neutralized with 

respect to aspiration in a voiceless context.  In a categorization task, Turkish native 

speakers were able to correctly identify the recordings at a greater-than-chance level 

(80%).  Significant factors in the perception of stops included underlying voicing and 

place of articulation.  Digitally manipulated VOTs revealed that underlyingly voiced 

stops require a longer VOTs to be perceived as voiceless.  VOT may be only one of many 

factors affecting perception of voicing in stops.  Other acoustic cues present in the stimuli 

such as fundamental and formant frequencies, as well as noise in the higher frequencies 

may be used listeners to identify underlying voicing.  Intensity of the original recordings 

was not a significant factor.  However, more carefully controlled stimuli would further 

test and control for the intensity and spectra of the release bursts in voiced and voiceless 

stops for voicing cues.   
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CHAPTER 3.  DISCUSSION OF TURKISH (DE)VOICING 

3.1 Introduction 

 The previous chapter demonstrated that in word-initial position, devoicing of 

underlyingly voiced stops occurs following a voiceless consonant.  This assimilation is 

non-neutralizing, since listeners were still able to correctly identify the underlying 

voicing of VT#CV clips. This assimilation is argued to be due to the aerodynamics of 

initiating voicing during a closure, since the devoicing found across contexts in Turkish 

obstruents can be attributed to difficulties of voicing in these contexts.  Furthermore, the 

complete and incomplete neutralization of voice in stops are proposed to be the result of 

different reflexes of the phonology and phonetics, respectively.  Proposals that interpret 

laryngeal features as phonetically transparent cannot straightforwardly account for the 

Turkish voicing contrasts and neutralizations found across acoustic studies.  Therefore, 

this chapter argues for a modular approach to the phonetic implementation of laryngeal 

features, and that language-specific differences in the implementation of stops are derived 

in a separate component from the phonological grammar.  A task-dynamic phonetics is 

then responsible for the lack of prevoicing found for orthographically voiced stops in 

Turkish. 

3.2 Overview of voicing and devoicing of Turkish obstruents in various contexts 

 Table 3.1, below, summarizes the acoustic data on voicing and devoicing patterns 

found in the present study, and from Kallestinova (2004), Kopkallı (1993), Kopkallı-

Yavuz (2000), and Wilson (2003).  The coronals /t, d/ are used to summarize voicing 

found for all places of articulation, and it is assumed that the findings apply to all places 

of articulation unless otherwise mentioned (e.g. bilabials are more often voiced in phrase-
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initial position).  The /g/ and the fricative /z/ denote findings in which only these 

segments were tested (e.g. 3.1d, 3.1e, and 3.1g below).  Sonorants are represented by /m/, 

as in (3.1i). 

Table 3.1. Summary of acoustic data for voicing of obstruents in different contexts. 
Across word boundaries Context Acoustic Study 

Devoicing   

a. [#d ̥a phrase-initial Kallestinova (2004) 

b.  ad ̥#] phrase-final Wilson (2003) 

c.  ad ̥#V word-final - intervocalic Wilson (2003) 

d.  ad ̥#ga word-final - consonant cluster Wilson (2003) 

e.  z̥#tʰ word-final fricative - consonant clusters chapter 2 

f.  at#d ̥a word-initial - consonant cluster chapter 2 

No assimilation or devoicing   

g.  z#d voiced fricative - voiced stop chapter 2 

h.  at#tʰa voiceless consonant cluster chapter 2 

i.  m#t (some voicing) word-initial - voiceless stop chapter 2 

j.  V#da, V#tʰa word-initial - intervocalic chapter 2 

Within words   

k.  ada  Kopkallı-Yavuz (2000) 

Kallestinova (2004) 

l.  atʰa  Kopkallı-Yavuz (2000) 

m.  ad-da, am-da  orthography 

n.  at-tʰa  orthography 

 Devoicing of an orthographically voiced stop occurs at a phrasal boundary (3.1a-b, 

phrase-initial and phrase-final position).  Both positions can be considered an incomplete 

neutralization, since some variable voicing occurs in phrase-initial position for bilabials 

(Kallestinova 2004) and is significantly more voiced than orthographically voiceless 
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stops in phrase-final position (Wilson 2003).  In both cases, however, most of the closure 

(greater than 70%) was devoiced. 

 Devoicing occurs in word-final position before a vowel (3.1c) and, most notably, 

in almost all obstruent clusters, regardless of underlying voicing or direction of 

assimilation (3.1d-f), with the exception of [z#g] (3.1g).  As the previous chapter 

demonstrates, word-initial voiced stops are devoiced following voiceless stops (3.1f), 

fricatives are gradiently devoiced before a voiceless stop (3.1e), and as the data from 

Wilson demonstrate, even a voiced~voiced obstruent cluster devoices the word-final stop 

(3.1d).  Unfortunately, no data were given on the voiced word-initial stop, though it is 

likely that there is no voicing during the closure given that the present study finds no 

onset of voicing during a closure within a voiceless~voiced obstruent cluster.   

 In examples (3.1g-m), the orthographic voicing arises as such: an orthographically 

voiced fricative~stop cluster (3.1g) arises as voiced obstruents, and voiceless~voiceless 

obstruent clusters arise as voiceless aspirated stops (3.1h).  For word-initial and word-

internal stops in intervocalic position (3.1i-n), orthographically voiced stops arise as 

voiced, and orthographically voiceless stops as voiceless aspirated.  And finally, though 

no acoustic study has investigated voicing in word-internal obstruent clusters, 

orthography suggests that voiceless clusters arise as voiceless and voiced clusters as 

voiced.  The latter cluster deserves further attention, since Wilson's data demonstrate 

devoicing in voiced obstruent clusters across words. 

3.3.  The phonetics of (de)voicing 

 I argue that the findings in table 3.1 can all be attributed to the aerodynamic 

principles required for vocal fold vibration (i.e., voicing) and to the air pressure 
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requirements in the sub- and supraglottal cavities; if these air pressure requirements are 

not met, vocal fold vibration is impeded.  Phrasing, position within the word, closure 

type, and location of the supraglottal constriction have all been shown to affect voicing 

and articulatory gestures in these positions (Flege 1981, Ohala 1983, Westbury & 

Keating 1986, Jun 1993, Keating et al. 2003, Stevens 1998). 

 Voicing is produced via changes in the pressure of the subglottal and supraglottal 

cavities from transglottal airflow (Stevens 1998).  A speaker inspires and air fills the 

lungs; by relaxing the thoracic muscles, pressure is placed on the lung cavity, which 

forces the air out.  The vocal folds constrict such that pressure builds up below the glottal 

closure but are slack enough that the subglottal pressure blows them apart.  The air flows 

past the glottis, causing a drop in pressure perpendicular to the column of airflow (the 

Bernoulli effect), which causes the vocal folds to close again, which in turn stops the 

airflow and increases subglottal pressure.  Thus, transglottal airflow and critical tensions 

in the laryngeal adduction are required to sustain vocal fold vibration.   

 Various factors can impede transglottal airflow and therefore vocal fold vibration.  

Oral stops have a complete supraglottal closure, so that when the equilibrium between the 

subglottal and supraglottal pressure is reached, transglottal airflow ceases and voicing is 

impeded.  The volume of the oral cavity behind the supraglottal constriction (i.e., place of 

articulation) can affect the duration of voicing, since equilibrium will be reached sooner 

for smaller volumes (Stevens 1998).  The farther back the closure is in the oral tract, the 

smaller the volume of the oral cavity, and the sooner vocal fold vibration is impeded.  

Increasing the volume of the oral tract by expanding the relatively elastic walls of the 

supraglottal cavity (Ohala 1983, Westbury & Keating 1986) increases the volume and 
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allows airflow and therefore voicing can continue.  Thus, in all of these cases, the 

important factor in producing or impeding voicing lies in the aerodynamic principles of 

transglottal airflow and the ability to compensate for differences in air pressure such that 

transglottal airflow can occur.  The sections below discuss each context in which 

devoicing (presented in table 3.1) occurs in light of these aerodynamic principles, and it 

is argued that coarticulation and aerodynamics can account for devoicing and voicing 

patterns in Turkish obstruents across contexts. 

3.3.1 Devoicing at phrasal edges 

 In examples (3.1a-b) above, both phrase-initial and phrase-final orthographically 

voiced stops are devoiced.  Devoicing in both of these contexts can be explained by the 

difficulties of initiating and sustaining airflow in phrase-initial and phrase-final position, 

respectively.  Flege (1981) provides acoustic and articulatory evidence from English /b/ 

and /p/ in utterance-initial position and finds that although laryngeal adduction occurs 

before the closure release, prevoicing was not always present.  He proposes that the oral-

laryngeal timing of articulation (i.e., adduction prior to release of the closure) is part of 

learning English language-specific phonetics, but that voicing is inhibited for 

aerodynamic reasons.  Westbury & Keating (1986) find that, after inspiration, the air 

pressure steadily rises in the subglottal cavity as the thoracic muscles change from 

expanding to relaxing.  As the supraglottal constriction is reached, pressure rises, and 

equilibrium between the subglottal and supraglottal pressure is reached, since the 

pressure in both cavities rise consistently.  Voicing cannot be initiated, since there is no 

difference in the pressure between the cavities for transglottal airflow. 
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 Similarly, in phrase-final position, Westbury & Keating assume that the lungs have 

reached resting position (possibly in preparation to inspire again) and the subglottal 

cavity has reached the atmospheric air pressure.  The subglottal pressure is not great 

enough to sustain voicing.  In addition, if the closure in final position is not released 

and/or the closure is lengthened as a result of phrase-final lengthening, there will be an 

increase in the intraoral pressure so that, in combination with less pressure in the 

subglottal cavity, vocal fold vibration will "cease … even with the vocal folds adducted" 

(Westbury & Keating 1983, p157). 

 Devoicing found by Wilson and Kallestinova at a phrasal boundary, can then be 

straightforwardly analyzed as the effect of initiating and sustaining voicing at a phrasal 

boundary.  Kallestinova and Wilson both found more voicing for bilabial stops than 

alveolar or velar places of articulation.  These findings follow the tendency for voicing to 

occur in stops farther forward in the oral tract, and stops in which the walls of the oral 

tract can be expanded to create a drop in pressure such transglottal airflow continues. 

3.3.2 Word-initial vs. word-final (intervocalic position)  

 In intervocalic position, Westbury & Keating (1986) find that the pressure in the 

lung cavity is held constant.  If the glottis is adducted to critical tension, vocal fold 

vibration continues naturally and can continue through a relatively short closure in 

intervocalic position.  Voicing can also continue if the elastic walls of the supraglottal 

cavity expand to allow more airflow during the closure.  While word-initial and word-

final position seem to pattern similarly at phrasal boundaries, word-initial position 

differed from word-final position in a phrase-medial intervocalic context (3.1c vs. 3.1j).  

Cooper (1991) demonstrates that glottal spreading in word-initial position is larger and 
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suggests that gestures are larger in word-initial position.  Other studies confirm stronger 

and larger magnitude of gestures in domain-initial position (Keating et al. 2003 for 

linguopalatal contact).  Within an Articulatory Phonology framework, the gesture is that 

of laryngeal abduction (or voiceless) and the default is that of laryngeal adduction.  It 

may be that larger gestures also apply to the default state of laryngeal adduction. A larger 

adduction gesture results in sustained vocal fold vibration in word-initial position, while 

smaller and weaker gestures in word-final position do not contribute toward sustaining 

vocal fold vibration, resulting in devoicing. 

 Browman & Goldstein (1992a) write that glottal gestures in final position are 

reduced in magnitude.  However, a weakened abduction gesture might result in voicing in 

word-final position.  However, not all phoneticians assume a laryngeal abduction gesture.  

Huffman (2005) finds that if the articulatory goal is that of adduction, then glottalization 

of voiceless stops before sonorants can be explained as anticipation of a laryngeal 

adduction goal.  Bauer (2005) also finds that if one assumes a laryngeal adduction 

gesture, then devoicing of word-final fricatives can be seen as a result of lengthening of 

the oral gesture only, without laryngeal adduction lengthening.  Devoicing of the fricative 

occurs during the period after the laryngeal gesture has ended and the tongue tip gesture 

continues, producing a voiceless fricative. 

 Cross-linguistically, word-final position (and coda position) demonstrates fewer 

contrasts and greater assimilations than word-initial position (Beckman 1998, Lombardi 

1999).  Word-final position in Turkish is complicated by the fact that there are alternating 

and non-alternating word-final stops.  As mentioned in Chapter 2 (repeated here in 
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examples 3.1-2), the alternating stops are orthographically written as voiceless in word-

final position and voiced intervocalic position. 

 (3.1) Final consonant voicing alternation before vowel-initial suffixes (Özel ms). 
 a. [kitap]  book     [kitab-a]  book-DATIVE 

    b.  [dørt]       four       [dørd-y]  four-ACC 
(3.2) Non-alternating roots (Lewis 1967, Özel ms., Kallestinova 2004). 
  a. [at]   horse    [ata]   horse-DAT 
  b. [ad]   name      [ada]   name-DAT 

 Kopkallı (1993) and Wilson (2003) find that there are no differences in acoustic 

correlates between underlyingly voiceless and alternating stops, which are voiceless in 

word-final position before a vowel-initial verb (Vt#V).  There were no significant 

differences in terms of vowel duration (prior to the stop), voicing into the closure, closure 

duration, and aspiration.  The results from a perception study by Kopkallı (1993) confirm 

that listeners cannot correctly identify non-alternating voiceless stops and alternating 

stops in word-final position, which arise as voiceless in word-final position (i.e., 

nominative forms of kap~kabı, and at~atı).  This suggests that alternating stops are 

phonologically devoiced in word-final position, since there are no acoustic or perceptual 

differences between underlyingly voiceless and alternating stops that arise as voiceless in 

word-final position. 

 In contrast, underlyingly voiced stops are significantly different from voiceless 

stops (both alternating and non-alternating), as there is more voicing into the closure than 

in voiceless stops, albeit at only 16% - 36% percent of the closure (see discussion in 

Chapter 2).  These findings suggest that there is some laryngeal abduction and devoicing 

occurs as a result of aerodynamic factors, since both an oral closure and word-final 

position provide the unfavorable conditions for voicing as discussed above. 
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3.3.3. Devoicing of obstruents clusters at a word-boundary 

3.3.3.1 Devoicing of stop clusters 

 While the studies by Kopkallı (1993), Wilson (2003), and Kallestinova (2004) 

demonstrated gradient devoicing and could be explained through aerodynamic principles 

of voicing, the issue for the present study is whether or not the apparent lack of 

prevoicing in obstruent clusters is better explained through aerodynamic principles or can 

be considered phonological featural assimilation.  It is argued, here, that devoicing in 

obstruent clusters is due to aerodynamic principles of voicing and not a phonological 

featural assimilation between consonant clusters across words.  When one takes into 

account all of the gradient devoicing contexts described above, it is natural to assume that 

the same explanation applies to obstruent clusters as well, since initiating voicing during 

a closure is also phonetically difficult.  As mentioned, sustaining voicing during a closure 

is aerodynamically difficult, and it is even more difficult to initiate voicing during a 

closure, as occurs for stop~stop clusters.  In addition, the data from Wilson (2003) 

demonstrate that underlyingly voiced~voiced stop clusters are devoiced, suggesting that 

voicing during closure is impeded even when there is no laryngeal abduction. 

 However, it is important to note that in Wilson's data in the underlyingly voiced 

stop~stop clusters, the second consonant was always a voiced velar /g/.  As mentioned, 

due to the difficulty in sustaining voicing for closures further back in the oral tract, it is 

not surprising that devoicing occurs in this context.  The transition from a closure at the 

tongue tip could completely stop vocal fold vibration, and in a bilabial~velar cluster, the 

closure for the two consonants could occur at the same time, which would also impede 

voicing in the word-final stop.  Therefore, it is difficult tease apart coarticulatory effects 

from word-final effects of voicing during a closure. 
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 Evidence from the perception study also supports a phonetic devoicing analysis of 

stops at a word-boundary.  The perception of underlyingly voiced and voiceless in word-

initial position is identifiable at a rate of 80%, which directly contrasts with the inability 

of listeners to perceive alternating and underlyingly voiceless stops in word-final 

position.  Since devoiced word-initial stops are still correctly identified as voiced, this 

would suggest that some glottal constriction occurs.  This glottal constriction affects the 

acoustic signal, which is used for identification of underlying voicing.  As discussed in 

the perception experiment, acoustic correlates of glottal constriction can affect the 

intensity of the burst, F0, F1, and the onset of formants.  Thus, although voicing was not 

found during the closure, these acoustic correlates of glottal adduction could be present in 

the signal and used to identify the category of orthographically voiced and voiceless 

stops.  Thus, the data demonstrate that word-initial stops are not neutralized, but rather, 

phonetically devoiced. 

 Determining the status of word-internal clusters is more difficult, since, to my 

knowledge, there is no acoustic data on word-internal clusters.  Kallestinova (2004) did, 

however, record nonce forms of a root followed by a non-alternating suffix -ki, which 

does not attach to roots.  Although she only reports VOT for the consonant in the suffix, 

her transcription notes that the root-final consonant is devoiced: /ad-kɨ/  [ad̥kɨ], 

suggesting that there is devoicing of orthographic stops within words.  The voicing 

alternation of a consonant-initial affix that does attach to the root, however, is written in 

the orthography, similar to the alternation of stops in word-final position, which suggests 

that speakers are aware of the assimilation.  Since alternating stops are argued to be a 

phonological assimilation, it is possible that word-internal clusters are also a 
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phonological featural assimilation and are fully voiced.  However, as mentioned, 

underlyingly voiced obstruent clusters are devoiced across word boundaries, (3.1d, 

above), which might suggest that word-internal clusters are also gradiently devoiced as 

an effect of an oral closure.  Acoustic data on word-internal clusters are needed to 

determine whether or not clusters are fully voiced word-internally and to demonstrate 

whether or not the presence of a word boundary affects gradient devoicing. 

3.3.3.2 Devoicing of fricatives 

 While stops impede voicing by closing the oral tract, preventing transglottal 

airflow, fricatives have a small opening that produces frication, during which the segment 

can be sustained (i.e., continuants).  Airflow through the opening (causing frication) 

would suggest that some transglottal airflow can occur to sustain voicing.  However, 

there are additional factors that impede voicing during fricatives.  Air pressure behind the 

supraglottal constriction is required for high air velocity to produce frication noise 

through the constriction, however, in order to sustain voicing, less intraoral air pressure 

for transglottal airflow to produce voicing (Ohala 1983, Stevens 1998).  Ohala writes that 

languages may either produce a less constricted (more approximant like) segment or that 

devoicing of the fricative occurs in order to compensate for the conflicts in intraoral air 

pressure requirements.   

 In addition, some laryngeal abduction may occur at the onset of the fricative (if 

preceded by a voiced segment) in order for airflow to generate more pressure behind the 

oral constriction.  Stevens (1998) adds that abduction continues, since the increase of air 

pressure produces "lateral forces on the vocal fold surfaces" (p479), contributing to the 

tendency toward laryngeal abduction in fricatives.  Ohala (1983) reports that there is less 
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glottal constriction for voiced fricatives than for voiced stops, suggesting that a reduction 

in magnitude of glottal adduction might more easily result in a voiceless state. 

 Given the aerodynamic parameters required for voicing during fricatives, it is not 

surprising that devoicing in a voiceless context (in table 3.1e) would occur.  The 

aerodynamic tendency towards glottal abduction and devoicing in fricatives, as well as 

anticipatory lengthening of the laryngeal abduction gesture for the following voiceless 

stop, could both contribute to devoicing of fricatives in word-final position.  Although 

Stevens (1998) writes that abduction occurs at the onset of the fricative, one would 

expect that devoicing would occur at the onset of the fricative.  However, some 

perseverative voicing (between 5%-25%) into the closure did occur and was significantly 

different from the underlyingly voiceless consonants (0% voicing during the closure).  It 

would seem then that initial laryngeal abduction to produce frication does not account for 

devoicing in fricatives.  However, the conflicting requirements in intraoral air pressure to 

sustain frication and voicing does seem to explain devoicing found in word-final 

fricatives before voiceless stops.  

 One might expect perserverative voicing to occur in the underlyingly voiceless 

fricative as occurred for voiceless stops.  However, the context for the word-final 

fricative was /kuʃ/, and /kɨz/, with high vowels occurring between voiceless consonants.  

Jannedy (1995) has shown that devoicing of vowels occurs in this context, thus the 

laryngeal abduction for the underlyingly voiceless fricative may have occurred earlier as 

an overlap between the two laryngeal gestures.  For the underlyingly voiced fricative, no 

such overlap occurs, the vowel is fully voiced, and the aerodynamic principles impeding 

voicing begin just after the onset. 
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 Turning to the difference between the voiced context (/z#D/) and voiceless context 

(/z#T/) for an underlyingly voiced fricative in word-final position, it is curious that this 

cluster is fully voiced, given the aerodynamic principles for both fricatives and stops and 

that even an underlyingly voiced stop~stop clusters is devoiced (Wilson 2003).  This 

would suggest that anticipation of the laryngeal gesture for the following voiceless stop is 

responsible for the devoicing of the fricative in the voiceless context: [z̥#tʰ].  If the 

default state for the laryngeal tier is that of adduction (as proposed by Articulatory 

Phonology, Goldstein & Browman 1986), then there is no laryngeal gesture in the /z#d/ 

context to anticipate, and full voicing occurs.   

 The distinction between a fully voiced [z#d] cluster and a gradiently devoiced 

[d̥#g] would then be a result of the complete supraglottal closure, since in neither context 

is there a glottal gesture to lengthen or manipulate within the task-dynamic phonetics.  

This would also confirm the explanation that the devoicing of /d/ in the pre-stop context 

([d̥#g]) is more affected by the complete closure than the word-final context.29 

3.3.4 Perception of voice in word-final vs. word-initial position 

 As briefly mentioned earlier, Kopkallı's (1993) perception study on word-final 

stops demonstrated that there is no difference between alternating stops in word-final 

position from underlyingly voiceless stops (nominative forms of kap~kabı and at~atı) 

suggesting that there is a phonological word-final devoicing.  Listeners were not able to 

correctly identify devoiced and voiceless stops, although there was some bias toward 

                                                

29 However, this does not rule out the possibility of word-final position having an effect on devoicing of 
ad#a, as discussed in section 3.3.2, above. 
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devoiced responses.  This bias was likely due to the fact that the words with devoiced 

(i.e., alternating) stops are more common than their voiceless counterparts.  

 Acoustic and perception studies on some languages such as German, Polish, and 

Dutch, described as having word-final devoicing, have demonstrated that word-final 

devoicing is non-neutralizing and that listeners can correctly identify devoiced and 

underlyingly voiceless stops at a level above chance.  German word-final devoiced stops 

have longer vowel and closure durations, and burst durations are shorter in devoiced 

word-final stops (Charles-Luce 1985; Piroth, Scheifer, Janker, Johne 1991); however, 

results differ across studies and carrier sentences used to elicit the words.30  Despite the 

conflicting reports on production of word-final stops, perception studies demonstrate that 

listeners are able to correctly identify the underlying voicing 59 % - 69% of the time 

across different speaker rates or styles (Port & O'Dell 1985, Port & Crawford 1989).31  

Studies on Polish, which also has word-final devoicing, found similar results in that 

acoustic differences between devoiced and underlyingly voiclesss stops in word-final 

position were perceived by listeners (Slowiaczek & Dinnsen 1985, Slowiaczek & 

Szymanksa 1989, Jassem & Richter 1989),32 and some studies for Dutch suggest the 

same non-neutralizing effects (Ernestus 2000; van Alphen & Smits 2004; Ernestus & 

Baayen 2006, 2007).  The studies demonstrate that if there are acoustic differences in 

production of word-final stops, these differences are generally perceived by listeners and 

correctly identified.   

                                                

30 Charles-Luce had four different contexts, one that disguised the purpose of the study and others in which 
the carrier sentence drew attention to the contrast. "It was ___ I said not ___" (e.g., rad~rat). 
31 Production sentences were designed to either conceal or elicit more differentiated pronunciation, as in 
footnote 30. 
32 Both studies report a higher accuracy for underlyingly voiceless than for devoiced consonants. 
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 Catalan, however, demonstrates no difference in production of devoiced and 

voiceless word-final stops and listeners were not able to identify devoiced and 

underlyingly voiceless stops (Mascaró 1987, Charles-Luce & Dinnsen 1987, Charles-

Luce 1987).  Similarly, Turkish also demonstrates complete neutralization in that there 

are no differences in the production of alternating stops in word-final position (realized as 

voiceless) and underlyingly voiceless stops, and listeners cannot perceive this distinction 

(Kopkallı 1993).  These findings suggest that for these two languages, word-final position 

completely neutralizes the distinction between devoiced and underlyingly voiceless stops 

in word-final position. 

 For Turkish stops in word-initial position, the results of the production study 

demonstrate that there are differences, namely in voice onset time (VOT), between 

devoiced and voiceless stops, and the perception study demonstrates that underlying 

voicing of stops in word-initial position is perceived, suggesting that there is incomplete 

neutralization of a two-way contrast.  Overall identification of voiced~voiceless pairs in 

word-initial position is strikingly accurate (80%) compared to the perception studies of 

word-final position in non-neutralizing languages such as German, Polish, and Dutch 

(around 60%).  Such differences, however, could be due to listeners' greater attention to 

stop cues in CV transition as opposed to VC cues in word-final position (Steriade 2001).  

However, recall that word-initial position consisted of VC#CV excised clips, so that 

actual words were not recognizable.  On the other hand, the greater magnitude in the 

production of a word-initial consonant may have contributed to a greater salience of 

acoustic gestures in this position.   
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 In addition, the fact that the VOT crossover point for underlyingly voiced stops is 

longer than that of underlyingly voiceless stops suggests that some laryngeal adduction 

occurs which manifests in acoustic cues used for categorizing the voiced~voiceless 

distinction.  Longer VOTs are required in order to overcome these perceptual cues of 

laryngeal adduction and be categorized as a voiceless consonant.  Thus, the perception 

study on word-initial stops in combination with Kopkallı's word-final study demonstrates 

that word-final position is completely neutralized between alternating stops and non-

alternating voiceless stops, while in word-initial position there is incomplete 

neutralization of orthographically voiced and voiceless stops.  As argued above, a 

phonetic account of devoicing of word-initial stops in a voiceless context is proposed, as 

opposed to a phonological featural assimilation. 

3.4 Phonetics operates on the output of the phonology 

 Above, it was argued that the voicing patterns found in various prosodic positions 

for Turkish voiced, voiceless, and alternating stops (the latter for word-final position), 

could all be explained through aerodynamic principles of voicing during stops and at the 

edges of the phrase and word domain.  While the devoicing across words is 

straightforwardly explained through the task-dynamic phonetics, this explanation relies 

on the fact that orthographically voiced stops arise as voiced (in both word-initial and 

word-final position), and orthographically voiceless stops (both alternating and non-

alternating) arise as voiceless.  The following section outlines my assumptions regarding 

the output of the phonology and differences between alternating and non-alternating 

stops, and briefly sketches a possible approach in deriving the asymmetry of voicing 

alternations found across contexts. 
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3.4.1 Phonological contrasts assumed as input to phonetics 

   I assume the following: 

 1.  Underlyingly voiced word-initial stops arise as voiced.  

 (3.3) Word-initial position. 
    a. /#g/  #g 
   b. /#k/  #k 

 2.  Non-alternating stops in monosyllables arise faithfully.  Alternating stops arise 

as voiceless in word-final position for polysyllabic words, and voiced before a vowel-

initial suffix in polysyllabic words.  

 (3.4) Word-final position. 
    a. /ad/     #ad# 
   b. /at/     #at#  
   c. /kitaB#/    #kitap# 
   d. /kitaB-V#/   #kitaba# 

 As mentioned, the underlyingly representation of alternating stops in word-final 

position is debated, as is the mechanism that drives the alternations (Inkelas & Orgun 

1995, Kallestinova 2004, Petrova et al. 2006).  However, the set of non-alternating stops 

may constitute a different lexical class, such as monosyllabic words (as is suggested by 

Inkelas & Orgun 1995) or borrowed words (şirket - company, katalog - catalog, geolog -

geologist).  Kopkallı (1993) mentions in her perception study that non-alternating 

(voiceless) stops are much less common than alternating stops, and this bias is reflected 

in the answers given (i.e., more alternating stop answers) for ambiguous stops in word-

final position. The analysis below assumes that non-alternating stops occur in 

monosyllables.  Monosyllables seem to have special status in the language, since velar 

deletion also does not occur in monosyllables (Zimmer & Abbott 1978, Inkelas & Orgun 

1995).  However, a full analysis of the frequency and distribution of the class of word-

final non-alternating stops is required to confirm this exceptionality.  The data in the 
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present study, however, do not give any insight into mechanism with which the 

alternations occur, only that an alternating stop in word-final position provides the 

phonetic context for devoicing during the closure of the following word-initial stop. 

 3.  No featural laryngeal assimilation across words. 

 (3.5) Consonant clusters across words. 
   /t#d/  t#d 
   /m#t/  m#t 
   /z#t/  z#t 

 Lombardi's (1999) proposal for laryngeal constraints and features to derive 

laryngeal neutralizations and assimilations across different languages predicts that only 

phonological regressive voicing can occur across words when a language generally has 

laryngeal agreement and final neutralization.  If we abstract away from the non-

alternating stops in word-final position and assume neutralization occurs for Turkish,33 

then an account of devoicing as a low-level phonetic process (as opposed to progressive 

voiceless assimilation) would eliminate a potential counterexample to Lombardi's 

typological prediction.  

 4.  A language-specific phonetic stage implements a two-way contrast as laryngeal 

adduction for orthographically voiced stops, and voiceless aspirated for orthographically 

voiceless stops.  A task-dynamic phonetics then operates on the output of the phonology, 

resulting in devoicing of orthographically voiced stops in the contexts discussed above. 

(3.6) Phonological output    Post-phonetic output 
  a.  #adda#     #adda# 
  b. #atta#     #atta# 

 a. at#da     at#d̥a 

                                                

33 This is contrary to Kallestinova (2004) and Petrova et al. (2006), who derive a three-way contrast as the 
output of the phonology in word-final position. 
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  b.  kap#da     kap#d̥a   
 c. ad#ga     ad̥#g̥a 
 d.  kum#tha    kum#tha 
 e. [#d     [#d̥  
 f. d#]     d̥#] 

3.4.2 A word on laryngeal features and constraints 

 Below, a tentative proposal is presented, which demonstrates how the various 

laryngeal contrasts and assimilations could arise within the phonological grammar. 

Binary laryngeal features are assumed to derive a two-way contrast.  There is much 

literature on the debate between privative vs. binary laryngeal features (Lombardi 1995, 

1999, 2001, Wetszel & Mascaró 2001, Petrova et al. 2006), however, the debate often 

relies on the typology of laryngeal assimilations and neutralizations across languages. 

However, not all proposals carefully review the acoustic studies of prevoicing and 

aspiration across contexts.  Therefore, discussing the merits of each proposal rely on 

verifying the acoustic data for the languages these proposals are based on, and as the 

acoustic studies on Turkish demonstrate, whether or not these changes are complete or 

incomplete could greatly alter the data that is to be accounted for.  Such a discussion 

would take us too far afield.  

 However, there seem to be some convincing arguments for the use of privative 

laryngeal features that do not rely on acoustic data, such as differences in repair strategy 

for markedness of Place vs. Voice (Lombardi 1995, 1999, 2001) and "the majority rule 

problem"34 (Petrova et al. 2006, p12).  However, the data from the present study merely 

                                                

34 The direction of voicing assimilation is not determined by the number of voiced (or voiceless) segments 
in an obstruent cluster. However, the evaluation of laryngeal faithfulness and markedness constraints 
predict that the assimilation will be to the feature specification with the greatest number of segments (or 
voiceless) segments (e.g. /dzt/  [dzd], and /dst/  [tst]). 
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demonstrate that if a two-way contrast in the output is assumed, the phonetic devoicing of 

stops is straightforwardly explained.  The proposal that privative features are narrowly 

interpreted is, however, discussed.  Turkish does not seem to have a contrast of [voice] 

vs. [sg], as orthographically voiced stops lack prevoicing in most contexts.  Reanalysis of 

Turkish as an aspiration language, or unspecified vs. [sg] in Petrova's theory, then poses 

problems for deriving the complete voicing alternations and velar deletion found in 

Turkish.  Thus, it is argued that laryngeal features are phonetically abstract and a two-

way contrast straightforwardly accounts for the data. 

3.4.3 Tableaux deriving phonological output 

To derive a two-way contrast in initial position [± voice], a positional faithfulness 

constraint to the initial syllable is ranked above the markedness constraint against 

[+voice] feature in obstruents.  As discussed above, voicing in obstruents is difficult to 

sustain due to a closure in the intraoral tract.  Faithfulness to initial syllable is motivated 

by the facts reported by Inkelas & Orgun (1995) and Zimmer & Abbott (1978) who 

demonstrate that velar deletion does not occur monosyllabic roots, and most non-

alternating stops appear in monosyllables.  This constraint is similar to Inkelas & Orgun's 

bimoraic word condition that applies at Level 1 in the lexical phonology and prevents 

phonological rules at later stages (feature filling and velar deletion) from changing the 

structure within the bimoraic word.  

(3.7)  ID-INITIAL[VOICE] (Beckman 1998). 
Let b be an output segment in the root-initial syllable35, and a its input  
correspondent.  If b is [α voice], then a must be [α voice]. 

 

                                                

35 Faithfulness is to the first two moras as Inkelas & Orgun demonstrate that the final consonant in a super 
heavy monosyllabic root does alternate (e.g. dört~dürdü "four"~"four-ACC"). 
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“An output segment in s1 and the input correspondent of that segment must have 
 identical feature specifications.” 

 (3.8)  *+VOICE/OBSTRUENT (Alderete 1997). 
 Voiced obstruents are prohibited. 

 In tableaux 3.1-2, a ranking of ID-INITIAL over *+VOICE/OBSTRUENT results in a 

faithful mapping of [+voice] for orthographically voiced word-initial stops, and [-voice] 

for word-initial voiceless stops. 

Tableau 3.1. [+voice] maps faithfully to [+voice]. 
/gel/ ID-INITIAL *VOICE/OBS 
a.  gel  * 
b.  kel *!  

 
Tableau 3.2. [-voice] maps faithfully to [-voice.] 

/kel/ ID-INITIAL *VOICE/OBS 
a.  gel *! * 
b.  kel   

Markedness constraints PASSIVEVOICE, which requires voiced obstruents between 

sonorants, and *G, which disallows voiced velars, are required to produced intervocalic 

voicing and velar deletion.  *G is motivated by that fact velars are a marked segment 

within the language, only occurring feely in initial position (Kopkallı-Yavuz 2000) and as 

discussed above, voicing in stops farther back in the mouth are difficult to sustain.  

Inkelas & Orgun (1995) propose a similar constraint within a lexical phonology 

framework, in which velars are disallowed in intervocalic position.36  

 (3.9) PASSIVEVOICE (Jessen & Ringen 2002). 
 Obstruents are voiced between sonorants. 
 
 (3.10) *G (Inkelas & Orgun 1995, Kopkallı-Yavuz 2000). 
 Voiced velars are disallowed. 

                                                

36 The constraint is proposed to be active at levels 3 and 4, where vowel-initial suffixes are added, so that 
root-internal velars are retained. 
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Tableau 3.3, below, demonstrates that alternating stops arise as voiceless in word-

final position of polysyllabic words, as a result of general faithfulness ranked below 

positional faithfulness and markedness.  The candidate that is unfaithful to a voiced root-

final stop (3.3b) is not subject to the positional faithfulness constraint, and satisfies the 

markedness constraint against voiced obstruents.  Similarly, an alternating stop before a 

vowel-initial suffix arises as voiced due to a ranking of PASSIVEVOICE over general 

faithfulness.  And finally, velar deletion results as a result of both *G, PASSIVEVOICE 

being ranked above MAX.  The candidate (3.5a) violates PASSIVEVOICE, and (3.5b) 

violates *G, which leaves candidate (3.5c), which has deleted the segment entirely, as the 

optimal candidate. 

Tableau 3.3.  Alternating stops in word-final position arise as voiceless. 
/kitab/ ID-INITIAL *VOICE/OBS ID-VOICE 
a.  kitab  *!  
b.  kitap   * 

 
Tableau 3.4.  Alternating stops before vowel-initial suffixes. 

/kitap-ı/ PASSIVEVOICE MAX *VOICE ID-VOICE 
a.  kitap-ı *!    
b.  kitab-ı   * * 
c.  kita-ı  *!   

 
Tableau 3.5.  Velar deletion before vowel-initial suffixes. 

/t ͡ʃot ͡ʃuk-u/ *G PASSIVEVOICE MAX *VOICE/OBS ID-VOICE 

a.  t͡ʃot͡ʃuk-u  *!    

b.  t͡ʃot ͡ʃug-u *!   * * 

c.  t͡ʃot ͡ʃu-u   *   

 Monosyllables, however, will remain fully faithful to the input voice feature.  In 

tableaux 3.6-7, a change in voicing feature (candidate b) results in a fatal violation of the 

positional faithfulness constraint. 
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Tableau 3.6.  Non-alternating voiced stops in word-final position. 
/ad/ ID-INITIAL *VOICE/OBS ID-VOICE 
a.  ad  *  
b.  at *!  * 

 
Tableau 3.7 Non-alternating voiceless stop before a vowel-initial suffix. 

/ad/ ID-INITIAL *VOICE/OBS ID-VOICE 
a.  ad  *  
b.  at *!  * 

 In tableau 3.8, to produce an optimal output that is fully faithful to the voiceless 

velar before a vowel-initial suffix, *G, ID-INITIAL and MAX-INITIAL must be ranked 

above PASSIVEVOICE.  The faithfulness constraints rule out candidate (3.8b), which 

voices intervocalically, and candidate (3.8c), which deletes the segment. 

Tableau 3.8.  Velars arise as voiceless in monosyllables. 
/ek-i/ ID-INITIAL37 

MAX-INITIAL 
*G PASSIVEVOICE MAX *VOICE/OBS ID-VOICE 

a.  ek-i   *    

b eg-i * *   * * 

c e.i *!   *   

 The positional faithfulness constraint to the initial syllable, as proposed above, 

does not derive the voicing alternation found in monosyllables such as kap~kabı.  An 

alternative analysis would be that faithfulness is only to the word-initial consonant, not to 

the entire syllable.  While this would derive the monosyllabic alternating stops, non-

alternating stops would not be derived.  Non-alternating stops would then be argued to 

have special status within the lexicon and some mechanism preserves the input features 

for these items.  However, the proposal follows Inkelas & Orgun's proposal that the 

initial syllable (two-moras) have special status, since this captures the observation that 

both velar deletion and voicing assimilations do not apply in monosyllables.  As 
                                                

37 Faithfulness to the initial syllable must be ranked above *G so that voiced velars in initial position do not 
devoice or delete. 
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mentioned, more data on the distribution of non-alternating vs. alternating stops would 

provide further evidence for these two analyses. 

 In order to derive voicing assimilation between consonants, a markedness 

constraint AGREEVOICE, which requires agreement in laryngeal features between adjacent 

obstruents, must be ranked above general faithfulness.  This ranking will result in an 

optimal output where voicing assimilation occurs between an affix and a root.  In 

tableaux 3.9-10, inputs in which the consonants disagree in voicing will arise optimally 

as a voiceless cluster, since the faithful candidates (3.9-10a) violate an undominated 

AGREEVOICE markedness constraint.  The constraint *VOICE/OBS rules out the voiced 

clusters (candidates b), resulting in an optimal output of a voiceless cluster (candidates c). 

 (3.11) AGREEVOICE (Padgett 1995). 
 Adjacent obstruents agree in specification of [voice]. 

Tableau 3.9.  Voicing assimilation within words. 
/kitap-da/ AGREE *VOICE/OBS ID-VOICE 
a.  kitap-da *! *  
b.  kitab-da  *!* * 
c.  kitap-ta   * 

 
Tableau 3.10.  Voicing assimilation within words. 

/kitab-ta/ AGREE *VOICE/OBS ID-VOICE 
a.  kitab-ta *! *  
b.  kitab-da  *!* * 
c.  kitap-ta   * 

In tableau 3.11, a word-final stop in a monosyllable, (/adda/ and /atta/) will result 

in voicing assimilation to the root voicing feature, as ID-INITIAL and AGREE are ranked 

above the markedness constraint prohibiting voiced obstruents.  Candidates (a) in 

tableaux 3.11-12 violate AGREEVOICE, and the candidates that are unfaithful to the root 

(3.11c, and 3.12b) violate the positional faithfulness constraint. 
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Tableau 3.11.  Agreement to non-alternating voiced word-final stop in a monosyllable. 
/ad-ta/ ID-INITIAL AGREE *VOICE/OBS ID-VOICE 
a.  ad-ta  *! *  
b.  ad-da   *!* * 
c.  at-ta *!   * 

 
Tableau 3.12.  Agreement to non-alternating voiceless word-final stop in a monosyllable. 

/at-da/ ID-INITIAL AGREE *VOICE/OBS ID-VOICE 
a.  at-da  *! *  
b.  ad-da *!  *!* * 
c.  at-ta    * 

 By restricting the domain of AGREEVOICE to the prosodic word, clusters across a 

word-boundary are not subject to this markedness constraint, and will arise as fully 

faithful to the input.  Word-final stops arise as voiceless, and then provide a devoicing 

context for word-initial stops. 

Tableau 3.13. No agreement in voicing across words. 
/p #d/ ID-INITIAL AGREE-ω *VOICE/OBS ID-VOICE 
a. p # d   *  
b.    p # t *!   * 
c.    b # d   **! * 

 By deriving the voicing alterations within the phonological grammar, the 

alternating stops are featurally identical to the non-alternating counterpart, and the 

complete neutralizations of voice in word-final and pre-vocalic position can be derived 

straightforwardly.  The following section (and as dicussed in Chapter 2) demonstrates 

that proposals which derive a three-way contrast in word-final position cannot account 

for both the complete and incomplete neutralizations found in Turkish without an 

additional stage to fill in default feature specifications.  In addition, this proposal does not 

delegate velar deletion to the phonetic grammar, as would occur in Petrova et al.'s 

proposal using privative features, but rather the present proposal derives velar deletion 

within the phonological grammar.  
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3.4.4 Voicing alternations using narrowly interpreted privative features 

3.4.4.1 Turkish as a [voice] vs. [spread glottis] contrast 

 As discussed in Chapter 2, Petrova's analysis produces regressive voicing 

assimilation for word-final position.  The AGREE constraint could be restricted to occur 

only within the prosodic word, as proposed above.  However as discussed in Chapter 2, 

there is still the problem that a three-way distinction in word-final position is not 

maintained in the acoustic output.   

Tableau 3.14.  No agreement across words. 
/aT# da/ SPECIFY 

-INITIAL 
ID 
[SG] 
 

AGREE-ω ID-ROOT ID[VOICE] *SG *VOICE 

a.  aT#da            * 
b.  aT#ta *!   * *   
c.  atsg#da  *!  *  * * 
d.  atsg#Ta *! *!  **  *  
e.  ad#da    *! *  ** 

 Either a default mechanism could specify a feature of [spread glottis] for 

unspecified stops in word-final position, and [voice] for intervocalic position, or 

constraints within an OT phonological grammar, such as PASSIVEVOICE and 

FINALDEVOICING, could require a [voice], and [spread glottis] specification, in their 

respective contexts.  As discussed in Chapter 2, a default mechanism for filling complete 

neutralizations seems to undermine a proposal for phonetically transparent features and 

the FINALDEVOICING constraint is not without debate.38  If, however, these constraints 

are proposed, this should derive a two-way distinction of [voice] and [sg] in both initial 

and final position, so that an input of an unspecified stop would be identical to non-

                                                

38Coda devoicing and final devoicing is argued to occur as a result of positional faithfulness to the onset, as 
opposed to a constraint requiring delinking or [sg] in coda position - see Lombardi (1991, 1995 1999, 2001) 
and Wetzels & Mascaró (2001) for a complete discussion. 
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alternating voiceless stops.  However, the observation that non-alternating stops are 

mostly within monosyllables is not captured, and the fact remains that orthographically 

voiced stops in Turkish are only reliably prevoiced in a voiced context.  Therefore, the 

feature [voice] in Turkish cannot be narrowly interpreted, and within Petrova's proposal 

Turkish may perhaps be better analyzed as having a [spread glottis] vs. unspecified stops.  

The following section discusses such a proposal and the problems therein. 

3.4.4.2 Turkish as an aspiration language 

 Abstracting away from the alternating stops in word-final position for Turkish, 

orthographically voiced stops in Turkish pattern similarly to a language that contrasts 

short-lag vs. long-lag, or so-called aspiration languages such as German and English 

(Keating 1984, Jessen & Ringen 2002).  Both Turkish and German have devoicing of 

orthographically voiced stops in utterance-initial position, but voiced when preceded by a 

voiced sound (i.e., V#dV, Jessen & Ringen 2002).  In intervocalic word-internal position, 

orthographically voiced stops are prevoiced (Kopkallı-Yavuz 1993, 2000, for Turkish, 

Jessen & Ringen 2002 for German).39  In addition, both have incomplete neutralization of 

orthographically voiced word-final stops (see discussion above on German perception 

and word-final neutralization, Charles-Luce 1985, Port & O'Dell 1985, Piroth et al. 

1991). 

 Turkish seems to be better categorized as an aspiration language with a voiceless 

unaspirated vs. aspirated distinction.  Of course, a perception study which carefully 

                                                

39 Jessen & Ringen argue that intervocalic voicing is gradient and that this constitutes evidence for 
underlyingly unspecified stops, as opposed to a [voice] feature for orthographic voiced stops.  They argue 
that intervocalic position is the most natural context for voicing and that an account devoicing of an 
underlying [voice]  feature is less plausible than voicing of an unspecified feature.  However, the only 
gradience found was in velars, and as mentioned, velar closures are also the most unnatural context for 
voicing.  A devoicing account of [voice] in intervocalic position seems equally plausible as the reverse. 
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controls all acoustic cues may demonstrate that VOT is the most reliable cue, since 

Turkish has relatively low VOT difference between orthographically voiced and 

voiceless stops as compared to cross-linguistic evidence for a voiceless unaspirated vs. 

aspirated contrast.   

3.4.4.3 Deriving the phonological alternations of Turkish obstruents as an 
aspiration language 

 Reanalysis of Turkish within Petrova's theory would mean orthographically voiced 

stops are unspecified and orthographically voiceless stops are [spread glottis].  Here, the 

mechanism that would render alternating and non-alternating voiceless word-final stops 

the same in terms of phonological features is not addressed, however, the mapping of the 

proposed features to the acoustic realizations found by previous studies (i.e., incomplete 

vs. complete neutralizations) is discussed. 

(3.12)  Features for Turkish as an aspiration language. 
a.  b, d, g = unspecified 
b.  p, t, k = [spread glottis] 

 There are several problems with analyzing orthographically voiced stops as 

unspecified.  Firstly, intervocalic voicing of stops is still problematic as velar deletion 

occurs in this context, and cannot be considered a phonetic process.  Constraints, such as 

PASSIVEVOICE and *G (ranked above MAX) are required to result in an optimal candidate 

which deletes a velar in intervocalic position.  However, there is no feature to reference 

in order to mark violations of a voiced velar.  An unspecified stop (i.e., orthographically 

voiced) is argued to be the least marked stop (Lombardi 1999, 2001, Iverson & Salmons 

2006) and it is difficult to argue a constraint that rules out unspecified velars. 

 Secondly, deriving the complete and incomplete voicing of fricatives and the 

voicing of stops in a voiced fricative context is problematic.  Recall that orthographically 
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voiced stops are fully voiced following voiced fricatives, [z#d].  However, if the stop is 

unspecified, we would expect devoicing to occur, as occurs for the pre-stop context 

[d̥#g].  As discussed, voicing is difficult to sustain in both types of segments, therefore 

we would expect devoicing of the fricative as well as the unspecified stop 

(orthographically voiced stop).  Indeed, incomplete devoicing of fricatives was found 

before voiceless stops: [Vz̥#TV], and a similar type of anticipatory devoicing might be 

expected to occur before unspecified stops in which the glottal muscles would be more 

relaxed.  Fricatives might be proposed to be featurally defined as [voice], so that an 

unspecified word-initial stop will then be in voiced context, such that the stop is fully 

voiced.  In addition, fricatives as a default [voice] would then also derive the incomplete 

devoicing of fricatives in a voiceless context, [Vz̥#TV].  However, a feature specification 

of [voice] for orthographically voiced fricatives (vs. unspecified for voiceless fricatives) 

is in direct contrast to stops which are defined as unspecified vs. [spread glottis] for the 

voiced~voiceless contrast, respectively.  Therefore, in order to derive the complete and 

incomplete voicing neutralizations for both stops and fricatives, one must assume 

different featural definitions for the two classes of obstruents. 

 And lastly, analyzing orthographically voiced stops as unspecified cannot account 

for the fact that there is some evidence of laryngeal adduction in word-initial stops.  In 

the perception study, voice onset time seemed to be only one factor in affecting listeners' 

judgments of underlyingly category.  Such data are consistent with other perception 

studies  (Abramson & Lisker 1985, Benki 2001) which indicate that at ambiguous VOTs 

(times in between unaspirated and aspirated categories), other acoustics cues consistent 
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with laryngeal adduction, such as F0, F1, burst spectra and intensity, affect listeners' 

categorization of stops.  Prevoicing in stops is highly variably, and the lack of prevoicing 

in orthographically voiced stops seems to be due rather to aerodynamic principles in 

different prosodic contexts rather than to a featural specification. 

 In summary, a narrow interpretation of privative laryngeal features cannot 

accurately account for the acoustic realizations of obstruents in Turkish, without various 

problems in deriving the complete and incomplete neutralizations found in a fricative 

context, the complete deletion of velars, or the evidence of laryngeal adduction in 

orthographically voiced stops.  Therefore, it is argued that laryngeal features should be 

abstract, and that the cross-linguistics differences in the implementation of stops should 

be derived in a separate language-specific phonetic stage. 

3.5 Phonetic transparency of laryngeal features revisited 

 As discussed, prevoicing is highly variable and dependent on context, the data 

seem to suggest that Turkish is better analyzed as an aspiration language, however, 

privative laryngeal features that are narrowly interpreted cannot straightforwardly 

account for the complete and incomplete neutralizations found in Turkish.  Reanalysis of 

Turkish, leaves Swedish as the only language that, as reported by Petrova et al., 

implements a two-way contrast as prevoiced vs. aspirated.  As the Turkish data 

demonstrate, a complete acoustic analysis of voicing and devoicing of stops in a variety 

of contexts would demonstrate whether or not voicing alternations are complete or 

incomplete and can be accounted for within a narrow interpretation of laryngeal features.  

Acoustic data may show that Swedish does reliably contrast prevoiced vs. long-lag stops, 

however, Lisker & Abramson (1964) and Keating (1984) report that this contrast rarely 
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occurs cross-linguistically.  This observation is not captured by Petrova's proposal, which 

predicts that all three contrasts (b vs. p, p vs. ph, and b vs. ph) are equally possible 

implementations of a two-way contrast. 

 Boersma & Hamann's (2008) Bidirectional Gradual Learning Algorithm for a 

phonetic implementation captures the typological rarity of a b vs. ph contrast, since 

articulatory effort is not minimized for the required perceptual contrast.  A contrast of 

prevoiced vs. voiceless unaspirated, voiceless unaspirated vs. aspirated stops, however, 

are perceptually distinct enough for listeners, while at the same time minimizing 

articulatory effort.  Thus, a b vs. ph contrast is inherently unstable, and the typological 

rarity is predicted as a result of articulatory and perception markedness constraints on the 

phonetic implementation of obstruents. 

 A phonetic implementation stage, as proposed by Boersma & Hamman which 

incorporates both articulatory markedness and perceptual cues as constraints in the 

phonetic grammar, allows laryngeal features to be phonetically abstract.  Definitions of 

laryngeal features differ across proposals. As discussed, Petrova et al. (2006) define 

features based on acoustic cues such as prevoicing and aspiration, while others, such as 

Halle & Stevens (1971), define a variety of laryngeal features as articulatory 

configurations in of the larynx (i.e., constricted glottis, spread glottis, laryngeal adduction 

etc.).  Jessen & Ringen (2002) define [spread glottis] and [voice] differently in terms of 

articulatory~acoustic parameters.  While [spread glottis] is directly related to glottal 

opening (implemented as aspiration with a VOT typically greater than 50 ms), the feature 

[voice] "does not have a simple, single-gesture articulatory definition" (p193), but 

manifests in a variety of acoustic/auditory cues.  However, these cues include F0, vowel 
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formants, closure duration, and voicing during the closure.  With the exception of vowel 

length, which could be due to phonetic enhancement of voicing, these may all be related 

glottal adduction. 

 Thus, while contrasting features may be phonetically grounded, the articulatory 

implementation and cues for determining laryngeal category may not always be readily 

apparent.  Defining the goal of laryngeal features is complex, and may be a complex 

feature which is implemented and perceived using a variety of articulatory~perceptual 

parameters.  Boersma & Hamann's Bidirectional Gradual Learning Algorithm captures 

these parameters and makes accurate predictions regarding the cross-linguistic 

implementation (i.e., rarity of a b vs. ph contrast) and the mismatch between articulation 

and perception in a variety of contexts. 

 Boersma & Hamann's model in combination with a simple two-way (e.g. binary) 

representation for laryngeal contrasts would most accurately account for the complete 

and incomplete neutralizations and assimilations found across languages.  Binary 

laryngeal features say nothing about how the stops are implemented.  This is a wanted 

result as Keating (1984) notes that languages with different implementations of a two-

way contrast do not differ in the types of assimilations or neutralizations as would be 

expected if these languages differed in features.  Allowing a separate phonetic 

implementation stage allows languages to implement contrasts differently without 

making predictions on the possible laryngeal assimilations.  Therefore, the proposal 

follows Keating (1984) in arguing for a more modular approach to the phonetic 

implementation of stops.  The cross-linguistic differences in the implementation of a two-

way voicing contrast is derived via a language-specific phonetic implementation stage 
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and a task-dynamic phonetics, in which aerodynamic principles of voicing in different 

contexts accounts for the variability of prevoicing and voice onset time across contexts. 

3.6  Conclusion 

 The present chapter proposed that the devoicing found in obstruents in Turkish can 

be derived through the aerodynamic principles of voicing during obstruents in different 

prosodic contexts.  The devoicing in word-initial stops was found to be an incomplete 

neutralization as the results of production and perception studies for word-initial position 

distinctly differ from the results found for word-final position (Kopkallı 1993).  In word-

final position, the devoicing of alternating stops and non-alternating voiceless stops are 

completely neutralized in all measured acoustic diagnostics (prior vowel duration, 

closure, percent of voicing during the closure) and are not perceived as different by 

listeners. Thereforre, this neutralization is argued to be a phonological alternation.  In 

word-initial position, the voicing contrasts are not neutralized, and the underlying voicing 

category is correctly identified by listeners 80% of the time.  The constraint AGREEVoice, 

which requires that consonants clusters agree in voicing in the phonological grammar, 

was proposed to be active only for domain of the prosodic word and clusters across 

words are not subject to this constraint.  The optimal candidate is the candidate that 

remains faithful to word-initial position. 

 A two-way contrast of [±voice] within an Optimality Theory framework was 

proposed to account for the complete voicing alternations found by various acoustics 

studies.  A faithfulness constraint to the initial syllable accounted for the observation that 

non-alternating stops mainly occur in monosyllables and that velar deletion does not 

occur in monosyllables.  Furthermore, a proposal in which privative features are narrowly 
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interpreted could not straightforwardly account for the complete and incomplete 

neutralizations.  Defining alternating stops as unspecified required a default featuring 

filling stage and could not account for complete velar deletion.  While reanalysis of 

Turkish as an aspiration language more accurately reflects the acoustic findings that 

orthographically voiced stops lack prevoicing, a featural contrast of unspecified vs. 

[spread glottis] for orthographically voiced and voiceless stops, respectively, was also 

problematic for producing the alternations of voiced stops, and could not account for the 

evidence of laryngeal adduction in orthographically voiced stops. 

 The results of acoustic production and perception studies in Turkish demonstrate 

that voicing is highly variable, dependent on context, and often gradiently realized.  

Acoustic data on voicing across contexts are important as many phonological accounts of 

voicing and laryngeal assimilations are based on limited acoustic data and/or prosodic 

contexts.  This study, however, provides further production and perception evidence 

regarding the implementation of voicing in obstruents across words, and finds that 

phonological features should be phonetically abstract.  Therefore, it is argued that there is 

a separate language-specific phonetic implementation stage for the implementation of a 

two-way voicing contrast in stops.  The following chapters on Norwegian rC sequences 

also argue for a separate language-specific phonetic implementation module operating on 

the output of a phonological grammar.  Chapter 6 concludes with a general discussion of 

the current issues for the phonetics~phonology interface. 
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CHAPTER 4.  NORWEGIAN ACOUSTIC STUDY  

4.1 Introduction 

 In Urban East Norwegian (UEN), the orthographic r (variably a tap or a trill) has 

different realizations based on the place of articulation of the following consonant 

(Kristoffersen 2000, Bradley 2007).  Before coronals, the r coalesces with the coronal, 

producing a retroflex consonant articulated in the manner of articulation of the coronal.  

Before non-coronals, however, either an intrusive vowel occurs between the r and the 

non-coronal (i.e., a short period of formant structure), or complete deletion of the r is said 

to occur (Kristoffersen 2000, Hamann 2003a, Bradley 2007).  These patterns are said to 

be categorical and occurring within the intonational phrase.  Tautomorphemic sequences 

of rd, however, do not coalesce, although, as discussed below, some exceptions are 

attested.  An acoustic study of these alternations within and across words is presented in 

this chapter.  The data presented demonstrate that while r+coronal sequences do coalesce 

categorically, r+non-coronal sequences do not display complete deletion or vowel 

intrusion, but rather display a full range of acoustic realizations from deletion, r-coloring, 

frication to vowel intrusion (among others).  Furthermore, nonce forms of rd sequences, 

which do not coalesce tautomorphemically, were tested in various contexts of stress 

placement and demonstrate that stress can affect rd coalescence.  In addition, inter-

speaker variation occurred in the treatment of rd sequences. 
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4.2 Norwegian phonetics and phonology 

 4.2.1 Consonantal inventory and phonetics of Norwegian 

 The consonantal inventory of Norwegian is presented below in table 4.1.  

Table 4.1. Consonantal inventory of Norwegian (Kristoffersen 2000). 
 Labial Labio-dental Laminal-dental Apical/retroflex Palatal Velar Glottal 
plosives p, b  t, d  ʈ , ɖ  k, g  
fricatives  f s  ʂ ç  h 
nasals m  n ɳ  ŋ  
liquids  
& glides 

ʋ , w  ɾ , l ɽ , ɭ    

 Norwegian has stops and fricatives at seven different places of articulation as 

shown above, with voicing contrasts in the plosive set only, and a palatal only in the 

fricative set (see below for full description with respect to the younger generation's 

change to /ç//ʂ/).  Within the coronal consonants, there are two sets of consonants, 

which have been described as laminal-dental and apical/retroflex (see section 4.2.4 for a 

complete articulatory and acoustic descriptions of retroflexes in Norwegian and across 

languages).  While the apical/retroflex consonants can form minimal pairs with plain 

coronals (4.1), there is some contention regarding whether or not they are derived from 

underlying r+coronal sequences or are underlyingly phonemic in tautomorphemes (see 

section 4.2.7, for discussion). 

 (4.1) Minimal pairs for coronals. 
 /syrt/      [syʈ]  surt 'sour-FEM'      /syt/  [syt]    sut     'whimper' 
 /bøɳ/     [bøɳ] born  'wind for sailing'    /bøn:/ [bøn:] bønn      'prayer'40         

                                                

40 Finding true minimal pairs is not at all easy, due to vowel length differences and geminates.  Vowel 
length is contrastive in Norwegian, though short vowels always occur with a geminate or coda cluster, long 
vowels occur with a single coda.  Kristoffersen writes that it is unclear whether the vowel lengthens in 
simple codas, or if gemination occurs to create a coda in syllable with a short vowel.  Thus, coalesced 
sequences of r+coronal in coda position will likely have a difference in vowel length as compared to the 
single plain coronal in coda position. 
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 While true minimal pairs may be scarce in relation to vowel quality and quantity, 

these apical/retroflex consonants occur quite often as the present tense verbal inflection is 

-r for all persons and numbers.  The context for coalescence occurs when a coronal-initial 

word follows the verb.  In addition, the morphology usually consists of coronal-initial 

suffixes (as in many Germanic languages), so that a word ending in an r followed by a 

coronal-initial affix also provides the context for coalescence.  Thus, these retroflex 

consonants can occur relatively frequently. 

4.2.2 Phonetics of the orthographic r 

 There has been some debate as to the description of r in Urban East Norwegian.  

Kristoffersen (2001) writes that a tap or flap is produced at the alveolar ridge, though in 

some cases can be produced as a trill.  Various rhotic or trill articulations of r occur in 

Scandinavian languages and dialects, and are often quoted as one of the major differences 

among Norwegian dialects and Scandinavian languages (Torp 2001).  Historically, the r 

was a full trill, but has reduced to a tap or flap in UEN, although some dialects of 

Western Norway and Icelandic are reported to retain a full trill (Torp 2001).   

 The retroflex flap, [ɽ], is reported to occur in some northern and eastern dialects of 

Norwegian and is historically derived from Old Norse /rð/ (Kristoffersen 2000).  The 

retroflex flap can be found where a tap, or a plain coronal lateral, [l], are found in other 

dialects (e.g. [su:l]/[su:ɽ] sol "sun", [bu:ɾ]/[bu:ɽ]) bord "table"), and in some cases there 

may be minimal pairs between the tap and retroflex flap ([mø:ɾ] mør "tender" ~ [mø:ɽ] 

møl).  As Kristoffersen writes, the "phonemic status of ɽ is precarious" (p24), though 

more secure in some rural dialects.  Kristoffersen reports that the retroflex flap is not 
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recognized in the upper class UEN dialect for "socio-linguistic reasons."  Speakers 1 and 

4 did not have any occurrences of a retroflex flap, while speakers 2 and 3, from just 

outside Oslo, did have a retroflex flap pronunciation of the lateral in the token vårsola, 

[ʋɔʂuɽɑ], "summer sun".  However, the realization of orthographic r in intervocalic 

position seemed to be only a tap pronunciation for all speakers. 

 In general, this study finds that in intervocalic position, there is no more than one 

closure, and often has formant structure throughout the closure suggesting either lenition 

or a more approximant articulation.  However, it is important to note that some true trills 

(more than one closure) occurred for all speakers, albeit sparsely.  The study presents 

further data as to the realization of the tap in pre-consonantal position, before coronals 

and non-coronals.  Though the exact acoustic realization depends on the context, from 

here on, the term 'tap' is used to discuss the orthographic r phoneme. 

 Torp (2001) provides descriptions of r from dialects outside Urban East Norwegian, 

in which the realization of r varies from rhotic fricatives to more uvular/dorsal 

pronunciations that can be realized as fricatives, uvular rhotics, or approximants.  These 

dialects do not have retroflexion before coronals, although one dialect spoken in Arendal, 

Norway has a uvular pronunciation and reportedly has retroflex coronals following the 

uvular r.  Torp suggests that the uvular r is often vocalized (produced as a vowel) and 

that a retroflex may be easier to pronounce than a sequence of a vocalized r followed by a 

coronal.41  In addition, there may be social pressure to produce retroflex coronals as the 

Urban East Norwegian dialect has historically been considered more prestigious.  Torp 

                                                

41 Coarticulation may also have a factor in producing more retroflex articulations as retraction of the tongue 
root may also cause a more alveolar/post-alveolar articulation (as opposed to laminal coronal). 
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suggests that speakers have borrowed the retroflexion rule even though the articulatory 

conditions (a coronal tap and coronal segment) are not present.  This dialect would be 

interesting to study, since as Morén (p.c.) points out this alternation poses problems for 

accounts of r+coronal coalescence as derived through gestural overlap.  A retroflex is 

argued to arise due to conflicting articulatory trajectories for the location of the tongue tip 

for a tap and a laminal coronal; however, no conflict arises in a dorsal and a laminal 

articulation.  It is also possible that retraction of the tongue body for a dorsal, one of the 

parameters for retroflexes as defined by Hamann (2002) (see section 4.2.4), could cause a 

more retracted articulation for the tongue tip.  However, due to the availability of 

speakers, this study focuses on UEN, which only has the apical/tap realization of r, as 

opposed to the uvular/dorsal pronunciation.  

4.2.3 Other phonetic variation and transcription conventions 

 Another segment, which has some variation in pronunciation, is the orthographic v, 

which is described by Kristoffersen as a labio-dental glide since he writes that it is 

normally produced without periodic noise.  In the present study, the orthographic v was 

produced variably with periodic noise.  Thus, it is unclear if there are dialectal differences 

or prosodic conditioning of the sonorancy for the labio-dental.  Kristoffersen's 

transcription of /ʋ/ is used here, pending further acoustic study of the labio-dental (see 

Kristoffersen 2000, p39 for a more complete discussion on the distribution of the labio-

dental and its classification as an obstruent or sonorant).  

 In addition, Kristoffersen writes that the palatal fricative is unstable across dialects 

and speakers, and that most younger speakers have merged /ç/ and /ʂ/ to /ʂ/.  Subsequent 

studies use the palato-alveolar symbol /ʃ/ (Simonsen & Moen 2004).  Word-initial /ʂ/ 
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(when not derived from an underlying /rs/ sequence, as in [ʂe], skje 'spoon'), he writes, 

has an unclear pronunciation and may be pronounced as a laminal distributed palato-

alveolar /ʃ/.  However, he uses the symbol /ʂ/ for the remainder of the book. 

 Three of the four speakers in the present study were in their thirties and did not 

have this merger, while the fourth speaker was in his early twenties and did have this 

merger.  This difference in age is not expected to affect the results, as only derived 

sequences from /rs/ to [ʂ] are compared to non-derived laminal coronal fricative /s/.  The 

merger of /ç/ and /ʂ/ in the younger generation presents interesting data for the phonemic 

status of /ʂ/.  However, the present study only investigates the alternation of rC sequences 

and their surface and acoustic realization, as opposed to underlying phonemic distinctions 

of between coronals and palatals. 

4.2.4 The phonetics of retroflex consonants 

 The term "retroflex" for an r+coronal coalesced segment in Norwegian is as 

contentious as it is for retroflexes cross-linguistically (Kristoffersen 2000, Simonsen, 

Moen & Cowen 2000, 2008).  Ladefoged & Maddieson (1996) write that the term 

retroflex generally denotes "one in which the tip of the tongue is curled up to some 

extent" (p25), however, it "has been used for a variety of different articulations" (p25).  A 

recent cross-linguistic phonetic and phonological study by Hamann (2003) proposed that 

while some retroflex articulations may include a curled tongue, this definition is not 

"universally valid" for all so-called retroflex consonants.  Instead, she proposes a set of 

articulatory configurations that are present in retroflex consonants across languages, and 

demonstrates that all four of these articulations contribute to lowering of F3, a known 
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correlate of rhotics (Ladefoged & Maddieson 1996).  The following section discusses the 

articulatory and acoustic findings for retroflex consonants across languages and then 

relate these findings to the articulatory findings in retroflex consonants in Norwegian.  

Overall, Norwegian retroflex consonants follow the cross-linguistics findings that there is 

variability in the location of the passive articulator (Simonsen et al. 2000, 2008); 

similarly, the acoustics of retroflex consonants in Norwegian presented in this chapter, 

also pattern like retroflexes of other languages, specifically lowering of F3 and F4, which 

occurs Gujarati (Dave 1977).  Therefore, while the literature of Norwegian 

apical/retroflex coronals questions the term retroflex as an accurate articulatory 

description, the inaccuracy of the description seems to apply cross-linguistically to the 

retroflex class of consonants.  For the sake of transcription and labeling, the retroflex IPA 

symbols and the term apical/retroflex for a coalesced r+coronal sequence is used, 

following Kristoffersen (2000) and Simonsen et al. (2000, 2008). 

4.2.4.1 Articulation of retroflexes 

 Hamann (2003b) writes that variability in retroflex consonants can occur in both the 

passive and active articulators, ranging from sub-apical to apical in the active articulator, 

and from a post-alveolar to an alveolar point of contact.  She points out that languages 

with fewer coronal contrasts demonstrate greater variation in a retroflex articulation than 

those with more coronal contrasts.  For example, data from Ewe (Ladefoged & 

Maddieson 1996), which has two contrasting coronals – laminal-dental and apical-

alveolar/post-alveolar –, demonstrate an apical articulation somewhere between the 

alveolar and post-alveolar region.  Eastern Arrente, however, contrasts four different 

coronals (laminal dental, apical alveolar, apical post-alveolar, and laminal post-alveolar), 

and has a more posterior articulation for the retroflex consonants (Ladefoged & 
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Maddieson 1996).  Hindi also uses a less retroflexed articulation in that the tongue is not 

as curled back, and has an articulation closer to the alveolar ridge than to the post-

alveolar region.  

 Rather than the traditional definition of a curled back tongue, Hamann proposes a 

set of articulatory configurations for rhotic/retroflex consonants.  She claims that all 

retroflexes consist of an apical active articulation, a posterior passive articulation, 

retraction of the tongue, and a sublingual cavity, all of which contribute acoustically to 

F3 lowering (see below for discussion). 

 (4.2) Articulatory definition of retroflexes (Hamann 2003b). 
   a.  apicality 
   b.  posteriority  
   c.  retraction  
   d.  sublingual cavity  

 Hamann (2003b) argues that a sublingual cavity is always present in apical 

segments since the tongue must necessarily rise from its resting position.  Posteriority 

refers to a passive articulation behind the alveolar ridge, though she notes that retroflex 

consonants are unique in using the apex as the active articulator, other posterior 

consonants (palatal alveolar and alveo-palatal) use the lamina.  She notes that the 

posterior articulation many not hold throughout the consonant as flapping out during the 

closure can occur.  

 In order to achieve posteriority, the tongue must retract towards the velum or 

pharynx, which results in a lowering and stretching of the tongue, to produce a flat  or 

horizontal tongue shape.  This lowered and flat tongue shape has traditionally been 

described as a concave tongue shape, in contrast to palatals, which have a domed shape.  

A curled tongue is, therefore, not a consistent description for the retroflex class, and she 

demonstrates that retroflexes can have varying shapes, and can even lack a post-alveolar 
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place of articulation.  Apicality is only one of four parameters that contribute to for a 

retroflex articulation, and argues that "the more of these properties a segment has, the 

more retroflex it is" (p32).  She further demonstrates that all of these configurations 

contribute to a lowered F3, the sole commonality for retroflexes across languages and 

consonants. 

 The retroflex consonants in Norwegian are also varyingly described is as alveolar, 

post-alveolar, and somewhere between alveolar and post-alveolar for the point of contact 

in retroflexes (Kristoffersen 2000).  Simonsen et al. (2000, 2008) present EPG and EMA 

data and conclude that while there is some variability across speakers in the point of 

contact on the palate the commonality is an apical articulation, rather than a post-alveolar 

articulation.  Thus, Kristoffersen distinguishes plain coronals vs. apical/retroflex coronals 

as a laminal vs. apical distinction, and featurally distinguishes the two sets of consonants 

by using a monovalent [apical] feature for apical/retroflex coronals (including the tap), 

and undefined for plain coronals (all are considered [coronal]). 

 However, data on Norwegian retroflexes presented by Simonsen et al. (2008) 

support Hamann's criteria for retroflex consonants.  In these data, apicality (a sublingual 

cavity), variability in the posterior passive location, and a flat tongue shape (consistent 

with retraction) are all present, supporting a retroflex description of the coalesced 

segment in Norwegian. 

 Simonsen et al. (2000, 2008) use electropalatography (EPG) and electromagnetic 

articulography (EMA) to investigate and identify the passive and active articulators in 

Norwegian coalesced retroflexes.  They argue that the commonality across speakers is 

what seems to be an apical articulation in the coalesced retroflex segment as opposed to a 
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laminal articulation in the non-retroflex segments.  The Norwegian retroflexes studied 

were derived from coalesced segments.  Word-initial position for retroflexes is derived 

from an -r inflection followed by a coronal initial noun (4.9a).  Word-final position 

differed in that a voiceless retroflex was derived from the feminine adjectival morpheme 

-t (said in the carrier sentence 4.3b), while the voiced retroflex was derived from a word-

final r followed by d as in sentence (4.3c).  Plain coronals were placed in a 

tautomorphemic initial and final position with the vowel /a/ before and after the words.  

Only stops were analyzed in the context of /i/ and /a/. 

 (4.3) Script for EMA data on apical/retroflex vs. plain consonants (Simonsen et al. 
2000). 
  a.  Det var ____ 'a vet du  "It was ___ then you know." 
  b.  Jeg sa  ____  'a vet du.  "I said ___ then you know." 
  c.  Han var da 'a vet du.  "He was there then, you know." 
 
 They use the Center of Gravity Index (COG), which "quantifies the greatest 

concentration of activated electrodes across the palate in the front-back dimension" 

(p390).  For the retroflex, three speakers had COG values posterior to the plain coronals 

and, therefore, did not overlap in the point of contact for the two sets of coronals (two 

speakers were more than a millimeter behind). 42  The final speaker did have overlapping 

values, though the mean was still posterior to the plain coronal, though by less than 0.5 

mm.  Below are palatograms that average all articulations over all the contexts for two 

different speakers; these speakers represent the more distinct articulations (Speaker HS) 

and the more overlapping articulations (Speaker AN). 

                                                

42 Results are averaged across 10 repetitions for each of the voiced and voiceless pair /t,d/.  
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Figure 4.1. Averaged EPG frames at maximum contact for plain and retroflex coronals 
across all contexts (Simonsen et al. 2008). Bottom figures correspond to retroflex stops.  

 

 While there is considerable overlap in the averaged articulations for Speaker AN, 

an EPG contact frame in figure 4.2, below, demonstrates that in the context of [a__] (the 

ideal context) at the onset of contact, there is a more posterior articulation (beginning at 

row four) for the retroflex. 

Figure 4.2. Averaged EPG frames at onset of plain and retroflex coronals in [a_] context 
for Speaker AN (Simonsen et al. 2008). 
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Figure 4.3. EMA data demonstrating tongue positions at maximum point of contact for 
plain coronals in a [_#a] context; a) laminal articulation with a lowered tongue body, by 
speaker HS, b) laminal articulation with a raised tongue body, by speaker AN (Simonsen 
et al. 2008). 

 

Figure 4.4. EMA data demonstrating tongue positions at maximum point of contact for 
retroflex coronals: a) flat raised tongue body in an i_ context, by Speaker HS and b) a 
lowered flat tongue body in _a context, by Speaker RE (Simonsen et al. 2008). 

 

 The EMA data further demonstrate the differences in tongue position used in the 

two sets of stops.  Figures 4.3 and 4.4 demonstrate that the tongue tip is used in 

retroflexes while the plain coronals use a more downward pointing laminal position.  The 

dark line corresponds to the palate and the lighter line with circles corresponds to tongue 

position.  The line between tongue blade and body is horizontal for retroflexes, but for 

plain coronals this line varies and can be parallel to the palate or sloping downward.  
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Simonsen et al. (2008) cite Hamann (2003b) in discussing tongue retraction, and mention 

that the variation in height could be indicative of variation in tongue retraction causing 

stretching and lowering of the tongue.  The variation in height in the retroflex consonant 

could also be due to anticipation of height for the following vowel.  The more raised 

articulation occurs before the vowel [i], and the more lowered position before the vowel 

[a].  However, in both vowel contexts, the flat tongue shape is present, indicating 

stretching and retraction of the tongue.  It seems then that the coalesced consonant in 

Norwegian meets the four parameters for identifying retroflexes, as defined by Hamann 

(2003): apicality, retraction, posteriority, and sublingual cavity.  The tongue apex is 

raised and used as the active articulator; this raising of the tongue tip creates a sublingual 

cavity.  The tongue has a flat tongue shape indicating retraction, and more posterior 

articulation occurs as compared to the plain coronal - though variation occurs, as is found 

cross-linguistically for languages with fewer coronal contrasts. 

 The different vowel contexts also demonstrate the variability that can occur in the 

location of the passive articulator; a more anterior articulation is used following a front 

vowel.  Hamann (2003) writes that the front vowel requires the tongue tip to be forward 

and pointed downward in comparison to apical and post-alveolar articulation.  Low back 

vowels, with a retracted tongue body, allow for greater retroflexion, and more freedom of 

the tongue tip to reach a more posterior location. 

 Movement during the closure shows no variation in the plain coronals, while there 

is forward movement during the retroflexes, which corresponds to the 'flapping out'.  

Flapping out refers to the forward movement that often occurs during retroflexes, which 

explains why the formant transitions into the closure of the retroflex are acoustically 
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more reliable than those coming out of the closure. 

Figure 4.5. EMA tracing of tongue movement for plain and retroflex coronals: a) Speaker 
AN - /ir#da/ b) Speaker HS - /a#ta/ c) Speaker HS - /ar#ta/ (Simonsen et al. 2008). 

 

 The EMA tracings in figure 4.5, above, demonstrate the flapping out movement 

during the closure and the effect of vowel context on tongue movement.  In figure 4.5a 

the tongue body moves back after a front vowel, touches the palate, and then moves 

downward to the low back vowel.  Following a back vowel (figure 4.5c), the tongue body 

is already in a more posterior position, and the tongue tip touches the palate and moves 

forward as part of the flapping-out movement.  The plain coronal has no such pulling 
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back or flapping out movements (figure 4.5b), and simply reaches up and down to resting 

position. 

 The data presented by Simonsen et al. (2008) demonstrate that apical/retroflex 

consonants have consistent use of apicality and that there is evidence for tongue 

retraction and stretching, and flapping out during the consonant closure.  The point of 

contact is anterior to that of the plain laminal coronal and, for most speakers, begins at 

the alveolar ridge.  The variability found in the point of contact for retroflexes follows 

Hamann's cross-linguistic findings that languages with fewer coronal contrasts 

demonstrate greater variation in articulation compared to languages with more contrasts.  

The next section turns to the acoustic correlates of retroflexion across languages, namely 

formant transition into the retroflex closure.  This section focuses on a language similar 

to Norwegian: Gujarati.  Like Norwegian, Gujarati has only a two-way coronal contrast.  

Gujarati also demonstrates variation in the point of contact and demonstrates an 

additional acoustic correlate of retroflexes not reported to occur in only one other 

language, i.e.,  lowering of the fourth formant. 

4.2.4.2 Acoustics of retroflexes 

 As discussed above, Hamann (2003b) presents a new set of articulatory 

configurations based on the cross-linguistics articulations of retroflex consonants, and 

points out that all of these configurations contribute towards a lowering of F3, according 

to Perturbation Theory (Johnson 2003).  Retraction of the tongue root, apicality of the 

tongue at a post-alveolar articulation, all constrict the vocal tract at velocity nodes 

corresponding to F3, thus impeding movement and lowering the frequency of F3. 

The sublingual cavity is also said to produce resonances, which introduces an extra 

formant and anti-formant in the area between F2 and F3, causing F3 to appear lowered 
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(Stevens 1998). 

 Hamann argues that the retroflex class of consonants is better defined in terms of a 

lowered F3 and even proposes an acoustic feature [low F3] that is referenced within a 

Functional Phonology framework of Optimality Theory, which incorporates perceptual 

and acoustic cues (Boersma 2003).  

 Steriade (2001), however, reports data from Gooniyandi (McGregor 1990) and 

Gujarati (Dave 1977) that lowering of F3 and F4 occurs for retroflex consonants as 

opposed to dentialveolars.  A potential cause of F4 lowering, as pointed out by Dave 

(1977) could be related to the size of the sublingual cavity and location of the passive 

articulator.  Although McGregor (1990) does not mention F4, he reports for Gooniyandi 

formant loci of F1 - 500, F2 - 1600, and F3 -1800, and he writes that "the highest energy 

concentrated around 2000 Hz" (p57).  McGregor makes clear that the tongue is not curled 

backward but the "apex of the tongue points up" and that the retroflex consonants are 

produced with "the tongue tip only" (p51).  Before /i/, the tongue tip contacts the  "back 

side of the alveolar ridge" and, preceding back vowels, "at the forward part of the hard 

palate" (p51).   

 The figures below display palatograms made with chalk tracings of dentals and 

retroflex coronals in Gujarati (from Dave 1977).  The dental coronal has an articulation 

that covers the teeth and is labeled as apical-dental by Dave.  For retroflexes, there is a 

large area of the post-alveolar and alveolar ridge marked by the chalk painted on the 

tongue.  Although curling of the tongue is not seen in palatograms, the author writes that 

by painting chalk on only the lower part of the tongue, observation in a mirror, and his 

sense of his own articulation give the impression that curling of the tongue occurs.  The 
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second speaker, Dave writes, had a more alveolar articulation for the second speaker 

though palatograms are not given. 

Figure 4.6. Palatogram tracings for Gujarati dental and retroflex coronals (Dave 1977). 

 

 Turning to the acoustics of these dental vs. apical/retroflex consonants in Gujarati, 

the spectrograms below demonstrate that F4 lowers dramatically into the closure of the 

retroflex stop, while no such lowering of formants occurs for the plain coronal.  Coming 

out of the closure for the retroflex stop, the formants do not change as abruptly, likely due 

to flapping out during the closure.  As mentioned, the acoustic cues coming out of the 

closure are not as indicative of retroflex place of articulation, since flapping out during 

the closure occurs, and thus is not expected to demonstrate dramatic formant transitions. 
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Figure 4.7. Spectrograms of F3 and F4 lowering in Gujarati dental vs. retroflex coronals 
(Dave 1977). 
 

 
   [mata]             [paʈa] 
 

     

 
 
        [pado]           [paɖo] 
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Figure 4.8. Spectrogram of F4 lowering in Gujarati retroflexes (Dave 1977). 

 

 Dave (1977) writes that a less retroflexed, or a more alveolar articulation, would 

produce a smaller sublingual cavity, causing a higher resonance frequency.  This high 

resonance would cause F4, rather than F3, to lower.  However, the second speaker in his 

study, who had a more anterior articulation of retroflexes, did not demonstrate F4 

lowering, as would be expected based on explanation due to resonances of the sublingual 

cavity.  He also points out some problems with relating the size sublingual cavity and 

more anterior articulation of retroflexes to F4 lowering.  As the tongue moves up to the 

retroflex articulation, the sublingual cavity should start out small (translating into higher 

frequencies) and then become larger (translating into lower frequencies) as the tongue 

moves up.  Therefore, we would expect to see F4 lowering begin before F3.  However, he 

notes that this does not occur in his data and, in fact, the reverse seems to be true as he 

notes that F3 seems to fall before F4.  While the differences in onset of formant 
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transitions may not be supported by the Gujarati data, the resonances produced by 

sublingual cavity does seem to explain why lowering can occur in both F3 and F4, rather 

than only in F3 or F4. 

 Although, the change in sublingual cavity size as an explanation for F4 lowering is 

not supported by the different onsets of F3 and F4 lowering in his data, it may be the case 

that each individual token may have more or less F4 lowering according to the location of 

the passive articulator.  Individual tokens of retroflexes with a more anterior location may 

correlate with more F4 lowering, as opposed to more posterior articulations with F3 

lowering.   

 The data from Gujarati demonstrate that both F3 and F4 can lower into the closure 

of retroflexes.  The study presented here on Norwegian, therefore, takes a closer look at 

both of these formants, and finds that plain vs. apical/retroflex coronals significantly 

affect change in both F3 and F4 (i.e., lowering of F3 and F4 into the closure of the 

coronal).  

 To summarize, the apical/retroflex in Norwegian meet the articulatory criteria for 

retroflexes as defined by Hamann (2008).  The articulatory variation in retroflexes found 

by Simonsen et al. (2008) is congruent with cross-linguistic variation for retroflexes.  

One such language, Gujarati, demonstrates F3 and F4 lowering into the consonant 

closure.  As will be demonstrated in the results section, the acoustics of Norwegian 

retroflexes also follow Gujarati in that both F3 and F4 lowering are found.  Thus, while 

the retroflex class of consonants across languages had a wide range of articulatory 

descriptions, Norwegian apical/retroflexes behave both articulatory and acoustically 

similar to retroflex consonants cross-linguistically. 
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4.2.5 The phonology of coronals 

 This section turns to the conditions in which a retroflex consonant occurs.  

Coalescence of a tap and a following coronal occurs word-internally (4.4a), across 

morphemes (4.4b), and across words, both within a noun phrase and larger phrases, as in 

(4.4c-d). 

 (4.4) Coalescence of r+coronal sequences (Kristoffersen 2000, Bradley 2007). 
      a.  tautomorphemes  
     [sʋaʈ]   svart   'black' 
     [ʋæʂ]  vers   'verse'  
     [bɑːɳ]  barn   'children' 
     [jɑːɭ]   jarl  'earl' 
      b.  inflection    
   /sʉɾ-t/  [sʉʈ]   surt   'sour' 
   /baɾ-n/  [baɳ]  baren   'bar DEF SG' 
          derivational  
    /ʋoɾ-li/  [ʋoːɭi]  vårlig  'spring like' 
          clitics   
   /bɾuɾ-s/  [bɾuːʂ]  brors   'brother-POSS' 
   /bæɾ-n/  [bæːɳ]  bær han   'carry him' 
       c.  compound nouns  
   /ʋoɾ tejn/  [ʋoːʈæjn]  vår tegn  'spring sign' 
   /ʋoɾ daɡ/  [ʋoːɖaːɡ]  vår dag  'spring day' 
   /ʋoɾ sul/  [ʋoːʂuːɭ]  vår sol  'spring sun' 
   /ʋoɾ nat/  [ʋoːɳat]  vår natt  'spring night' 
   /ʋoɾ luft/  [ʋoːɭuft]  vår luft  'spring air' 
       d.  across words 
   [hæ.ʈɛl.lɛf.sn̩]             Herr Tellefsen   'Mr. Tellefsen.' 
   [de.ɡleː.dә.ɳuː.әn]       Det gleder noen. 'It pleases some.' 
   [peː.ʂeː.ɾɛn.stuː.ɭɵː.ʋә]43 Per ser en stor løve.  'Per sees a biɡ lion.' 

 A sequence of rd does not always coalesce tautomorphemically, but can have a 

                                                

43 I use Kristoffersen's notation of [ɵ] for a rounded front mid-vowel; the exact position/symbol is not 
relevant for the discussion of coronals and coalescence. 
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phonetic intrusive vowel between the two consonants.  Both Popperwell (1964) and 

Kristoffersen (2000) note the effects of stress on the coalescence of rd.  Kristoffersen 

writes that after a stressed vowel /ɾd/ rarely becomes [ɖ], while before a stressed vowel, 

"we invariably find [ɖ]" (p89); examples are shown in (4.5). 

(4.5) Affixes affecting stress and coalescence (Kristoffersen 2000). 
       a. [véɾdi]    verdig 'stately' 
  [gɑ́ɾ.dә]   garde 'guard' (stress is on first syllable)  
  [gɑ.ɖi ́st]   gardist 'guardsman' (stress is on the suffix)  
       b. [ɛ́d.ʋaɖ]   Edvard male name  
 [ɛd.ʋáɾ.da]   Edvarda female name  
 

 Affixes that cause a change stress-placement demonstrate the sensitivity to stress 

placement: garde, which has stress before the sequence does not coalesce, while 

coalescence occurs when a suffix, -ist, moves the stress to the syllable following the rd 

sequence (4.5a).  Similarly, adding a feminine name suffi also places the rd sequence in 

post-stress position and the non-coalesced sequence surfaces (4.5b).  A search of 

Popperwell's dictionary (approximately 4,400 words), which notes stress for all words, 

reveals that only three exceptions to the stress rule exist out of a total of 58 words with rd 

sequences (4.6a-b). 

 (4.6)  Stress placement and coalescence (Hamann 2003a, Popperwell 1963). 
  a.  Pre-stress 
    [fɔ.ɖi ́]    fordi   'because' 
   [ɡɑ.ɖiː́n]  ɡardin    'curtain' 
   [væ.ɖi ́] verdi   'value' 
  b.  Post-stress exceptions 
   [bú.ɖe]  burde 'ought' 
   [ʋú.ɖan]  hvordan  'how' 
   [lɵ́.ɖaɡ]  lørdag  'Saturday' 
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 Hamann (2003a) reports that retroflexion of rd occurs after long vowels, though 

this could possibly be related to stress, as all stressed syllables are heavy.44  In word-final 

position, both non-coalesced and coalesced cases of rd are reported, (4.7a-b). 

 (4.7) RD in word-final position (Popperwell 1964, Haugen 1967, Kristoffersen 
2000).  
      a. [bastarәd] bastard  'hybrid'  [sʋæɾəd] sverd  'sword' 
  b. [ɭɔɖ]  lord    'lord'  [bɔrd] bord 'border'45 
  c. [boːɖ] ~ [boːɾ]   Bård   male name  
 
 And finally, Kristoffersen reports that there can be variation in the pronunciation of 

an rd sequence, either pronounced as coalesced or with d deletion (4.7c).  Kristoffersen 

notes that non-coalescence of rd is limited to Central East Norway and that other dialects 

do have coalescence of rd tautomorphemically.  Indeed, as will be demonstrated, there 

was interspeaker variability in the treatment of rd sequences, with one speaker having 

coalescence across the board regardless of stress, for two speakers coalescence occurs in 

pre-stress context only, and yet a final speaker has coalescence in pre-stress position only 

in lexical words (rd remains as two segments in all nonce forms). 

 In order to account for the rd exceptions, Kristoffersen argues that all 

tautomorphemic retroflex coronals are underlying; the non-coalescence of rd within 

morphemes is simply the underlying representation.  All other coalescence is the result of 

a derived environment.  However, this type of assumption poses problems in explaining 

the phonotactic restrictions of r+coronal sequences.  There are no sequences of rt, rn, rl, 

                                                

44 It is debated whether or not vowels lengthen, or consonants geminate in order to satisfy the stressed 
heavy syllable requirement (Kristoffersen 2000). 
45 There seems to be some debate as to the realization of rd in bord.  Haugen (1967) reports a retroflex, 
while Popperwell provides a non-coalesced notation as the phonetic transcription.  Furthermore, Bruce 
Morén (p.c.) notes that it would be odd for an intrusive vowel to occur in bord.  It is also the case that many 
orthographic d are silent and not part of the underlying structure.  Regardless, it is clear that 
tautomorphemic rd has many factors in determining whether or not coalescence occurs. 
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or rs occurring in monomorphemes or in derived environments, and apical/retroflexes are 

generally restricted from occurring in word-initial (tautomorphemic) position.  Only [ʂ] 

and [ɭ] arguably occur at the beginning of a word for some dialects (4.6a).  Kristoffersen 

argues that if one assumes that tautomorphemic retroflexes are derived, this would 

require positing an underlying representation of word-initial /rs/ and /rl/, respectively, 

which seems unlikely even from a historical perspective.  However, it does seem that an 

underlying retroflex coronal fricative, [ʂ], can have phonemic status in the language, 

since [ʂ] can form a minimal pair with the plain coronal [s], as shown in (4.8b).  

Kristoffersen notes that a word-initial /ʂ/ is historically derived from /sj/ or /skV/ before 

front vowels, and may have originally been pronounced with a more distributed 

constriction and later become pronounced with a more apical/retroflex articulation.  

Recent articulatory data on word-initial and derived /ʂ/ is lacking, and therefore, further 

data are required to clarify the phonemic status of /ʂ/ in word-initial position.  The lateral 

retroflex, however, does seem to have a more precarious position as a phoneme, as it is in 

free variation with a retroflex flap (Kristoffersen 2000, p90) and conflicting transcriptions 

exist where the plain lateral is transcribed, (4.8c). 

 (4.8) Minimal pairs for coronal fricatives. 
  a. [ʂe]  skje  ‘spoon’ [ʂi]    ski    ‘ski’ [ʂɵ]  sjø    ‘sea’    
  b. [se]  se      ‘see’      [si]    si     ‘say’ 
 Free variation for laminal and retroflex lateral, (Popperwell 1963, Haugen 1974). 
  c. [ɭo:t]/[lo:t]    låt    ‘sound'  [ɭi:] /[li:]  li   ‘hillside'46 

                                                

46 Popperwell also reports a 'clear' laminal lateral, thus demonstrating the highly variable pronunciation and 
the suspect phonemic status of a retroflex lateral. 
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 Thus, it is clear that rd has a special status in the grammar and deserves further  

attention regarding its interaction with stress.  Such a study could affect the analysis  

of retroflexion since the assumption that a retroflex coronal is the underlying  

representation in tautomorphemic position relies on the rd gap.  Assuming that all 

retroflex consonants are underlying is a problem for OT, since OT assumes Richness of 

the Base, namely that all segments and sequences are part of GEN and input forms.  

Sequences of rt (and other coronals) must be ruled out by the grammar and surface as 

retroflex consonants.  Furthermore, an underlying representation of rd and /ɖ/ does not 

explain why coalescence is prevented in post-stress context.  This discussion is taken up 

again in Chapter 5, once the effect of stress on rd sequences has been tested. 

4.2.6 The phonology of non-coronals 

 A sequence of r+non-coronal does not coalesce, rather the tap may delete or be 

realized with an intrusive vowel between the two consonants, as occurs for non-coalesced 

rd sequences.  

(4.9) Deletion or intrusive vowels in non-coronal clusters (Kristoffersen 2000).  
 a.  Across morphemes  

/eɾ klæɾe/  [æ(ɾ).klæː.ɾ]  erklære  'to declare' 
/foɾ banne/  [fɔ(ɾ).ban.nә]  forbanne  'to curse' 
/for klarә/  [fɔ(ɾ).klɑː.ɾә]  forklare  'to explain' 

 b.  Across words  
[hæ(ɾ).kris.tn̩.sn ̩]   Herr Kristensen   'Mr. Kristensen' 

      [dә.ɡleː.dә(ɾ).maŋ.ŋә]  Det gleder mange.  'It pleases many.' 
 
 Bradley (2007) finds vowel formants between non-coalesced segments in 

monomorphemes, (4.10), though he writes that future studies would control for stress and 

phrasing, as his data come from speakers reciting a poem (Nordavinden og Sola– The 
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North Wind and the Sun). 

  (4.10) Vowel intrusion before non-coronals (Bradley 2007). 
   a. [stæɾәkest] stærkest  'strongest'  [ʋɑɾәm] varm 'warm'   
       b. [ʋɑɾәb] verb  'verb' 
 
 Indeed, Kristoffersen writes that in some words there is variability with respect to 

deletion of the tap and that there is "an intricate set of structural constraints for the rule to 

apply" (p311).  Stress, rate of speech, and social background are all reported as factors 

contributing to the deletion of the tap (Kristoffersen 2000).  Functional verbs such as: blir 

- 'to become', er/var - 'is/was', and har - 'have' can delete the r in unstressed position.  In 

stressed syllables in which the r is an inflectional ending following the vowel [æ], r 

deletes, but not following [u].  Kristoffersen writes that this is because [æ] almost 

invariably occurs before r, making the likelihood of recovering the r fairly high.  A 

search for word-initial tokens before non-rhotics in Haugen (1974) demonstrates that 

there are just a few cases in a which an [æ] occurs before non-rhotic, such as in Æge 

"Agir", æse "to fit beams into position", æsj "ick, yuck", æle "to send forth, sprout", and 

various compounds using the words ætte "family" and æve "long time, eternity". 

 Hall (2003) argues that intrusive vowels between two consonants are not true 

epenthetic vowels because they do not cause phonological changes, such as placement of 

stress, and intrusive vowels often have the same formant structure as the surrounding 

vowels.  Bradley's acoustic data did find intrusive vowels between r and non-coronals, 

and he follows Kristoffersen's analysis that the process is variable. 

 However, factors such as stress, vowel quality, and whether or not the tap is an 

inflectional ending all point toward gradience in the realization of r+non-coronal 

sequences, as all of these factors are known to affect the phonetic realization within the 
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task-dynamics (Browman & Goldstein 1989, 1992, Fowler 1998).  Indeed, the results of 

the present study shows that deletion/vowel intrusion before non-coronals is a gradient 

process, as opposed to optional and categorical. 

4.2.7 Accounts of coalescence vs. vowel intrusion 

 Bradley proposes gestural alignment constraints, along the lines of Gafos (2002), 

which require that articulatory gestures overlap or separate to produce coalescence vs. 

vowel intrusion of the tap and following consonant.  Because the gestures associated with 

a tap and a coronal are on the same tier (i.e., the tongue tip) an intermediate articulation is 

produced: a retroflex coronal stop/fricative/lateral/nasal: [ʈ], [ʂ], [ɭ], [ɳ] (i.e., 

coalescence).  As mentioned, Simonsen et al. (2000) find that apical/retroflexes seem to 

be pronounced with an apical articulation and have variability in the location of 

linguopalatal contact.  Bradley interprets this evidence as further support for a gestural 

overlap analysis of coalescence. 

 Bradley argues that complete overlap with a following non-coronal would cause the 

tap to be completely hidden acoustically, since the gestures are on different tiers (i.e., not 

the same articulator).  Following non-coronals, vowel epenthesis between the r+non-

coronal occurs rather than coalescence.  A high ranking of a recoverability constraint, 

which penalizes structure with completely overlapped segments, prevents complete 

overlap of consonants such that the consonants are perceptually recoverable.  The 

recoverability constraint only applies to tautomorphemic sequences in order to account 

for the derived-environment effect (i.e., that rd does not coalesce).  This domain-specific 

constraint allows deletion (i.e., complete overlap) before a non-coronal in derived 

environments, since across words or morphemes (derived environments) either deletion 
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or vowel intrusion is said to occur in connected speech (Kristoffersen 2000).47  

 Hamann's (2003a) account relies mainly on perceptual constraints, but does not, 

however, address the exceptional behavior of rd.  Her study of the acoustic cues for 

retroflexes found that the cues preceding a retroflex consonant were more reliable than 

those following.  She notes that the tongue tip moves forward during the closure 

("flapping out") and the formant transitions associated with the retroflex place of 

articulation are no longer retained in the CV transition coming out of the closure.  She 

argues that there is an "economy of articulation" driving this coalescence and that a 

retroflex coronal stop best preserves the acoustic cues of both the rhotic and the stop.  

The cues that precede the closure (a lowering of F3) will be identified as a retroflex, and 

the silence followed by a burst will be identified as the stop.  Thus, taps before a coronal 

are allowed to coalesce, while following coronals, both segments are retained, since the 

formant transitions coming out of the closure will not reliably indicate the presence of a 

tap. 

 Although acoustic studies of taps in coronal vs. non-coronal context exist, the data 

are disparate and sparse.  Hamann's data are taken from a perceptual study of the VC vs. 

CV acoustic cues, and from cross-linguistic evidence on the distribution of retroflexes.  

Bradley’s acoustic data are taken from four speakers who recited a poem (as describe 

above).  Though he found mostly categorical retroflexion through an analysis of F3 (a 

correlate of retroflexion) for r+coronals, and vowel epenthesis in tautomorphemic 

r+non-coronals, only two tokens of across-word coalescence occurred in the recordings 

that he analyzed.  In addition, there is no acoustic data with respect to deletion of r, since 
                                                

47 A variable ranking between the constraints requiring overlap and separation of gestures produces the 
optionality of deletion vs. vowel intrusion – see Chapter 5 for a complete discussion of gestural constraints. 
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no r+non-coronal sequence occurred in a derived environment.  Deletion was noted to 

depend on the "rate and register of speech" and other "extra-linguistics factors" (p954), 

such factors point towards a gradient analysis of the realization of taps before coronals.  

If gradience is found for r deletion, then one would not want to include gestural 

constraints formally in the grammar, but rather allow the task-dynamic phonetics to 

produce gradient realizations of taps before consonants as has been argued in the 

literature (see discussion in Chapter 1).  

4.2.8 Unresolved issues 

 The data above demonstrate that with respect to retroflexion a) there is categorical 

coalescence of retroflex-coronal sequences in some instances, but further data with more 

environments and controlled variables are required; b) the behavior of rd 

tautomorphemically is variable, as retention of both segments, coalescence and 

epenthesis are all reported in the literature.  A closer look at this environment is crucial 

since retroflexion is argued to occur only in derived environments based on the non-

coalescence of rd sequences.  

 And lastly, c) while categorical vowel epenthesis was found in r+non-coronals  

tautomorphemically, no cases of derived environments for r+non-coronals occurred in 

Bradley's study where gradient effects could possibly be found.  Further study is required 

as to the categorical vs. gradient nature of taps in a pre-consonantal context in order to 

provide a more complete account of coalescence vs. non-coalescence in Norwegian rC 

sequences. 
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4.3 Hypotheses 

4.3.1 Hypothesis 1: r+coronal 

 A sequence of a tap followed by a coronal, [t, s, l, n], will coalesce into a retroflex 

segment articulated in the manner of the coronal.  

4.3.2 Hypothesis 2: rd sequences 

 An rd sequence will have coalescence depending on the placement of stress.  

Sequences of rd will coalesce in pre-stress position, while coalescence in post-stress 

position is not predicted to occur.  Both real lexical words and nonce forms are predicted 

to pattern as such.  Nonce forms constructed through the unstressed affix -e and a stress-

changing affix -ist will have an effect on coalescence of rd sequences.  Thus, words 

formed with the unstressed affix -e will have an rd sequence in post-stress position, 

(/marde/) and are not predicted to coalesce, and those with the affix -ist (/mardist/) will 

coalesce. 

4.3.3 Hypothesis 3: r+non-coronals 

A.  Coronal vs. non-coronal context 

 A sequence of a tap followed by a non-coronal will not coalesce. 

B.  Optional and categorical hypothesis  

 A retroflex followed by a non-coronal will not coalesce but may be realized either 

as tap deletion or phonetic vowel epenthesis between the tap and non-coronal.  Following 

Kristoffersen and Bradley, morphological context (i.e., tautomorphemic, across 

morpheme boundary, across words) will have an effect on the presence or absence of an 

intrusive vowel.  Tautomorphemic taps will not delete, but will be realized with a tap 

followed by an intrusive vowel. 
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C.  Gradient hypothesis 

 A sequence of r+non-coronal will not coalesce, but demonstrate gradient changes, 

ranging from a tap with an intrusive vowel, a tap with no intrusive vowel, a fricative, an 

approximant, r-coloring on the previous vowel, to fully deleted.  More specifically, 

consonant context (C2) and phrasing context will be significant factors in predicting 

vowel intrusion and phonetic category, since coarticulation and acoustic masking due to 

the articulator of the following consonant (C2) are known to affect the realization of 

consonants (Browman & Goldstein 1986, 1990, 1992). 

4.4 Data collection and methodology. 

4.4.1 Speakers 

 Acoustic data were collected from four speakers of the Urban East Norwegian 

dialect, which is reported to have the tap realization of r and coalescence before coronals.  

Three speakers had grown up in and around the Oslo area and had not spent significant 

amounts of time living in other regions of Norway or Scandinavia, which could 

potentially affect their realization of r.48 These three speakers were female; one was from 

West Oslo, while the other two were from just outside Oslo, no more than an hour train 

or car ride.  The fourth speaker was male and was a native speaker of Norwegian, as his 

father was a Norwegian from Oslo.  He lived in Oslo, Norway, until the age of six and 

then moved to France, but later returned for his one-year military service.  Possible 

differences between this speaker and the others are discussed in section 4.5.1. 

                                                

48 Two speakers had spent significant amounts of time in other non-Scandivanian countries, such as 
Germany and Australia (two to three years).  Speaker 1, who lived in Germany, did not seem to have any 
influence of uvular pronunciation of r from German. 
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4.4.2 Data collection 

 The three female speakers were recorded in a home in Oslo, Norway, using a 

PowerBook Apple laptop, with a Logitech USB port microphone and Praat Speech 

software (Boersma & Weenik 2007-9).  The fourth speaker was recorded in the Data 

Acquisition Lab at Georgetown University using the same equipment.  The sentences 

were presented on a screen using Microsoft PowerPoint; speakers read each sentence five 

times. 

4.4.3 Materials 

 Words were chosen to contain sequences of an r followed by coronals and non-

coronals in the various morphological positions specified in 4.6 and 4.9 (repeated here in 

4.11-12).  Control cases for taps, coronals and non-coronals were collected in word-initial 

and word-final position following back vowels (see appendix D for the full list of words 

and sentences). 

 (4.11) Coalescence of r+coronal sequences (Kristoffersen 2000, Bradley 2007). 
      a.  Tautomorphemic  
   /sʋaʈ/      svart    ‘blackʼ  
   /bɑːɳ/     barn   ‘childrenʼ 
      b.  Across morphemes 
   inflection    
   /sʉɾ-t/     surt   ‘sourʼ  
   /baɾ-n/     baren   ‘bar-DEF SGʼ 
          derivational   
    /ʋoɾ-li/    vårlig   ‘spring likeʼ  
          clitics   
   /bɾuɾ-s/    brors    ‘brother-POSS’ 
   /bæɾ-n/    bær han  ‘carry himʼ 
       c.  Compound Nouns  
   /ʋoɾ tejn/  [ʋoːʈæjn]  vår tegn  ‘spring signʼ  
   /ʋoɾ daɡ/  [ʋoːɖaːɡ]  vår dag  ‘spring day' 
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        d.  Across Words 
   [hæ.ʈɛl.lɛf.sn̩]    Herr Tellefsen   ‘Mr. Tellefsen.’ 
   [de.ɡleː.dә.ɳuː.әn]  Det gleder noen.   'It pleases some.' 
 

(4.12) Deletion or intrusive vowels in non-coronals (Kristoffersen 2000).  
   a.  Tautomorphemes 
   /ʋɑɾm/     varm   ‘warm’ 
   /ʋæɾb/     verb    ‘verbʼ 

 b.  Across morphemes  
   /foɾ banne/    forbanne  'to curse' 

/foɾ klaɾә/    forklare  'to explain' 
   c.  Compound nouns 
   /vɔɾmusik/   vårmusikk 'spring music' 
   /vɔɾklæɾ/   vårklær 'spring clothes' 

 d.  Across words  
/hæɾ.kɾis.tn̩.sn ̩/   Herr Kristensen  'Mr. Kristensen' 

  /dә.ɡleː.dәɾ.maŋ.ŋә/   Det gleder mange.  'It pleases many.' 
  /stur kɔlɾɔt/   stor kålrot  'big rutabaga' 

 
 (4.13) Stress placement differences in rd sequences derived from -e and -ist affixes. 

  a. [ɛd.ʋáɾ.da]   Edvarda  female name  
      [ɛ́d.ʋaɖ]    Edvard  male name  
  b.[gɑ́ɾ.dә]    garde  'guard' 
      [gɑ.ɖi ́st]    gardist  'gaurdsman'  
  c.     vurde* 
    [vuɖɛ́ɾә]   vurdere  'to evaluate' 
  d.  murde*    murdist* 
  *denotes nonce form 

 
 The tautomorphemic words and control cases were placed in the carrier sentences 

Jeg sa ___ i går, "I said ___ yesterday" and Det var ___ jeg sa, "It was ___ I said".  

These sentences, taken from Simonsen et al. (2000), were used because the sentences 

placed a back vowel [a] and a tap, respectively, prior to the word-initial consonant.  The 

compound words and the across-word cases were placed in a full (natural) sentence since 

it was thought that a phrase, consisting of two words – with the first always ending in r, 
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would draw attention to the sequence of segments under study.  In retrospect, these two 

different carrier phrases may have caused a difference in prosody, since the word-final rC 

sequences in citation form could be considered as in phrase-final position; this additional 

phrase-boundary may have affected the results.  In order to better control for prosodic 

factors, additional sentences were added so that the word-final rC sequences were placed 

in a phrase-medial position, within a more natural sentences (e.g. Jeg drakk en varm 

kaffee i går "I drank a warm/hot coffee yesterday" – see appendix D for a full list of 

sentences recorded).  Only two of the four speakers, Speakers 1 and 4, were available for 

recording these additional sentences.  For these sentences only, Speaker 1 recorded 

herself in her home, using the same Logitech USB microphone after having been trained 

in Praat recording. 

4.4.4 Data analysis 

 The tokens were visually inspected using the waveform, spectrogram and Praat's 

Linear Predictive Coding algorithm for formant analysis.  A variety of acoustic 

diagnostics were used to identify the acoustic realizations of a tap.  Diagnostics included 

the presence of a tap (C1) closure (differentiated by the reduction in the amplitude of the 

waveform from the surround vowels and consonants), frication and vowel formants 

during this closure, a burst following the C1 closure, and vowel formants between the tap 

closure and following consonant (C2).  These diagnostics are detailed below and 

summarized in table 4.2. 

4.4.4.1 Hypotheses 1-2 - coronal context 

 Hypotheses 1 and 2 predict that coalescence will occur for an r+coronal for          

/l, n, t, s/ in all contexts, and in pre-stress position for rd sequences.  Coalescence was 

determined through the absence of a C1 closure and comparison of vowel and closure 



 183 

durations between the control and test conditions (VTV vs. VrTV).  As discussed in 

section 4.2.4 on retroflexes, the literature (Ladefoged & Maddieson 1996, Steriade 2001, 

Hamann 2003b) demonstrates that the formant transitions into closure are the most 

reliable acoustic measurement for retroflexes.  Acoustically, retroflexes are described as 

having a lowered F3 and F4 (Hamann 2003b, Dave 1977).  Therefore, change in formant 

frequency was measured in both F3 and F4.  Formants were measured during the steady 

state of the vowel, F3a, and at a second point just before the closure, F3b.  Change in 

formant frequency was calculated as F3b - F3a, and F4b - F4a.  Therefore, a negative 

change in frequency will indicate lowering and a positive change in frequency indicates a 

rising F3.  We expect that the change in F3 and F4 for the coalesced retroflex tokens 

(VrTV) will be significantly less than the change in F3 and F4, respectively, for the 

control condition (VTV). 

 For retroflex consonants, F2 and F3 can blend together if the F2 frequencies lie in 

the region in which F3 lowers (Hamann 2003b).  Therefore, the best context for viewing 

F3 lowering is in the context of back vowels, which have a low F2.  In addition, back 

vowels demonstrate more retroflexion overall (Hamann 2003b) and for Norwegian, 

especially in the back vowel [a] (Simonsen et al. 2000).  Wherever, possible, V1 was also 

a back vowel, however, this did not occur for all cases (see appendix D).   

 Place of articulation in fricatives can be measured within the consonant as the 

frequency at which the noise begins will vary according to place of articulation, therefore 

instead of change of formants into the closure of the fricative, center of gravity, the 

weighted average of component frequencies, was measured at the midpoint of the 

fricative.  Retroflex fricatives have noise beginning at a lower frequency than coronal 
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fricatives, and therefore, retroflex fricatives are predicted to a have a lower center of 

gravity than plain coronal fricatives. 

4.4.4.2 Hypothesis 3 - non-coronal context 

 The following list demonstrates the potential realizations of an r+non-coronal 

sequence, beginning from the most fortis realization. (See appendix E for spectrograms of 

examples.) 

 Potential gradient acoustic realizations of a pre-consonantal rhotic: 

 1.  A voiceless stop.  A voiceless stop would be indicated by a closure followed by a 

burst, and no voicing.  

 2.  A voiced stop.  A voiced stop will have a voiced closure, a burst, with no vowel 

formants following. 

 3.  A trill.  A true trill is indicated by more than one closure followed by bursts and 

vowel formants. 

 4.  A tap/flap.  A tap or a flap is indicated by a closure, and vowel formants (or an 

inter-consonantal interval, ICI henceforth).  A burst may or may not occur following the 

closure. 

 6.  A fricative.  A fricative is indicated by frication in the higher frequencies during 

the consonantal interval (where a tap closure is normally expected to occur). 

 7.  An approximant.  An approximant (or sonorant) does have an identifiable 

closure, but is indicated by a period of lowered intensity and amplitude in the waveform 

as compared to the prior vowel, and has vowel-like formants throughout the consonantal 

interval. 

 8.  R-coloring of the vowel.  There is no closure period that can be distinguished 

from the vowel or the following consonant, meaning no lowering of intensity or 
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amplitude in the waveform, and no ICI.  Comparison of vowel formants in a context of 

the same vowel and non-coronal sequence (e.g. [æɾk] vs. [æk]) demonstrates whether or 

not there is r-coloring of the vowel as opposed to deletion.  Vowel formants of r-colored 

vowels are said to have a lowered F3 compared to a non-r-colored vowel (Ladefoged & 

Maddieson 1996, p313). 

 9.  Deletion.  Full deletion indicated by no closure, no burst and no ICI.  A 

comparison of a /VrC/ sequence that has undergone deletion, and a /VC/ sequence will 

demonstrate no difference in vowel formants. 

 The following table summarizes the characteristic for categorizing each token.  

Note that checkmarks in parentheses are optional features for that particular phonetic 

category. 

Table 4.2. Acoustic diagnostics for variations in /r/ pronunciation. 
 Voicing 

during 
closure 

Presence of a C1 
consonantal 
closure  

Burst 
presence 

ICI 
presence 

Frication Formant 
differentiation 
from control (not 
ICI) 

stop ()      
trill ()  ()    
tap/flap ()  ()    
fricative    ()   
sonorant    ()   
r-coloring       
deletion       

 The non-coalesced tokens were visually inspected using the waveform and 

spectrogram for the features listed above, and each token categorized as one of the 

phonetic categories listed in table 4.2.  If the token was a potential r-coloring or deletion 

case, the vowel formants (F1, F2, and F3) in the control case (e.g. Vrk vs. Vk).  In the 

control case, the range of values was found for the formants at the steady state of the 

vowel and before the closure.  The token was considered true deletion only if the all 
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formants for both the midpoint and pre-closure point fell within the formant range of the 

control case.  After the tokens were individually categorized as one of the phonetic 

categories listed above, a Pearson's chi-square test was used to calculate the significance 

of the independent variables on phonetic category, presence of a tap closure, and 

intrusive vowels.  Independent variables included morphological context, C2 context, and 

phrasal-context, since all of these factors are hypothesized to affect the acoustic 

realization of taps, (hypotheses 3a-c). 

 In some cases, where deletion occurred, there was some r-coloring heard on the 

lateral of a /r.kl/ sequence, and thus could demonstrate that the tap has not, in fact, 

deleted but is realized on the following lateral.  Demonstrating r-coloring of the lateral 

following a voiceless velar stop is not at all straightforward, since formant transitions into 

the closure are obscured by the stop closure and devoicing can obscure the formants 

within the closure.  In addition, there are inconsistent data regarding formant comparisons 

of plain vs. retroflex laterals both within a language and cross-linguistically (Dave 1977, 

Ladefoged & Maddieson 1996).  However, because retroflexion is predicted to occur in 

laterals following a tap (hypothesis 1), this retroflexed lateral49 was used to compare any 

/r.kl/ token categorized as deletion (using the diagnostics above).  The formants during 

the potential r-colored lateral token were compared to the formants during a plain lateral 

in an intervocalic context, and a lateral following an r, (which is predicted to coalesce as 

a retroflex lateral /rl/  /ɭ/).  The range of formants for a plain lateral and a retroflex 

lateral were used to identify whether r-coloring occurred in lateral of the /r.kl/ sequences. 

                                                

49 Lowering of F3 and F4 are also used to determine retroflex place of articulation. 
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4.5 Coronal results 

4.5.1 Hypothesis 1 

 Hypothesis 1 predicts that a tap followed by a coronal will coalesce.  In this section, 

all tokens of a tap before [t, l, n, s] in all contexts are presented and discussed with 

respect to hypothesis 1 (see section 4.5.2, below, rd sequences).  The distribution of the 

presence of a tap across the control vs. test conditions (VrV vs. VrTV) is significant, for 

speakers 1-3.  Vowel duration and closure duration are not significantly different between 

the test and control conditions.  These two findings support hypothesis 1 in that a single 

coalesced segment is produced.  Both change in F3 and F4 were significantly affected by 

context, demonstrating that the coalesced segment occurs with an retroflex place of 

articulation.  A C1 closure was found only in the word-boundary context for Speaker 4, 

and therefore the data from Speaker 4 support hypothesis for only the within word 

context (data discussed below), while data from speakers 1-3 support hypothesis 1.  

4.5.1.1 Presence of a tap closure 

 If coalescence occurs, as predicted by hypothesis 1, no C1 closure is expected to be 

found.  With the exception of Speaker 4, hypothesis 1 is supported, since a C1 closure 

was absent for the majority of taps in the test condition (VrTV) and the frequency for the 

presence of a tap closure across contexts is significant for speakers 1-3.  

Table 4.3. Speaker 1 – effect of test condition (/VrV/ vs. /VrTV/) on the presence of a C1 
closure (χ2 =46.7, p < 0.001). 

 C1 present C1 absent Total 
control 10 0 10 
test 4 56 60 
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Table 4.4. Speaker 2 – effect of test condition (/VrV/ vs. /VrTV/) on the presence of a C1 
closure (χ2 =50.3, p < 0.001). 

 C1 present C1 absent Total 
control 10 0 10 
test 4 61 65 

 
Table 4.5. Speaker 3 – effect of test condition (VrV vs. VrTV) on the presence of a C1 
closure (χ2 =70.0, p < 0.001). 

 C1 present C1 absent Total 
control 10 0 10 
test 0 60 60 

 Speaker 1 had four instances of a C1 before a voiceless coronal stop [t], all 

occurring in the phrase Herr Tellefsen, /hæɾtɛlɛfsɛn/, "Mr. Tellefsen".  The flanking 

voiceless consonants could have affected the realization of r  – two as fricatives and two 

as sonorants – as Speaker 3 also had four instances of a tap before a coronal, for the word 

jarl /jɑrl/, "earl".  

Table 4.6. Speaker 4 – effect of word boundary on the presence of a C1 closure (χ2 = 
39.45, p < 0.001). 

 C1 present C1 absent Total 
compound 4 12 16 
word boundary 13 1 14 

 For Speaker 4, however, a C1 closure was found in only the word-boundary context 

for Speaker 4.  Table 4.6, above, demonstrates that four compound cases (vårnatt 

[vɔr#nɑt:]) and almost all of the tokens at a word boundary had a C1 closure and did not 

coalesce.  Speaker 4, then, would seem not to have the postlexical coalescence of an 

r+coronal.  Several factors may explain this anomaly.  Although the speaker was a native 

speaker, he grew up outside of Norway and perhaps focused more on reading the text 

(although he sounded fairly natural).  He was also the only male; some write that male 

speech of certain social classes or affluent areas of Oslo can differ from others who speak 
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UEN (Kristoffersen 2000).  

4.5.1.2 Duration of prior vowel and rT segments 

 The discussion above demonstrates that no tap closure is found in the test condition, 

however the tap may have merely assimilated to the following segment, C2, therefore 

producing a geminate consonant, [CVʈʈ].  Hypothesis 1 predicts that coalescence occurs 

and therefore, duration of the vowel and C2 will not significantly differ from the vowel 

and C2 durations in the control condition (VTV).  If, however, assimilation occurs, we 

expect a shorter vowel, and longer C2 durations than in the control context.  

 The descriptive statistics and t-tests are presented below in tables 4.7-8.  Table 4.7 

compares only syllables in which the V(r)C occur in the same syllable, so that only 

vowels and codas in stressed syllables are compared.50 The control cases in which a 

coronal occurred at the beginning of the word all occurred in the phrase Jeg sa ___ i går, 

so that the prior vowel is unstressed.  Therefore, table 4.8 compares only test cases in 

with the rT sequence occurred following unstressed vowels, since stress greatly affects 

duration.51 In most cases, both vowel and C2 durations are not significantly different 

from the control condition, thus supporting hypothesis 1, that coalesce rather than 

assimilation occurs.  When the t-test is significant, the significance is in the opposite 

direction.  Vowel durations are longer in the CVrT case, and C2 durations are shorter 

than CVT.  Therefore, an assimilation account of r+coronal sequences is not supported. 

                                                

50 The carrier phrases were Det var ___ jeg sa, "It was ___ i said", and Jeg sa ____ i går, "I said ___ 
yeseterday, so that the V(C)C sequence occurred in citation or in phrase-final position for both cases. 
51 The resulting tokens were: burdist, gardist, vurdere, stor tegning var dårlig, gleder noen. 
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Table 4.7. T-tests for segment durations in /.CVT./ vs. /CVrT./ (i.e., rT unambiguously 
belong to the coda). 

Vowel duration C2 Duration  
CVT CVrT t-tests CVT CVrT mean t-tests 

Speaker 1 131 ms 162 ms t = -2.1, df = 35 
p = 0.019* 

136 ms 124 ms t = 0.9, df = 35 
p = 0.199 

Speaker 2 68 ms 84 ms t = -3.5, df = 47 
p < 0.01* 

106 ms 82 ms t = 3.1, df = 47 
p  = 0.001* 

Speaker 3 138 ms 168 ms t = -1.8, df = 48 
p < 0.001* 

96 ms 88 ms t = 0.9, df = 48 
p = 0.192 

Speaker 4 103 ms 123 ms t = -1.5, df = 39 
p = 0.069 

97 ms 77 ms t = 2.3, df =  39 
p = 0.012* 

 
Table 4.8. T-tests for segment durations in /CV#tV́/ vs. /CVr.TV ́/ (i.e., rt belong to 
different syllables, coalesced segment is in the onset of a stressed syllable). 

Vowel duration C2 Duration  
CV#T CVr.T t-tests CVT CVr.T t-tests 

Speaker 1 82 ms 84 ms t = -5, df = 52 
p =0.318 

79 ms 85 ms t = -1.0, df = 53 
p = 0.141 

Speaker 2 69 ms 83 ms t = -3.7, df = 49 
p < 0.001* 

91 ms 64 ms t = 5.7, df = 49 
p < 0.001* 

Speaker 3 56 ms 74 ms t = -4.3, df = 47 
p < 0.001* 

100 ms 87 ms t = 3.0, df = 47 
p = 0.002* 

Speaker 4 79 ms 85 ms t = -.8, df = 30 
p = 0.201 

97 ms 69 ms t = 3.6, df =30 
p < 0.001* 

 4.5.1.3 Place of articulation 

 The results above demonstrate that coalescence occurs, however, formant 

transitions into the consonant closure, as discussed in the methodology section, are 

predicted to significantly lower in retroflex consonants as compared to plain coronals.52 

As the graphs below demonstrate, the presence of an r in the test condition (VrTV) is a 

significant factor (p < 0.001) in predicting change in F3 and for all four speakers a 

significant factor in change of F4 (see tables 4.9-10 below for descriptive and ANOVA 

statistics).  While there is a wide range in the change in F4 across speakers – all four 

speakers had a change in F4 of  -300 Hz to more than -750 Hz – however, change in F3 

had a smaller range. 
                                                

52 The contexts in which rd coalesced are included to provide further data on the formant transitions for 
coalesced consonants.  See section 4.5.2 for the different contexts in which coalescence occurred across 
speakers. 



 191 

Figure 4.9. Mean change in F3 and F4 for all speakers. 

  

  

Table 4.9. Descriptive statistics for change in F3 and F4. 
Speaker Change in F3 

Control: /VTV/ 
Change in F3 
Test: /VrTV/ 

Change in F4 
Control: /VTV/ 

Change in F4 
Test: /VrTV/ 

1 30 Hz (sd = 271) -314 Hz (sd = 423) 38    Hz (sd = 220) -296 Hz (sd = 334) 
2 28 Hz (sd = 107) -309 Hz (sd = 316) -158 Hz (sd = 383) -764 Hz (sd = 274) 
3 37 Hz (sd = 227) -311 Hz (sd = 312) 24    Hz (sd = 351) -474 Hz (sd = 299) 
4 30 Hz (sd = 150) -76   Hz (sd = 163) 11    Hz (sd = 132) -397 Hz (sd = 314) 

 
Table 4.10. Effect of context (/VTV/ vs. /VrTV/) on change in F3 and F4. 

Speaker Change in F3 Change in F4 
1 F1,151 = 24, p < 0.001 F1,149 = 36, p < 0.001 
2 F1,105 = 49, p < 0.001 F1,102 = 87, p < 0.001 
3 F1,82  =  29, p < 0.001 F1,94 = 56,  p < 0.001 
4 F1, 113 = 12, p = 0.001 F1,115 = 66, p < 0.001 

 The spectrograms below demonstrate the lowering of F3 and F4.  In figure 4.10, F4 

lowers, while F3 does not seem to be lowering into the closure of the second consonant.  

In figure 4.11, while F4 drops out before the closure it does seem to lower before the 

formant disappears.  In addition, F3 visibly lowers into the closure parallel to F4. 
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Figure 4.10. Speaker 4 – spectrogram of F4 lowering (vårtegn). 
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Figure 4.11. Speaker 4 – spectrogram of F3 lowering (vårdag). 

closure

Time (s)
0 0.187708
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4.5.1.4 Fricative context 

 Fricatives following a retroflex were predicted to coalesce into a retroflex [ʂ].  Plain 

coronal fricatives are predicted to have higher center of gravity than retroflexes.  As 

figure 4.12, below, and table 4.11, below, demonstrate, all four speakers had significantly 

lower center-of-gravity frequencies in the test condition than in the control condition 

(plain coronal fricatives). 

Figure 4.12. Mean center of gravity in fricatives for all speakers. 

  

  

Table 4.11. Descriptive statistics for center of gravity (Hz) in coronal fricatives. 
Speaker Control (VsV) Test (VrsV) T-test 

1 8716 Hz    (sd = 1631 Hz) 4118 Hz (sd = 419 Hz) t = 6.23, df = 18,     p < 0.001 
2 10,036 Hz (sd = 721 Hz) 4946 Hz (sd = 1797 Hz) t = 8.796, df = 16.5 p < 0.001 
3 7017 Hz    (sd = 2382 Hz) 3710 Hz (sd = 674 Hz) t = 4.209, df = 13,   p = 0.001 
4 5084 Hz    (sd = 545 Hz) 2968 Hz. (sd = 910 Hz) t = 4.86 , df = 18,    p < 0.001 

 Figures 4.13-14, below, are spectrograms of the control and test conditions, which 
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demonstrate that noise begins at a higher frequency for the control condition than for the 

test condition indicating retroflexion in an rs context. 

Figure 4.13. Speaker 1 – spectrogram of a fricative in the test condition: /VrsV/. 
vårsola

Time (s)
11 11.35

0

104

  u
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Figure 4.14. Speaker 1– spectrogram of a fricative in the control condition: /VsV/.  
sol

Time (s)
2.608 2.886
0

104

a s u

 
4.5.1.5 Discussion of F4 lowering 

 The present study demonstrates that both F3 and F4 lowering occur into the closure 

of the segment.  As discussed in section 4.2.4.2, Gujarati also demonstrates F3 and F4 

lowering.  The spectrograms in figures 4.10-11, above, are very similar to the F4 

lowering seen in the Gujarati data (figures 4.7-8).  Similar acoustic behavior of 

retroflexes in Gujarati and Norwegian are not unexpected, since, as discussed, both 

languages demonstrate variation in the point of contact for the passive articulator, with 

back vowels having more posterior articulations.  In addition, variation in the point of 

contact can occur across speakers, and both languages seem to have a flapping out 
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movement during the closure associated with retroflexes. 

 As discussed previously, Dave (1977) relates F4 lowering as possibly due to a 

smaller sublingual cavity, and variation in the location of the point of contact with the 

palate.  Such an explanation of F4 lowering is consistent with the data that Simonsen et 

al. (2000) report, namely an apical articulation right on the alveolar ridge as opposed to 

behind the alveolar ridge, since the former configuration would have a smaller sublingual 

cavity than the latter.  

 A study of individual tokens with more or less posterior articulations (resulting in a 

change in sublingual cavity size) to F3 or F4 lowering would further shed light on 

relating the sublingual resonances to formant lowering.  Such a study for Norwegian may 

explain the wide standard deviations seen in F4 lowering.  

 There is much discussion on the variation of articulations in retroflexes across 

languages, the acoustic diagnostics of retroflexes, and the articulatory~acoustic model of 

rhotics and retroflexes.  However, Norwegian retroflexes behave articulatorily and 

acoustically like retroflexes as defined cross-linguistically by Hamann (2003) and for 

other reported variations in articulation such as found by Dave (1977) for Gujarati.   

 To summarize, F3 and F4 are significant factors in distinguishing the test and 

control conditions.  In most cases, vowel and C2 durations are not significantly different 

in the two conditions, however when duration is significantly different, it is in the 

opposite direction predicted by that of an assimilation account.  The data above, then, 

support the hypothesis that a sequence of a r+coronal becomes a single retroflexed 

segment. 
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4.5.2 Hypothesis 2 

 It was hypothesized that the realization of rd clusters would be predicted by stress 

placement.  Pre-stress clusters (gardíst) would coalesce, while post-stress clusters (gárde) 

would remain trilled and have an intrusive vowel.  Nonce words were created with the 

same two affixes: the agentive -ist and the infinitive -e.  The results demonstrate that 

stress placement does have an effect on the acoustic realization for some speakers.  

 In addition to nonce forms with stress-changing affixes, real lexical words that 

varied the placement of stress were recorded: å vurdere, [ɔ vyɖɛ́ɾə], 'to evaluate', which 

follows the pre-stress coalescence pattern, and a function word búrde [býɖə] 

'ought/should', which does not follow the pre-stress coalescence pattern.  Speakers 

differed in their treatment of rd sequences in lexical vs. functional words, as well as in 

pre- vs. post-stress position. 

4.5.2.1 Speakers 2 and 3 - effect of stress placement 

 For Speaker 2, all pre-stress cases were pronounced with coalescence, and with the 

exception of the functional word (all ten tokens), all post-stress cases were pronounced 

with some measurable C1 (all were either a sonorant or a trill/tap).  Thus, it seems that 

with the exception of one functional word, Speaker 2 does follows the rule in which 

coalescence is affected by stress.  

Table 4.12. Speaker 2 – effect of stress placement on the presence of a C1 closure in /rd/ 
sequences (χ2 [1, N = 53]= 24.3, p < 0.001). 

 C1 present C1 absent Total 
post-stress  18 10 28 
pre-stress 0 25 25 
Total 18 35 53 

 Speaker 3 completely obeys the stress-placement rule, as even búrde (post-stress) is 
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pronounced with a measurable C1 (i.e., non-coalescence).  Speaker 3's results for búrde 

demonstrate the variation that can occur for a tap, as the full range of acoustic realizations 

of a tap – r-colored, sonorant, true trill and a tap – occur over the five repetitions of the 

sentence. 

Table 4.13. Speaker 3 – effect of stress placement on the presence of a C1 closure in /rd/ 
sequences (χ2 = 45, p < 0.001). 

 C1 present C1 absent Total 
post-stress 24 0 24 
pre-stress 0 23 23 
Total 24 23 47 

4.5.2.2 Speaker 1 - coalescence globally 

 Speaker 1, however, pronounced all cases, pre- and post-stress, as retroflex 

coronals.  The frequency table below demonstrates that stress placement does not have an 

effect on phonetic category.  

Table 4.14. Speaker 1 – effect of stress placement on the presence of a C1 closure in /rd/ 
sequences (no χ2 since there is only one category). 

 C1 present C1 absent Total 
post-stress 0 24 24 
pre-stress 0 25 25 
Total 0 49 49 

4.5.2.3 Speaker 4 - coalescence in lexical words 

 Speaker 4 did display differences in pronunciation of rd clusters; however, only 

lexical words were pronounced with coalescence.  Nonce vs. real words had an effect on 

coalescence vs. presence on C1.  Table 4.15, below, demonstrates that no nonce form was 

pronounced with coalescence, while both coalescence and presence of a C1 were found 

for real words.  Within the category of real words, stress context has an effect only on 

lexical words.  The functional word burde was excluded, for this subject, since functional 

words often have different phonological patterns (Urbanczyk 2006) and greater 
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reductions (Bybee 2000).  Indeed, stress context does not have an effect when burde is 

included (χ2 = 2.1, p < 0.144). 

Table 4.15. Speaker 4 – effect of nonce vs. real words on presence of C1 closure (χ2 [9] 
= 44, p < 0.001). 

 C1 present C1 absent Total 
nonce 25 0 25 
real 15 23 38 
Total 40 23 63 

 
Table 4.16. Speaker 4 – effect of stress on the presence of C1 closure within the category 
of real lexical words (χ2  = 23, p < 0.001). 

 C1 present C1 absent Total 
post-stress 10 0 10 
pre-stress 0 13 13 
Total 10 13 23 

 Thus, while the data from speakers 2 and 3 support hypothesis 2, namely that stress 

placement has an effect on the presence of a C1 closure (i.e., coalescence), Speaker 4 

only supports hypothesis 2 for lexical words.  The data for Speaker 1 do not support 

hypothesis 2, as all rd clusters were produced with coalescence. 

4.5.3 Coronal results summary 

 To summarize, a tap and the following coronal coalesce to a retroflex consonant 

with the manner of articulation of the second consonant.  

 (4.13) r+coronal coalescence 
 /rt/  [ʈ], /rd/  [ɖ], /rl/  [ɭ], /rn/  [ɳ], /rs/  [ʂ] 

 For Speaker 1, a voiced coronal stop coalesces in all contexts, as do the other 

coronal consonants.  Speaker 4 does not have rd coalescence across words or in nonce 

words.  Speakers 2-3, however, support hypothesis 2, in that coalescence within words is 

affected by stress placement.  
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4.6 Non-coronal context 

 Hypothesis 3 predicted that for an r+non-coronal sequence, coalescence would not 

occur, but, rather result either in an intrusive vowel between the tap and non-coronal, or 

complete deletion of the tap.  The results for the hypothesis do not pattern as such, but 

rather demonstrate a much greater variability, thus supporting Hypothesis 3c that tap 

realization would be gradient, realized anywhere from a stop, fricative, a true trill, tap, 

sonorant, r-coloring on the prior vowel, or deletion. 

4.6.1 Hypotheses 3A-B 

 This section discusses the results of the presence vs. absence of an inter-

consonantal-interval (ICI).  Hypothesis 3a, that the consonant context, coronal vs. non-

coronal, following a tap has a significant effect on the presence of a C1, is supported, as 

most taps do not have a C1 closure before a coronal and consequently have no 

measurable ICI (see previous two sections for exceptions: i.e., interspeaker variability in 

rd sequences and Speaker 4's treatment of r+coronal sequences across words).  In the 

non-coronal context, only the tokens in which there was a measurable C1 are presented53, 

as either vowel intrusion or deletion is predicted to occur, and ICI is not expected to 

occur with deletion.  For all four speakers, an intrusive vowel did not obligatorily occur 

when a C1 was present in the non-coronal context, and therefore hypothesis 3b, that 

vowel intrusion and deletion is an optional categorical process, is not supported. 

                                                

53 Total tokens, both with and without a measurable C1, are: 153 tokens for speaker 1, 89 tokens for 
speaker 2, 94 tokens for speaker 3, 153 tokens for speaker 4. 
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Table 4.17. Number of tokens with an ICI by consonantal context. 
 Non-Coronals* Coronals 
Speaker ICI No -ICI Total ICI No-ICI Total 
1 72 53 125 4 115 119 
2 40 16 56 17 110 127 
3 36 28 64 17 91 108 
4 93 47 140 37 78 115 

  *Includes only those with a measurable C1, since, no ICI is expected for deletion. 
 
 Intrusive vowels are said to be phonetic, since the vowels greatly vary in length and 

speakers are unaware of the vowel (Hall 2003).  Table 4.18, below, presents the mean 

duration and range of the intrusive vowel for all speakers.  The intrusive vowel does seem 

to have a wide range of length; these data are similar to duration measurements for 

intrusive vowels in Finnish, which ranges from 0-60 ms (Hall 2003). 

Table 4.18. Descriptive statistics for intrusive vowels. 
Speaker Mean Range 
1 32 ms (sd = 13 ms) 13-74 ms 
2 26 ms (sd = 7 ms) 14-52 ms 
3 36 ms (sd = 12 ms) 11-58 ms 
4 34 ms (sd = 12 ms) 9-75   ms  

 Hypothesis 3b, namely that morphological context would have a significant effect 

on the presence of an ICI, is not supported, as table 4.19 demonstrates.  However, 

Hypothesis 3c is supported, since ICI presence was significantly affected by C2 context 

for three of the four speakers.54  For Speaker 1, consonant context is a factor in predicting 

epenthesis; an ICI occurs most often with [m] and [v].  For Speaker 3, [b] and [d] most 

often have an intrusive vowel, although there are attested tokens before [k].  Speaker 4 

has an ICI with [b], [v], [d], and [m]. (See appendix F for cross-tabulation tables for all 

speakers.) 

 

                                                

54 The non-coalesced cases of rd (and r+coronal across words for Speaker 4) are included in the r+non-
coronal data set so as to provide further data on the realization of taps before various consonants. 
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Table 4.19. Effect of C2 and morphological context on ICI presence. 
Speaker Consonant Context Morph-Category 
1 χ2 = 28.6, p < 0.001 no effect: χ2 = 8.8, p = 0.032 
2 no effect: χ2 = 3.380, p = 0.642 no effect: χ2  = 10.82, p < 0.055 
3 χ2 = 16.13, p = 0.003 no effect: χ2 = 6.068, p = 0.300 
4 χ2  = 59,2, p < 0.001 no effect: χ2  = 6.343, p = 0.096). 

 For the categories in which an ICI is optional (sonorants and fricatives), an ICI 

occurs optionally as well. 

Table 4.20. ICI of occurrence between r+non-coronals for /r/ realized as a sonorant or 
fricative. 

Speaker Sonorants Fricatives 
1 37/72 0/13 
2 17/25 3/5 
3 10/16 9/18 
4 105/142 3/19 

4.6.2 Hypothesis 3C 

 This section demonstrates that the full range of phonetic realization for a tap 

occurs; for all speakers, stops, trills, taps, fricatives, sonorants, r-coloring, and deletion 

were found.55 Table 4.21, below, demonstrates that morphological context and the 

following consonant (C2) had an effect on the phonetic category of r before non-

coronals, and, therefore, hypothesis 3c is supported.  For the tokens that had a measurable 

C1, the acoustic realization of the taps were not significantly different from the control 

cases (VrV) for all speakers, since so many tokens were realized as a sonorant or a tap 

(final column of table 4.21). 

                                                

55 The final two phonetic categories could only be distinguished for speakers 1 and 4, who were available 
for the second recording set that included vowel-consonant control cases. 
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Table 4.21. Effect of morphological context and C2 context on phonetic category. 
Speaker Morphological Context C2 Context VrV and VrKV by 

phonetic category 
1 χ2 [1,157] = 67.9 

p < 0.001 
χ2 [1, 157] = 112.9 
p < 0.001 

χ2 [1, 139]= 6.9 
p = 0.226 

2 χ2 [1, 89] = 47.39 
p < 0.001 

χ2 [1, 89] = 26.20 
p = 0.010. 

χ2 [1, 85] = 7.4  
p = 0.059 

3 χ2 [1, 94]= 75.06 
p < 0.001 

χ2 [1, 94] = 50.1  
p < 0.001 

Significant: χ2 [1, 129] 
15.5, p < 0.004 

4 χ2 [1, 217] = 46.9 
p < 0.001 

χ2 [1, 217]= 153.5 
p < 0.001 

χ2  [1, 219] = 3.7  
p = 0.74 

 Below are the cross-tabulations of phonetic category for the realization of r before 

non-coronals in the different morphological contexts for each speaker. 

Table 4.22. Speaker 1 – phonetic category of /r/ by morphological context. 
 mono-morpheme morpheme compound word boundary Total 
acoustic deletion 3 17 1 5 26 
r-coloring 0 2 0 0 2 
fricated 6 0 5 2 13 
sonorant 28 11 21 12 72 
stop 3 0 2 3 8 
trill 3 0 0 0 3 
tap 16 0 10 7 33 
Total 59 30 39 27 157 

 
Table 4.23. Speaker 2 – phonetic category of /r/ by morphological context. 

 mono-morpheme morpheme compound word boundary Total 
deletion/r-coloring 0 11 0 3 14 
fricated 2 0 2 1 5 
sonorant 7 1 10 7 25 
tap 25 2 9 4 40 
stop 0 1 4 0 5 
Total 34 15 25 15 89 

 
Table 4.24. Speaker 3 – phonetic category of /r/ by morphological context. 

Phonetic Category mono-morpheme morpheme compound word boundary Total 
deletion/r-coloring 1 15 4 10 30 
fricated 10 0 6 2 18 
sonorant 13 0 3 0 16 
stop 2 0 7 3 12 
trill 1 0 0 0 1 
tap 12 0 5 0 17 
Total 39 15 25 15 94 
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Table 4.25. Speaker 4 – phonetic category of /r/ by morphological context. 
 

mono-morpheme morpheme compound word boundary Total 
acoustic deletion 4 6 0 3 11 
r-coloring 0 5 1 1 9 
fricated 6 1 1 10 18 
fricated/sonorant 2 2 1 0 5 
sonorant 53 19 37 33 142 
tap 8 5 3 5 21 
trill 2 2 3 0 7 
stop 0 1 2 0 3 
Total 75 41 48 52 216 

 A token was labeled as acoustic deletion if no acoustic evidence, such as C1 closure 

or r-coloring, could be found.  As will be demonstrated in the following section on 

consonantal context, acoustic deletion does not necessarily indicate articulatory deletion 

of the tap, since the tap could be acoustically masked by labials if overlap of the tap and 

the labial occur, and there may even be evidence of r-coloring on the lateral of the 

following onset cluster (an r.kl context). 

4.6.2.1 Morphological context 

 The most salient and consistent result across speakers was deletion and r-coloring 

occurring most often across a morpheme boundary and occasionally across a word 

boundary. 

 For speakers 1 and 4, extra sentences that placed the same vowel followed by a 

labial or a velar with no intervening r were recorded in order to compare the vowel 

formants of token with no evidence of a C1 closure (e.g. [æk] vs. [ær.k]). Thus, vowel 

formants in the control condition could be used to distinguish r-coloring on the prior 

vowel vs. complete acoustic deletion.  For these speakers, r-coloring mainly occurred at a 

morpheme boundary, and deletion only occurred in either tautomorphemes or across a 

morpheme boundary for Speaker 4 and across all contexts for Speaker 1, though the 
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majority occurred at a morpheme boundary.  For speakers 2 and 3, r-coloring and 

deletion are treated as the same category, since a C1 closure could not be distinguished 

from the previous vowel, and no vowel control cases were tested to distinguish acoustic 

deletion from r-coloring on the vowel.  Speaker 3 had occurrences of deletion/r-coloring 

in compounds and one token tautomorphemically.  However, 25 out of 30 tokens 

occurred at the morpheme and word boundary. 

 For all four speakers sonorants and taps occurred across all morphological 

positions, with the exception of Speaker 3, who did not have any taps at morpheme or 

word boundaries.  This is likely due to the overwhelming number of deletion/r-coloring 

cases in these contexts. 

 There is no generalization regarding stops across speakers except that stops 

occurred occasionally for all speakers.  The number of tokens realized as stops across all 

speakers ranges from 3-12 tokens.  Among the four speakers, stops occurred in all 

contexts, but never in every context for one speaker (e.g. stops in speakers 1, 2, and 3 

data do not occur at morpheme boundaries – likely due to the deletion or r-coloring in 

this context, but Speaker 4 only has stop at morpheme boundaries and compounds.) 

 True trills, defined as having more than one C1 closure, occurred for all speakers 

except Speaker 2.  True trills never occurred at a word boundary.  For speakers 1 and 3, 

true trills occurred only tautomorphemically (three tokens and one token, respectively), 

while Speaker 4 had true trills in all positions except at a word boundary before a bilabial 

nasal [m].  For Speaker 1, trills only occurred with a [v] within a morpheme in jerv 

'sword'. 

 While a tap realized at boundaries displays the full spectrum of potential 
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articulations, with some being more lenited than others (i.e., morpheme boundaries are 

most often deleted or r-colored), tautomorphemic position generally seems to have a 

measurable closure for r.  The r is deleted only eight times in tautomorphemic position 

across all speakers, and is realized as fricated, a sonorant, a tap, and, occasionally, a stop 

or a trill. 

4.6.2.2 Consonantal context 

 As mentioned, consonant context was a factor for all speakers except Speaker 2.  

The most salient effect of C2 context on phonetic category was that frication occurred  

before voiceless consonants. 

Table 4.26. Speaker 1 – phonetic category of /r/ by consonantal context. 
 b k m t v Total 
acoustic deletion 0 13 13 0 0 26 
fricated 1 10 0 2 0 13 
r-coloring 0 2 0 0 0 2 
sonorant 20 3 37 2 10 72 
stop 3 1 4 0 0 8 
trill 0 0 0 0 3 3 
tap 10 1 15 0 7 33 
Total 34 30 69 4 20 157 

 
Table 4.27. Speaker 2 – phonetic category of /r/ by consonantal context. 

 b m v d k Total 

deletion/r-coloring 2 1 0 0 11 14 

fricated 0 0 0 0 5 5 

sonorant 6 8 4 3 4 22 

tap 10 5 1 16 8 24 

stop 2 1 0 0 2 5 

Total 20 15 5 19 30 89 
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Table 4.28. Speaker 3 – phonetic category of /r/ by consonantal context. 
 b m v d k Total 
deletion/r-coloring 9 5 0 1 15 30 
fricated 1 1 1 5 10 18 
sonorant 2 4 1 8 1 16 
trill/tap 6 0 3 7 1 17 
trill 0 0 0 1 0 1 
stop 2 5 0 2 3 12 
Total 20 15 5 24 30 94 

 
Table 4.29. Speaker 4 – phonetic category of /r/ by consonantal context. 

 b m v t d n k Total 
acoustic  
deletion 1 2 0 0 4 1 5 13 
r-coloring 0 3 0 0 0 0 4 7 
fricated 0 0 0 7 2 0 9 18 
fricated/ 
sonorant 0 0 0 0 4 0 1 5 
sonorant 26 57 17 3 25 6 8 142 
tap 6 2 1 0 9 1 2 21 
trill 0 6 0 0 1 0 0 7 
stop 2 1 0 0 0 0 0 3 
Total 35 71 18 10 45 8 29 216 

 Frication occurred in all morphological contexts for all speakers.  However, velars 

were most often fricated, with some frication of [t] and [d].  For Speaker 2, all five tokens 

of frication occurred with a voiceless velar [k].  For Speaker 3, ten out of eighteen cases 

occur with a voiceless velar [k] (the other eight occurred before [d], [v] and [b]). 

 As mentioned previously, a token was labeled as acoustically deleted if no acoustic 

evidence for any consonant constriction was found.  Acoustic deletion occurred before a 

voiceless velar, [k], and before bilabials, [m] and [b], with Speaker 3 having the most in 

the latter category (nine and five, respectively).  Speaker 1 has a number of deletion cases 

before [k], however, these tokens all occurred in the words forklaerte and erklaerte.  

While the vowel formants on the prior vowel were not lowered as compared to the 

control vowels [ә] and [ae] in a velar context, the r could be heard on the following 

lateral of the complex cluster. 
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 Table 4.30, below, summarizes the formant data within the lateral that could be 

found, since much of the lateral was obscured by the voiceless plosive.  Such data may 

demonstrate r-coloring of the lateral in the following onset. Formant data from the 

control cases, a plain coronal lateral and a lateral following a voiced bilabial, are 

presented below as a range of values.  In addition, formants during the derived retroflex 

lateral are provided in order to demonstrate a comparison between a retroflex and a plain 

lateral.  The retroflex was a test case in the study on taps before coronals and thus is a 

derived rl sequence, not necessarily known retroflex.  However, given the uniformity of 

the results, formant structure during the closure of the derived retroflex provides a point 

of reference for apical/retroflex vs. laminal-dental articulations. 

Table 4.30. Speaker 1– formant range for laterals in the control, test and derived 
retroflex contexts.  

 F1 F2 F3 F4 
[ɑ . lɑ]  408-428 1579-1650 3093-3302 4398-4937 

[ɑ .blo]  393-435 1686-1830 3108-3414 4791* 

[ɔ . ɭ i]  401-460 2159-2444 2896-2964 4028-4362 

[ər.klɑ]  416-474 2028-2505 2969-3369 4169-4920 
     *only one token with a measurable F4 

Table 4.31. Speaker 4 – formant range for laterals in the control, test and derived 
retroflex contexts. 

 F1 F2 F3 F4 
[ɑ . lɑ]  411-442 2258-2407 2419-2987 3716-3979 

[ɑ .blo]  412-426 1422-2322 2430-2836 4007-4438 

[ɔ . ɭ i]  456-495 2035-2223 2578-3393 3826-3971 

[ər.klɑ]  406-499 2124-2334 3094-3253 3868-4988 

 The formants for Speaker 1 demonstrate that the acoustic deletion cases in erklarte, 

/æɾ.klæɾte/ and forklarte /fəɾ.klæɾte/ all have higher F2 formants than in the control cases 

for plain coronal laterals.  In addition, the F2 formants fall in the same range of formants 

for the derived lateral retroflex.   
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 Speaker 4 had only five cases of acoustic deletion before a voiceless velar, though 

his data are not as straightforward as for Speaker 1.  The two plain coronal laterals differ 

in their range of formants.  The intervocalic case has a high F2, while the lateral in the 

onset cluster has a low F2 consistent with Speaker 1's data for plain coronals.  In 

addition, there is a wide range of F2 values for plain coronals in a complex onset - sa 

blømster, /a#bl/.  Thus, it is difficult to compare the plain coronals with the laterals in the 

/ɾ.kl/ context.  F2 and F3 of the lateral in the /ɾ.kl/ tokens both fall within the same range 

as the derived retroflex.  However, the derived retroflex does have a wide range that 

overlaps with the plain coronals.  As discussed in the methodology section, F2 is not a 

completely reliable acoustic measurement across languages and places of articulation.  

F3, however, in the /ɾ.kl/ cases is higher than the plain coronals, which is contrary to 

Speaker 1's data which have similar F3 values for the plain lateral and the r.kl laterals.  

F3 is not expected to be higher in retroflexion, as Dave (1977) found lowered F3 and F4 

values for Gujarati lateral retroflexes, and, as discussed previously, both formants are 

related to retroflexion overall. 

 Figure 4.15-17, below, are spectrograms from Speaker 1 that demonstrate that the 

lateral in an acoustically deleted token (i.e., no evidence of retroflexion in V1  of /Vr.klV/) 

to looks similar to a derived retroflex, with formants higher than those of the plain 

coronal lateral. 
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Figure 4.15. Speaker 1– spectrogram of an /r.kl/ lateral (labeled as acoustic deletion). 
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Figure 4.16. Speaker 1 – spectrogram of a derived retroflex lateral: /VrlV/  [VɭV]. 
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Figure 4.17. Speaker 1 – spectrogram of a plain coronal lateral control case: /V#lV/. 

Time (s)
0 0.2394

0

104

 l 

 
 Thus, while the data from Speaker 4 are inconclusive, evidence from Speaker 1 

points toward a retroflexed articulation on the lateral of the following onset cluster 

/Vr.klV/ for the acoustic deletion cases.  Thus, it would seem that r is not deleted before 

velars, only that r is deleted before labials, suggesting that the labial may acoustically 

mask the r. 

4.6.2.3 Phrasing context 

 As was mentioned in the methodology section, additional sentences were added in 

order to determine the independent effects of phrasing and syllabification on the 

realization of taps and intrusive vowels.  The tables below provide the phrasal context, 
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the individual tokens, and number of tokens with an ICI in order to provide a complete 

picture of the differing contexts and acoustic realizations.  Phrasing does have an effect 

on the presence of ICI when the citation and non-citation forms were treated as the same 

category.  The non-citation form could be argued to occur at the right edge of a phrasal 

boundary for a phrasal unit smaller than the citation form, since the rC sequence in the 

non-citation forms occurred at the end of a noun phrase.  The phrases following the noun 

were adverbials: jerv i går  'sword yesterday' and storm for i morgen 'storm for 

tomorrow'.  In phrase-final position then, there is vowel intrusion phrase-finally before 

labials, while following a velar frication occurs, without vowel intrusion.  This pattern 

also occurs for speakers 2 and 3, whose tautomorphemic conditions also coincided with a 

phrase-final/citation context.  There was no effect of phrasing for Speaker 4, as he had 

three out of five tokens with vowel intrusion for phrase-medial position.  However, his 

phrase-final data pattern the same as the other speakers.  There was an effect of phrasing 

on vowel intrusion for Speaker 1, and it seems that in true phrase-medial position 

(between an adjective and a noun), there is almost invariably no vowel intrusion for 

Speaker 1. 56  

                                                

56 One could also argue that the rm sequence in citation occurs in coda position, while other sequences 
occur heterosyllabically.  It was hypothesized that [rm.V] sequence would have no vowel intrusion, since 
the labial could re-syllabify as an onset. However, in an [rm.C] sequence, the sequence is forced to 
syllabify as a complex coda.  Syllabification had an effect on ICI presence for Speaker 1, though in the 
opposite direction ( χ2 [N = 15] = 7.3  p = 0.007 ), and no effect for Speaker 4 (χ2 [N = 15] = 0.15, p 
=0.699).  The presence of an ICI in [VrC.V] context, may be due to the fact that this sentence was spoken 
with a pause in between the words and could be considered the end of a phrase.  Bradley (p.c.) suggests that 
Norwegian may behave like German, where resyllabification of codas into the onset is prevented by an 
insertion of a glottal stop for syllables lacking an onset. 
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Table 4.32. Speaker 1 –  effect of phrasing on the presence of an ICI in complex clusters 
(χ2 [1 N = 39] = 5.2, p < 0.022). 

Complex Codas Tokens ICI Total 
verb [værb] 5 5 
varm [varm] 4 4 

Citation (phrase-final) 

sterk  [stærk]  
fricative (5) 

0 5 

jerv i går 
[#jærv#.i] 5 5 Non-citation 

storm for i morgen 
[#storm#.f] 3 5 

varm aftens 
[varm#aftens] 4 5 

varm kaffee 
[varm#káfe] 0 5 

Phrase-medial 

formkake 
[formka:kә] 1 5 

Total  22 34 
 
Table 4.33. Speaker 4 – effect of phrasing on the presence of an ICI in complex clusters 
(χ2 [45] = 2.3, p = 0.125). 

Complex Codas Tokens ICI Total 
verb [værb] 5 5 
varm [varm] 5 5 
sverd [sværd] 5 5 

Citation (phrase final) 

sterk  [stærk]  
fricative (5) 

0 5 

jerv i går 
[#jærv#.i] 5 5 Non-citation 

storm for i morgen 
[#storm#.f] 5 5 

varm aftens 
[varm#aftens] 3 5 

varm kaffee 
[varm#káfe] 3 5 

Phrase-medial 

formkake 
[formka:kә] 4 5 

Total  35 45 

 



 215 

Table 4.34. Speaker 2 – phrase-final clusters. 
Phrasing Tokens Total ICI 

varm [varm] 4 

verb [værb] 5 

Citation  
(Phrase-final) 

sterk  [stærk] 
fricative (2) 

3 

Total  12/15 
 
Table 4.35. Speaker 3 – phrase-final clusters. 

Phrasing Tokens Total ICI 
varm [varm] 4 

verb [værb] 4 

Citation  
(Phrase-final) 

sterk  [stærk] 
fricative (4) 

1 

Total  9/15 

  To summarize, the tokens spoken in citation form and at the edge of an 

intermediate phrase are all produced with an intrusive vowel, with the exception of a 

phrase-final rk sequence, which has frication with no intrusive vowel. 

4.6.2.4 Stress Context 

 Deletion and r-coloring seemed to occur most often with the very short unstressed 

syllable of the prefix for- occurring at a morpheme boundary and was thought to be due 

to the unstressed syllable and shorter duration.  The effect of stress placement on 

coalescence was attested in rd sequences, though the effect had a categorical alternation 

rather than lenition of the tap.  Thus, in order to test the independent contribution of stress 

on the realization of taps, additional sentences that varied the stress placement within 

words were added to test the effect of stress on r+non-coronals.   
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Table 4.36. Speaker 1 – effect of stress on ICI presence (χ2 [N= 55]= 4.7 p = 0.097). 
 Pre-stress vs. Post-stress Phonetic Category ICI Total 

fórmelig trill/tap (4) 
sonorant (1) 5 5 

forméll sonorant (5) 5 5 
verbal stop (1) 

trill/tap (1) 
sonorant (3) 

3 5 

Tautomorphemic 

vérbum trill/tap (2) 
fricated (2) 
sonorant (1) 

4 5 

vårbilde trill/tap (2) 
sonorant (2) 3 4 

vårblomster trill/tap (1) 
sonorant (4) 1 5 

vårmusíkk trill/tap (2) 
sonorant (3) 

2 
0 2 

barmat trill/tap (1) 1 5 
 sonorant (4) 4  

trill/tap (2) 2 barmédlem 
sonorant (3) 2 

4 

Compound 

barmusíkk stop (2) 
sonorant (2) 
deletion (2) 

0 0 

Total   32 55 
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Table 4.37. Speaker 4 – effect of stress on ICI presence (χ2 [N = 55] = 16.7, p < 0.001). 
 Pre-stress vs. 

Post-stress 
Phonetic 
Category ICI Total 

formelig 
[fo ́rmeli] 

trill  (1) 
sonorant (4) 5 5 

formell 
[formɛ́l] 

trill (2) 
sonorant (3) 4 5 

verbal 
[vɛrbɑ ́l] 

sonorant (5) 
4 5 

Tauto-
morphemic 

verbum 
[vérbum] 

sonorant (5) 5 5 

vårbilde 
[vɔrbɪldә] 

stop (1) 
sonorant (4) 4 5 

vårblomster 
[vɔrblomstɛr] 

stop (1) 
trill/tap (2)? 
sonorant (3) 

4 5 

vårklær 
[vɔrklær] 

fricated (2) 
sonorant (3) 4 5 

vårmusíkk 
[vɔrmysík:] 

r-coloring (1) 
sonorant (4) 1 5 

barmat 
[bɑ ́rmɑt] 

sonorant (5) 
3 5 

barmédlem 
[bɑrmɛ́dlәm] 

trill (3) 
sonorant (2) 5 5 

Compound 

barmusíkk 
[bɑrmysík] 

sonorant (5) 
0 5 

Total   49 55 
  

Table 4.38. Speaker 2 – compounds and ICI presence.  
Compounds Phonetic Category ICI presence Total 
vårbilde trill/tap (1) 

sonorant (4) 
5 5 

vårblomster stop (1) 
trill/tap (3) 
sonorant (1) 

3 5 

vårklær fricative (2) 
stop (2) 
trill/tap (1) 

3 5 

vårmusikk stop (1) 
trill/tap (4) 
sonorant (1) 

4 5 

vårvær trill/tap (1) 
sonorant (4) 

5 5 

Total  20 25 
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Table 4.39. Speaker 3 – compounds and ICI presence. 
Compounds Phonetic 

Category 
ICI 
presence 

Total 

vårbilde deletion (4) 
sonorant (1) 

1 5 

vårblomster stop (2) 
fricative (1) 
trill/tap (2) 

2 5 

vårklær fricative (4) 
sonorant (1) 

2 5 

vårmusikk stop (5) 0 5 
vårvær fricative (1) 

trill/tap (3) 
sonorant (1) 

5 5 

Total  10 25 

  Stress only seems to affect a compound whose head has final stress (see tables 

5.35-38, above), i.e., vårmusíkk, for three of the four speakers.  The rm sequence is 

neither pre-stress nor post-stress, and has few cases of vowel intrusion.  However, 

tautomorphemically, an intrusive vowel occurs both in pre-stress and post-stress position.  

Speakers 1 and 4 differ in the effect of stress.  Stress does have an effect on ICI presence 

for Speaker 4, since most other cases (pre- and post-stress) were pronounced with an ICI.  

Speaker 1, however, did not have an effect of stress, since other tokens occur with few 

cases of vowel intrusion (note vårblomster and barmat).  Speaker 3 follows this pattern 

of no vowel intrusion with the compound musikk, while Speaker 2 does not.  Thus, pre- 

or post-stress placement of the rC sequence does not have an effect on vowel intrusion; 

only when stress is on the final syllable of a compound does stress have an effect of no 

vowel intrusion for three out of four speakers. 

 Intuitively, it would seem that there is an interaction between morphological 

context and stress, since the morpheme for- is an unstressed short syllable.  A stressed 

prefix ending in -r would need to be found, in order to test whether a morpheme 

boundary or unstressed syllables, or both contexts have an effect on vowel intrusion and 
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lenition.  Overall it seems that while stress placement alone does not have an effect on 

the realization of taps, the combination of a morpheme boundary and placement in an 

unstressed syllable could cause greater lenition found in the across-morpheme boundary 

context. 

4.7 Conclusion 

 Hypothesis 1 predicted that an r+coronal sequence would coalesce to a single 

retroflex consonant.  Hypothesis 1 is supported as no tap closure was found across all 

contexts (with the exception of only eight tokens) for speakers 1-3.  Only one speaker 

failed to coalescence across words, Speaker 4, which could be due to his upbringing 

outside of Norway.  The absence of a tap was argued to be coalescence since vowel 

duration and C2 closure duration were either not significantly different from the vowel 

and closure durations in the control conditions, or were significant in the opposite 

direction from that predicted by an assimilation account.  The coalesced segments had 

significantly lowered F3 and F4 as compared to plain laminal coronals.  The lowered 

formants are consistent with cross-linguistic findings that a lowered F3 and F4 are 

indicative of retroflex segments.  That fact that F4 lowers in addition to F3 is an 

interesting finding, as only two other languages have been reported to have a lowering of 

F4 in retroflexes.  In addition, the coalesced segment had the manner of the second 

consonant: rl sequences were voiced laterals, rn sequences were nasal retroflexes, and rt 

sequences were coronal stops.  Before a fricative, rs sequences had lowered center of 

gravity in the frication noise, indicative of retroflex fricatives. 

 Hypothesis 2 predicted that rd sequences would coalesce or not depending on stress 

placement.  However, variation in the treatment of rd sequences occurred across 
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speakers.  For speakers 2 and 3, stress was a factor in predicting coalescence, thus 

supporting hypothesis 2.  For these speakers, coalescence occurs in a pre-stress context, 

while in post-stress context no coalescence is found.  The data from Speaker 4 support 

hypothesis 2 for lexical words only.  However, no coalescence was found in nonce forms 

regardless of stress placement.  The data from Speaker 1 do not support hypothesis 2, 

since all sequences of rd coalesced, regardless of stress.  Such findings support the 

previous literature on rd coalescence.  Popperwell’s proposal that rd coalescence occurs 

in pre-stress position is supported by Speaker 2 for all cases, by Speaker 3 for lexical 

words and nonce forms, and by Speaker 4, who had coalescence only in real lexical 

words.  Kristoffersen's observation that some dialects do not have exceptions to the rd 

coalescence is supported by Speaker 1, for whom coalescence occurred in all rd 

sequences. 

 Hypothesis 3(a) predicted that the coronal context would differ from the non-

coronal context.  Hypothesis 3(a) is supported.  In the coronal context, no C1 closure was 

found and almost no gradience was found across speakers.  While variation in rd 

sequences occurred, the variation was categorical and affected by phonological stress or 

lexical status.  

 Hypothesis 3b, that a tap will either delete before non-coronals or have an intrusive 

vowel between the r and non-coronal, is not supported, since tokens realized with a C1 

closure did not obligatorily have an intrusive vowel.  Before non-coronals, however, a tap 

displayed the full spectrum of acoustic realizations, demonstrating gradience in 

articulation.  Hypothesis 3c is therefore supported.  The acoustic realization of r was 

affected by morphological context, phrasal position and the following consonant.  



 221 

Morphological context was a significant factor in predicting whether or not the r would 

be deleted.  Tautomorphemes were most often realized with a C1 closure, while at a 

morpheme boundary, the r was realized as r-coloring of the prior vowel, as a tap, as 

acoustic deletion, or as r-coloring on the following onset consonants.  Morphological 

context, however, was not a significant factor in predicting whether or not an intrusive 

vowel occurred between the non-deleted r and the following non-coronal.  Consonant 

context was also a significant factor in predicting phonetic category: before voiceless 

consonants, the r was realized as a fricative.  For three speakers, consonantal context was 

also a significant factor in predicting whether or not a non-deleted r occurred with an 

intrusive vowel: before labials a non-deleted r occurred with an intrusive vowel. 

 Phrasing had a small effect on intrusive vowels.  Tokens spoken in citation form 

were not significantly different from those in an arguably lower phrasal boundary 

position, but did display almost categorical intrusive vowels.  Before a voiceless velar, 

however, (i.e., sterk) frication occurred without an intrusive vowel.  A true phrase-medial 

sequence (varm kaffee) did not have robust vowel intrusion, but also demonstrated more 

lenited realizations of r, including deletion.  Stress also had an effect, albeit only in 

compounds with final stress, which tended not to have an ICI (for three speakers).  Pre-

stress vs. post-stress position did not have an effect on presence of an ICI within words, 

although it is possible that the deletion and r-coloring found at a morpheme boundary 

could be due to the interacting effects of a morpheme boundary and placement within an 

unstressed syllable.   

 Table 4.40 below summarizes the results found in the study. 
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Table 4.40. Summary of results for Norwegian rC. 
 Phonological/ underlying 

form 
Phonetic Realization 

Coronal coalescence /rt/ /rs/ /rl/ /rn/ [ʈ , ʂ , ɭ , ɳ] 
Post-lexical non-coalescence r#t [r#t] (Speaker 4) 

rd - alternation rd coalescence - everywhere (Speaker 1) 
coalescence - pre-stress position  
(speakers 2 & 3) 
coalescence - pre-stress in lexical 
words. (speaker 4) 

Phrase-final vowel intrusion #.Vrm.#  [ɹəm.#] 
Frication rK [r̥k#] 

Unstressed morpheme 
boundary  

ər+mV ́ [ə.m] [əɹ.m] [ɚm] 

Compounds: head noun with 
final stress 

 [Vr #mu ̆síkk ] [əɹ.m] [ə.m] [ət.m] rəm. 

Compounds: pre-stress Vr #  [əɹ.m] [ə.m] [ət.m] [ɹəm] 

Phrase medial: varm aftens, 
varm kaffee 

Vrm#V  
Vrm#k 

[æm], [æɹm] [ɚm] [rəm] 

 

 To summarize, three crucial results arise from this study.  First, r+coronals 

coalesce categorically.  Second, categorical coalescence vs. non-coalescence for rd 

sequences is affected by stress placement and lexical status.  Third, sequences of r+non-

coronals demonstrate gradient changes due to coarticulation, unstressed morphemes, and 

phrasal boundaries.  Chapter 5 turns to the phonological analysis of these phonetic 

findings. 
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CHAPTER 5.  DISCUSSION OF NORWEGIAN RC SEQUENCES 

5.1 Introduction 

 The results of the previous chapter demonstrated that there was a difference in the 

realization of r before coronals and non-coronals.  Specifically, there was a distinct 

difference in the variability between the two data sets.  Before coronals, r coalesced with 

the following coronal resulting in an apical/retroflex consonant with the manner of the 

second consonant.  No closure for r and no variation in manner were found, with the 

exception of word boundaries for Speaker 4 only.  Any variation found occurred in the 

coalescence of word-internal rd sequences, which varied across speakers.  Some speakers 

had categorical coalescence of all rd sequences, others only in pre-stress position, and a 

final speaker only in real lexical words.  In the non-coronal context, however, a range of 

acoustic realizations was found, in contrast to previous descriptions that suggested that 

either deletion or vowel intrusion occurred in r+non-coronal sequences.  The realization 

of r was articulated with a full range of acoustic realizations and was affected by 

morphological position and phrasal position, and the following consonant. 

Below, it is argued that the difference in variability of the coronal and non-

coronal contexts is due to different components of the grammar, specifically the 

phonological and phonetic grammars.  The chapter is organized as follows: Section 5.2 

presents the overall proposal for the findings, and arguments as to why one account, 

namely gestural timing models (gestural alignment constraints – Bradley 2007, or 

coupled-oscillators – Nam & Saltzman 2003; Nam, Goldstein & Saltzman in press; 

Goldstein et al. submitted), cannot wholly account for the data presented in Chapter 4; 

each argument is more completely discussed within the relevant section.  Section 5.3 
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discusses a phonological proposal for coalescence in the coronal contexts, within an 

Optimality Theory framework (Prince & Smolensky 1993), and the relative rankings of 

faithfulness and markedness required to produce coalescence in Norwegian.  The 

phonetic grounding for the proposed markedness constraint on taps in pre-consonantal 

position is discussed and the relative ranking of this constraint in the Norwegian 

phonology is shown.  Section 5.4 presents an analysis of the categorical alternation of rd 

sequences, and the phonetic grounding for markedness of an apical/retroflex, /ɖ/, in post-

stress position.  Section 5.5 discusses the non-coronal context and proposes a coupled-

oscillators model (Nam & Saltzman 2003, Nam et al. in press, Goldstein et al. submitted) 

to account for the differences in the variability found across morphological contexts.  The 

section reviews studies on the articulatory kinematics of phrase-final position, and then 

proposes a unified account for the findings of the previous chapter that vowel intrusion in 

rm sequences and frication in rk sequences occur in phrase-final position discussed in the 

previous chapter.  Section 5.6 concludes the chapter. 

5.2 Overview of the proposal 

The proposal below argues that the coalescence of r+coronals is phonological 

coalescence derived through the relative ranking of markedness of a tap before coronals, 

and faithfulness constraints on the underlying input, such as faithfulness to specific place 

and manner features, as well as UNIFORMITY (i.e., the number of corresponding output 

segments).  Before coronals, a single coalesced segment arises as the optimal output of 

the phonology, since a coalesced coronal can realize the apical feature.  However, an 

underlying r+non-coronal sequence arises as two segments since a coalesced sequence 
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cannot realize both the place features of the non-coronal as well as the apical feature, and 

fatally violates faithfulness to these place features. 

The proposal argues against a gestural alignment analysis (Bradley 2007) in 

which the optimal output results in either complete overlap of gestures to produce 

coalescence in r+coronal sequences or acoustic masking in r+non-coronal sequences, or 

complete separation of gestures to produce vowel intrusion in r+non-coronal sequences.  

Overlap of gestures for coalescence does not specify faithfulness to the manner features 

of C2 and cannot predict the differences in variability between the coronal and non-

coronal contexts.  While a recent proposal such as the coupled-oscillator model (Nam & 

Saltzman 2003, Nam 2008) can derive relative stability of gestural timing, these 

differences are derived through cumulative couplings in various morphological and 

prosodic contexts.  The coronal context, however, did not vary according to 

morphological or prosodic context.  The only variation found was for one speaker, who 

had non-coalescence for only the word-boundary context.  Thus, it is argued that the 

stability in gestural timing produced by coupled-oscillators cannot derive the stability 

found in the r+coronal context, since, as the theory stands currently, relative stability is 

predicted to occur by prosodic position. 

The difference in variation between the two contexts is a difference in the number 

of segments that are aligned during phonetic implementation.  Because the optimal output 

of an r+coronal sequence is one segment, no alignment occurs between any segments.  

The r+non-coronal sequence consists of two segments and alignment between segments 

is then predicted to vary according to coarticulatory and prosodic effects in the phonetic 

implementation components.  The various phonetic models used to derive these effects 
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are discussed, such as coupled-oscillators (Nam & Saltzman 2003, Goldstein et al. 2007, 

Nam 2008, Nam & Saltzman in press, Goldstein et al. submitted) and the π-gesture (Byrd 

& Saltzman 1998, Byrd et al. 2000, 2005) within Articulatory Phonology (Browman & 

Goldstein 1989, 1990, 1992, 2000).  

The proposal follows Nam & Saltzman (2003) in modeling the variability found 

at morpheme boundaries and in phrase-medial position as a difference in the number of 

couplings between oscillators (or gestures), which compete for relative phasings (or 

relative timing) between oscillators.  In phrase-final position, phrase-final lengthening 

seems to be able to account for both vowel intrusion and frication found in rm and rk 

sequences.  However, it is debatable whether the π-gesture plays a role in this 

lengthening, since the effects and the extent of the π-gesture are unclear. 

5.3 Coalescence in a coronal context 

5.3.1 Markedness and faithfulness constraints in coalescence 

Within an Optimality Theory framework, coalescence occurs as the optimal 

output from the relative ranking of some markedness constraint over UNIFORMITY 

(McCarthy & Prince 1995), which requires that each segment in the output has no more 

than one correspondent in the output (5.1).  

(5.1) UNIFORMITY (McCarthy & Prince 1995). 
No element of S1 has multiple correspondents in S2 . 
    For x,y ∈ S1 and z ∈ S1, if xℜ z and y ℜz, then x=y.   

The underlyingly input violates some markedness constraint and the optimal 

output can result in coalescence, since UNIFORMITY is ranked below markedness.  

Deletion or epenthesis does not occur, as MAX and DEP are both highly ranked above 

UNIFORMITY, thus the optimal output is a coalesced segment.  The featural specification 
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of the coalesced segment depends on the relative ranking of faithfulness and markedness 

constraints to specific features and/or contexts.  Thus, both marked or unmarked 

segments can arise in a coalesced segment. 

 Markedness constraints for the underlying segments of coalescence in Navajo, 

Pali, and Indonesian include coda constraints and constraints against nasals followed by 

voiceless obstruents.  In Navajo, there are no codas and a sequence of a voiced coronal 

followed by a voiceless velar fricative will become a voiced velar stop in onset position 

(5.2 - Lamontagne & Rice 1995).  The voicing and continuancy features of [d] are 

preserved, however, the place of articulation is retained from the fricative. 

(5.2)  Navajo coalescence of obstruents (Lamontagne & Rice 1995). 
/na + ii + d+ xaaɬ/  [neigaaɬ] 'we look around' 

In Indonesian, coalescence is motivated by *NC̥ (Pater 1999), which disallows a 

voiceless stop following a nasal.  A final nasal in the prefix /mәN/ coalesces with a word-

initial voiceless stop at a morpheme boundary (5.3a); word-initial voiced stops, however, 

do not coalesce (5.3b).  The nasality is retained due to a highly ranked IDENT(nasal), and 

the place of articulation is that of the voiceless stop.  The two segments are otherwise 

retained word-internally, and a positional faithfulness constraint to the root domain 

(LINEARITY-ROOT) prevents coalescence within a root. 

(5.3) Indonesian coalescence in NC̥ clusters (Pater 1999). 
a.  /məN pilih/  [məmilih] 'to choose, to vote' 
/məN tulis/  [mənulis] 'to write' 
/məN kasih/  [məŋasih] 'to give' 

      b.  /məN bəlih/  [məmbəlih] 'to buy' 
  /məN dapat/  [məndapat] 'to get, receive' 
  /məN ganti/  [mənganti] 'to change' 
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       c.  /əmpat/  [əmpat] 'four' 
  /untuk/   [untuk]  'for' 
  /muŋkin/   [muŋkin] 'possible' 

Tableau 5.1.  Indonesian coalescence as an effect of *NC̥ (Pater 1999). 
/mәN1 - p2ilih/ IDENT 

[NASAL] 
LINEARITY - 
ROOT 

*NC̥ IDENT-IO 
(OBSVOICE) 

LINEARITY-
IO 

a.  mәm pilih   *!   
b.  mәm12ilih     * 
c.  mәm bilih    *!  
d.  mәp12ilih *!     

De Lacy (2002) argues that the underlying structure of coalesced segments in Pali 

violates the constraints on heterosyllabic consonant clusters.57 The coalesced segment 

fuses the aspiration and voicing of one consonant, /bh/, with the place of articulation of 

the second consonant, /t/, as in (5.4). 

(5.4) Pali coalescence (de Lacy 2002). 
/labh taba/  [lad:haba] 

The marked place of articulation (velar) is retained when the two consonants are a 

velar and a coronal, however, the unmarked (coronal) place of articulation is retained in a 

coronal~bilabial pair.58  The laryngeal configuration, however, retains the marked 

(voiced) feature due to the particular faithfulness rankings. 

Tableau 5.2.  Pali coalescence (de Lacy 2002). 
/labh taba/ CODACONDITION IDENT[+VOICE] *[+VOICE] UNIFORMITY 
a.  labh taba *!  **  
b.  lat:haba  *! * * 
c.  lad:haba   ** * 

                                                

57 One could argue that this is not coalescence, since the consonant is a geminate constituting two 
segmental slots.  There would then be progressive and regressive assimilation: progressive assimilation for 
voicing and aspiration; regressive assimilation for place of articulation.  Nevertheless, I summarize de 
Lacy's arguments regarding coalescence and (un)marked features in the output. 
58 These data could also be evidence that bilabial place of articulation is actually less marked than coronal, 
contrary to some proposals. (See Mohanan (1993) for a complete discussion on the cross-linguistic 
evidence of markedness of place of articulation.)  Thus, for Pali there would be no hybrid system of feature 
preservation; only marked segments are preserved.   
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The difference in preserving the unmarked vs. marked features arises from a 

difference in ranking of faithfulness and markedness constraints on particular features 

(IDENT[FEATURE] and *FEATURE).  For voicing, IDENT[+VOICE] is ranked above 

*[+VOICE], so that voicing is faithful to the input and the marked feature (voicing in 

stops) arises as optimal (tableau 5.2).  The opposite ranking for place of articulation 

allows the unmarked place of articulation to be optimal.  In tableaux 5.3 below, *KP, a 

constraint against velar and bilabial stops, is ranked above the faithfulness constraints 

IDENT(KP)59.  In addition, a more general faithfulness constraint that is faithful to all 

input place of articulation mitigates against all labials (or velars) from becoming 

coronals, as in candidate (5l3a). 

Tableau 5.3.  Pali coalescence and place of articulation (de Lacy 2002). 
/labh taba/ CODA 

CONDITION 
IDENT(K) IDENT(KPT) *KP IDENT(KP) 

a.  labh taba *!   **  
b.  lab:h aba   * *!  
c.  lad:h aba   *  * 
d.  lab:h ada   **! * ** 

The Pali data demonstrate that different features of the two segments can surface 

in the coalesced segment depending on the rankings of featural markedness and 

faithfulness constraints.  Such constraint rankings also need to be understood for 

Norwegian, in which coalescence preserves the manner features of C2.  The data from 

Navajo, Indonesian, and Pali demonstrate that the ranking of faithfulness and markedness 

constraints on manner, voicing and nasal features all play a role in the optimal coalesced 

                                                

59 By ranking IDENT(K) and IDENT(KPT) above *KP, a velar consonant will arise as optimal, if there is a 
velar input. However, when there is no velar, a coronal consonant will arise as optimal, since it is the least 
marked segment.  See de Lacy (2002) for a discussion of grouping place of articulations in markedness and 
faithfulness constraints. 



 230 

segment.  The following sections discuss both faithfulness and markedness constraints 

and their relative ranking for Norwegian coalescence vs. non-coalescence. 

5.3.2 Tableaux deriving coalescence in Norwegian 

This section presents the faithfulness constraints involved in coalescence of 

r+coronal sequences vs. the non-coalescence of r+non-coronals.  For the moment, the 

analysis abstracts away from the particular markedness of r+coronal sequences and the 

phonetic grounding of the markedness constraint (see section 5.3.3).  Tableau 5.4, below, 

demonstrates that this markedness constraint, MAX and MAX[apical] must be ranked 

above UNIFORMITY.  This ensures that deletion of either the tap or the coronal will not 

occur as optimal, and ensures that epenthesis will not occur between the two consonants.  

A faithful candidate of rt will fatally violate the markedness constraint.  The optimal 

candidate, a coalesced segment, does not violate the markedness constraint, and 

UNIFORMITY is ranked too low to have an effect.  Candidates (4d-e) both coalesce, 

however, the apical/retroflex articulation will arise as optimal, since MAX[APICAL]60 rules 

out candidates that have deleted a privative apical feature. 

Tableau 5.4.  Coalescence in r+coronal sequences. 
/rt/ MAX MAX[APICAL] MARKEDNESS 

OF RT 
UNIFORMITY 

a.  rt   *!  
b.  r *!    
c.  t *!    

d.  t12  *!  * 
e.  ʈ12    * 

                                                

60 I follow Kristoffersen (2000) in using a privative [apical] feature.  If the feature were binary, 
IDENT[+apical] is required since the /rt/ sequence differs in [+ apical] vs. [- apical]; candidates that alter the 
change in the apical feature of either consonant will violate IDENT[apical] equally, thus it is necessary to 
specify that [+apical] must not be retained in the output. 
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A sequence of r+non-coronal vacuously satisfies the markedness constraint.  The 

markedness constraint could be defined more generally as applying to taps before any 

consonant, since, as is discussed in section 5.3.3 below, taps are best perceived in an 

intervocalic context, however, further cross-linguistic evidence on rC clusters would be 

required to support such a constraint.  In tableau 5.5, below, coalescence cannot arise as 

optimal, since deletion or coalescence cannot occur because the candidates violate 

undominated MAX constraints.  The apical feature cannot be realized on a labial or a 

velar consonant, and a tap without any labial articulation, fatally violates an undominated 

faithfulness to labial place of articulation.  Thus, coalescence cannot arise as optimal in 

rm sequences, since the segment cannot be faithful to both places of articulation.  The 

same occurs for an rk sequence, since dorsal and apical cannot co-occur.  

Tableau 5.5.  Non-coalescence of r+non-coronal cluster. 
/rm/ MAX MAX[LABIAL] MAX[APICAL] MARKEDNESS 

OF RT 
UNIFORMITY 

a.  rm    *  
b.  r *!     
c.  m *!     
d.  r12  *!    
d.  m12   *!  * 

As mentioned in the introduction, a coalesced sequence of r+coronal retains the 

manner feature of the following coronal.  A sequence of rn results in an apical/retroflex 

nasal, rs results in an apical/retroflex fricative, rl results in an apical/retroflex lateral, etc 

(rtʈ).  Thus, high-ranking faithfulness constraints on manner features are needed to 

produce the correct manner of articulation. 

The formulation of these faithfulness constraints depends on whether or not 

privative or binary features are used.  In a binary analysis, all coalescence candidates in 

which the underlying segments differ in voicing, apicality or continuancy violate 
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IDENT[voice], IDENT[cont], IDENT[apical] equally.  Faithfulness to a feature from one 

segment, will cause a violation in faithfulness for the other segment.  Specific reference 

to [-cont] or [-voice] must be made using binary features, as occurs in de Lacy's (2002) 

proposals for coalescence in Pali.  By using privative features, changes to voicing or 

place or articulation is the addition or deletion of a feature, and, therefore, MAX[feature] 

or DEP[feature] must be used as faithfulness constraints. 

Kristoffersen uses a privative apical feature, thus an undominated ranking of 

MAX[apical] will rule out candidates that do not preserve the place of articulation for the 

tap.  An apical/retroflex consonant will be the optimal candidate.  For a lateral or nasal 

C2, undominated faithfulness constraints to these features also rules out candidates that 

do not preserve the input lateral and nasal features of C2. 

Tableau 5.6.  Faithfulness to nasal features of /n/ in C2. 
/rn/ MAX[APICAL] MAX[NASAL] MAX[LATERAL] MARKEDNESS 

OF RT 
UNIFORMITY 

a.  r12  *!   * 
b.  
ɳ12 

    * 

c.  n12 *!    * 

d.  rn    *!  
 
Tableau 5.7.  Faithfulness to lateral feature of /l/ in C2. 
/rl/ MAX[APICAL] MAX[NASAL] MAX[LATERAL] MARKEDNESS 

OF RT 
UNIFORMITY 

a.  r12 
*!  *  * 

b.  
ɭ12 

    * 

c.  l12 
*!    * 

d.  rl    *!  

To preserve the voicing of a voiceless stop in C2, reference to DEP[voice] will 

ensure that addition of a privative [voice] feature will not allow a voiced coalesced 
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segment to arise as optimal.  Likewise, in an input where C2 is a voiced stop, DEP[voice] 

is not violated, since a [voice] feature is associated with the input segment /d/, and a 

voiced coalesced stop faithfully arises.  Following a voiced and voiceless stop, a 

coalesced segment arises as a stop, therefore, a high-ranking faithfulness constraint to      

[-continuant] ensures that a stop arises in both cases. (See section 5.3.4 below for 

constraints and rankings of constraints that result in non-coalescence in post-stress 

position, and coalescence in pre-stress position.) 

Tableau 5.8.  Faithfulness to continuancy and voicing of /t/ in C2. 
/rt/ MAX[APICAL] IDENT 

[-CONT] 
DEP[VOICE] MARKEDNESS  

OF RT 
UNIFORMITY 

a.  r̥12  *!   * 

b.  ʈ12 
    * 

c.  ɖ12   *!  * 

d.  r̤ 12  *!   * 

e.  rt    *!  
 
Tableau 5.9.  Faithfulness to continuancy and voicing of /d/ in C2. 

/rd/ MAX[APICAL] IDENT 
[-CONT] 

DEP[VOICE] MARKEDNESS  OF 
RT 

UNIFORMITY 

a.  r12  *!   * 

b.  ɖ12     * 

c.  d12 *!    * 

d.  r̤ 12  *!   * 

e.  rd    *!  

And finally in tableau 5.10, a faithfulness constraint to the stridency of the 

coronal fricative /s/ (in addition to voice and apical features, as demonstrated above) will 

preserve an input of a tap followed by a fricative, resulting in an optimal output of a 

coalesced apical/retroflex fricative. 
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Tableau 5.10.  Faithfulness to stridency and voicing of /s/ in C2. 
/rs/ MAX[APICAL] IDENT 

[+STRIDENT] 
DEP[VOICE] MARKEDNESS  

OF RT 
UNIFORMITY 

a.  r12  *!   * 

c.  
ʂ12 

    * 

b.  s12 *!    * 

d.  r̤ 12  *! *  * 

e.  rs    *!  
 

5.3.3 Markedness of rT sequences 

The following section presents arguments for the marked constraint that the 

underlying segments violate.  This constraint disallows a tap followed by a coronal and is 

phonetically grounded in the articulatory difficulties of producing a tap in pre- or post-

consonantal position, the perceptual salience of taps in various contexts, and cross-

linguistic patterns of coalescence and deletion of rhotics before coronals.  A more general 

constraint against taps in pre- or post-consonantal position could be proposed due to 

articulatory and perceptual difficulties discussed below.  However, further cross-

linguistic evidence demonstrating coalescence or deletion of rhotics before consonants is 

required in order to support such a constraint. 

5.3.3.1 Articulatory and acoustic salience of r 

Bradley (2001) derives the following hierarchy of perceptual salience for a tap or 

a trill (5.5). These harmonic scales can be used to derive a universal markedness 

constraint hierarchy on taps in different contexts within Optimality Theory (Prince & 

Smolensky 1993). 

(5.5) Salience of tap or trill (Bradley 2001). 
V_V >> #_V >> V_C, C_V, V_# 
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An intervocalic context, Bradley argues, is the best backdrop for a trill, tap or flap 

to be heard.  Because a tap is an extremely quick closure at the alveolar ridge, a drop in 

intensity between highly sonorous vowels will signal a closure.  He adds that, in general, 

word-initial position is more salient than word-internal position, hence a higher 

perceptual salience for word-initial than word-final position, and pre- or post-consonantal 

position.  Bradley writes (deriving from Ladefoged 1993 and Inouye 1995) that the 

tongue tip must be 'cocked' back in order to achieve the speed required to throw the tip of 

the tongue to the alveolar ridge, and produce such a short constriction.  This might argue 

for a ranking of V_C >> C_V, since the vowel has the best chance of allowing a 'cocking 

back' of the tongue, while in a C_V context the tongue is basically at rest position.  

However, Bradley points out that both the approach and the release phase are important 

in a tap, and intervocalic position is articulatorily suited for the tap, since there is no 

constriction using the tongue tip during the vowel. 

Steriade (2001), however, points out that the perceptual distinction between t/ʈ can 

be more or less salient depending on the context.  An intervocalic context also has the 

highest perceptual salience since both VC and CV transitions are available to the listener, 

(5.6).  She argues that the perceptual cues for retroflexes and apicals have more robust 

VC formant transitions than CV transition.  This neutralization between retroflex and 

more denti-alveolar CV formant transitions is due to flapping out during the closure, 

where the tongue tip slides forward from retroflex or alveolar position toward a more 

denti-alveolar articulation.  

(5.6) Contextual distinction between t vs. ʈ  (Steriade 2001). 
V_V >> VC >> CV 
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Hamann (2003b) provides typological evidence, as well as diachronic data that 

demonstrate rC sequences coalesce more often than Cr sequences.  She reports that 

Ndjébbana, an Australian language, has reduction of the morpheme [ra], which produces 

a sequence of /rn/ that is coalesced into [ɳ], (5.7). 

(5.7) Ndjébbana (Hamann 2003b). 
ba-ra-nmaramaɭo-ŋa > barnmaramaɭoŋa > baɳmaramaɭoŋa 
3rd PS-AUGS-RE-swim-REM 
(5.8) Watjarra (Hamann 2003b). 
/maju maɳkur/  'the three children' 
/maju maɳkur-ta/  > [maju maɳkuʈa] 'the three children-LOC' 
 
Watjarra also has retroflexion in pre-consonantal position (5.8), and Yidgha also 

reportedly coalesces rn to [ɳ] and /rʃ/ to [ʂ] (Hamann 2003b).  Hamann also reports 

changes in manner for Yidgha where an rt becomes [ɭ], and Old-Indo-Aryan produced an 

[ɭ] from rt (Old-Indo-Aryan also diachronically produced [ʂ] from rs).  Another well-

known case of progressive retroflexion is the ruki rule in Sanskrit.  A coronal fricative [s] 

becomes [ʂ] following not only [r], but also the vowels [u] and [i] and a velar stop [k], 

(5.9).61  

 (5.9) Sanskrit ruki rule: s  ʂ / {r,u,k,i} _  
  [svasɻʂu]   'sister' 

[ɕa:t ̪ɽuʂu]   'enemy' 
[vakʂu]   'voice' 
[aɡn̪iʂu]   'fire' 

                                                

61 Hamann discusses the common trigger as retraction of the root for /u/ and /k/, and an apical articulation 
for /i/ and /r/, both parameters that she argues are present in retroflex segments. 
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Both Steriade (2001) and Hamann (2003b) write that retroflexion occurs much 

more often via progressive place assimilation (rt  rʈ, as opposed to tr  ʈr).  Steriade 

documents 13 languages, and one language family (Indic) in which progressive 

assimilation of apicals occurs word-internally.  This is in direct contrast to non-coronal 

assimilations, which are overwhelmingly regressive (Steriade 2001).  Exceptions to 

progressive coronal assimilation occur either across words or in nasal-stop clusters, the 

latter being potentially due to the nasal place assimilation, a highly robust cross-linguistic 

pattern.  

Hamann provides more specific evidence on rt vs. tr clusters, such as that rt 

retroflexion occurs more robustly as a synchronic process, (note that Scandinavian is one 

of the languages cited for this observation), but tr clusters can also diachronically 

produce retroflex consonants.  She does provide examples from several languages: 

Tibetan, Nilo-Saharan Lugbara, literary and Ceylon Tamil (Dravidian), Cham (Vietnam), 

and Pashto.  True coalescence seems to occur as a historical development in Pashto 

(5.10), Yighda, and Cham, which developed [ʂ, ʈ] from [sr] and [tr], respectively, (5.11-

12).  While retroflexion of the prior stop occurs, some languages retain the rhotic element 

and it might be argued that true coalescence of the segments does not occur.  For 

example, Sindhi developed a retroflex in post-consonantal position, however, there was 

no loss of the following [r], (5.13). 

(5.10) Pashto cognates with Avesta (Hamann 2003b). 
[srao] ~ [ʂa]  'good' 
[sraoni] ~ [ʂna] 'hip bone' 

(5.11) Yighda (Hamann 2003b). 
sr > ʂ 
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(5.12) Cham (Hamann 2003b). 
tr > ʈ sr > ʂ 

 (5.13) Sindhi retroflexion before [r] (Hamann 2003b). 
traya > [ʈre:]  'three' 
draka >  [ɖra:kha] 'grape' 

It could be that the retroflexion process occurs because of the 'cocking back' of 

the tongue during V1 of a /V1trV2/ sequence, such that retroflexion occurs on the stop (or 

other onset consonants). In a sequence of rt, however, it is difficult to 'pull back' during 

the release portion of the tap in time to achieve the closure for the stop, therefore 

complete coalescence occurs for rt sequences as opposed to tr sequences which may only 

be articulatory overlap.  Browman & Goldstein's Articulatory Phonology account of 

Browman & Goldstein (1990a) argue that assimilations involving the same articulator, 

such as "ten things" pronounced as [ten̪ θiŋɡz], and "come from" as [kʌɱ frəm] are not 

semgental changes, but rather blending of two articulatory goals (e.g. behind the teeth 

and alveolar ridge for alveolars).  Since both gestures occur on the same articulatory tier" 

blending of these gestures would result in each segment produced slightly further back or 

forward from its original target.  Assimilation of the alveolar stop to a retroflex place of 

articulation, without loss of the following segment may, in fact, be the result of gestural 

overlap as opposed to a phonological assimilation.62  

 Bradley (2002, and p.c.) provides further evidence for the markedness of rt and tr 

clusters from Andean Spanish and Ngizim (Nigeria).  Differing processes occur as a 

result of these marked clusters.  Andean Spanish has affrication of a tr cluster tres 'three'  

                                                

62 Assuming that there is a separate phonological component operating on the segmental level, and a 
phonetic component operating on gestures.  Browman & Goldstein would argue that all assimilations are 
gestural overlap or anticipation. 
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 [t ͡ʃres]63.  In Ngizim the tap/trill contrast is neutralized in before coronal stop (V_TV) 

and the tap is realized as a full trill ([sәrtu] 'string beads' [ardaatu] 'agree to, approve of'  

(Bradley 2003).  The tap/trill distinction is retained before other coronal fricatives and 

sonorants: wu[ɾz]u] ~ bə[rz]әngәlu (back ~ large intestine).   

The data reviewed above demonstrate that cross-linguistically, rhotics produce 

coalescence and retroflexion in a coronal context, however, there is less evidence for 

coalescence and deletion in a non-coronal context.  R-less dialects of English, such as 

British, Australian, and South African dialects (Hughes & Trudgill 2005), do  

demonstrate that pre-consonantal position is a marked context.  In these dialects, r (a 

rhotic sonorant rather than a tap) is deleted before both coronals and non-coronals64 and 

some r-coloring of the prior vowel may occur (Ladefoged 1996, Hughes & Trudgill 

2005) and is retained in intervocalic position: hard [hɑd], heart [hɑt], bark [bɑk] farm 

[fɑm] car keys [kɑkiz].  While the perceptual and articulatory evidence points toward a 

more general constraint of taps in a consonantal context, further cross-linguistic data are 

required in order to argue for a more general constraint against taps (or rhotics) in a 

consonantal context.  Therefore, a more specific *VrTV constraint is used to rule out 

r+coronal sequences. 

 

 

  

                                                

63 Unclear whether or not there is deletion of the r. 
64 And word-finally in citation [ka:]φ car. 
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5.3.3.2 Contextual markedness constraints on taps and coronals 

Table 5.1. Perceptual salience and articulatory assimilations of coronals. 
 Segment 

Distinction 
Contextual salience Direction of Assimilation 

Bradley 
(2001) 

ɾ vs. r V_V > #_V> V_CV, 
VC_V, _# 

progressive - stipulated in 
constraint  

Steriade 
(2001) 

t vs. ʈ V_V > V_CV > VC_V progressive: t ʈ  tt  
                  ʈ t  ʈ ʈ 

Hamann 
(2003) 

rt vs. tr > ʈ  progressive - synchronic & 
diachronic:  rt > rʈ  
Regressive: diachronic: tr > ʈr 

Table 5.1, above, summarizes the perceptual distinctions and coronal/retroflex 

assimilations found by Bradley (2001), Steriade (2001), and Hamann (2003b).  The 

harmonic scale from Bradley (2001) can be converted into negatively framed markedness 

constraints (Prince & Smolensky 1993) against taps or trills in these same contexts, 

(5.14). 

(5.14) Tap/trill constraint rankings 
*VrTV , *VTrV, *r# >> *#r >> VrV 

  The synchronic and diachronic evidence in combination with the Norwegian data 

could be evidence for a greater perceptual salience of Tr cluster over rT position, and thus 

a ranking of *VrTV >> *VTrV.  The more robust findings of rt progressive assimilation 

and coalescence by Hamann and the Ngizim data by Bradley may point toward a more 

specific constraint targeting pre- or post-coronal context (i.e.,*VrTV, *VTrV).  A 

prominence of *VrTV >> *VTrV could be further supported if evidence were found that 

demonstrates that if a language has regressive assimilation of tr then it necessarily has 

progressive assimilation. 
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A constraint specifically targeting taps in pre- or post-coronal context will 

account for the Norwegian data.  Because rm clusters vacuously satisfy a *VrTV 

constraint, and no distinction regarding faithfulness to both places of articulation need be 

made.  A more general constraint would seem to capture both the articulatory difficulties 

as well as the perceptual salience of taps.  Pending further cross-linguistic evidence, the 

more specific *VrTV constraint is used to motivate coalescence in Norwegian.  Further 

acoustic data for rT sequences are required to determine whether or not true coalescence 

occurs in the languages reported by Hamann (2003b), as well as further typological 

evidence on taps in pre- and post-consonantal position. 

5.3.4 Pre-consonantal vs. post-consonantal context in Norwegian 

 Tableaux 5.11-12, below, demonstrate that when UNIFORMITY is ranked between 

*VTV and *VTrV, coalescence occurs only in pre-consonantal context.  An input of /rT/ 

violates a high-ranking *VrTV, while the coalesced segment does not, and arises as 

optimal since uniformity is ranked below the rT markedness constraint.  Deletion cannot 

occur as MAX is also ranked above UNIFORMITY. 

Tableau 5.11.  Coalescence in pre-consonantal (i.e., pre-coronal) position. 
/rT/ MAX MAX[APICAL] *VrTV UNIFORMITY *VTrV *r# 
a.  rT   *!    
b.  r *!      
c.  T *!      
d.  T12    *   

In tableau 5.12, an input of a coronal followed by a tap will not result in 

coalescence, since UNIFORMITY is ranked above *VTrV and this ranking will rule out a 

coalesced candidate.  Despite the articulatory and perceptual difficulties, the winning 

candidate is the faithful candidate (5.12a). 
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Tableau 5.12.  Non-coalescence of post-consonantal position. 
/Tr/ MAX MAX[APICAL] *VrTV UNIFORMITY *VTrV *r# 
a.  Tr       
b.  r *!      
c.  T *!      
d.  T12    *!   

5.3.5 Alternative analyses of coalescence vs. non-coalescence in Norwegian 

As mentioned in the introduction, the present proposal argues against a gestural 

alignment constraint analysis as producing the difference between the coronal and the 

non-coronal context for three reasons.  First and foremost, the data do not support a 

categorical alternation of r+non-coronal context.  Secondly, gestural overlap (either 

through coupled-oscillators or an optimal alignment through OT gestural constraints) 

does not preserve the manner of articulation for the coronal following the tap.  And 

finally, the gestural alignment constraints needed to produce coalescence conflates both 

the markedness of taps in various contexts, with the repair strategy for this marked 

structure. 

Bradley proposes gestural alignment constraints that require different 

coordination of consonantal gestures such that gestures are either overlapped, (5.15), or 

separated for rC sequences, (5.16).  Complete separation of an rC cluster produces vowel 

intrusion between the segments, while the result of complete overlap will differ 

depending on the articulators involved in the two segments.   

 (5.15) Align (ɾ, CENTER, C, CENTER) in IP (rC-OVERLAP) 
In a sequence of rC within the intonation phrase, align the center of /r/ with the 
center of C. 

 
 Percept:  [ V C V ] 
 
 Gesture: 
 
            center 
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 (5.16) Align (ɾ, OFFSET, C, ONSET) in IP (rC-SEPARATE) 

In a sequence of rC within the intonation phrase, align the offset of /r/ with the 
onset of C. 

 
 Percept: [ V r ə    C  V ] 
 
 Gesture: 
 
         offset    onset 
 
 An optimal output that aligns gestures as completely overlapped will result in 

either acoustic masking if the gestures are on different tiers (i.e., deletion for r+non-

coronal sequences) or coalescence if the gestures are on the same tier as occurs for 

r+coronals.  Thus, what appears to be coalescence or deletion would be the overlapping 

of gestures and the difference between deletion in non-coronals vs. coalescence arises 

from the difference in gestural tiers. 

 Previous descriptions of the behavior of r+non-coronals noted that either the tap 

would delete or an intrusive vowel would occur.  Bradley proposes a variable ranking of 

rC overlap and MAX[APICAL] to produce the optionality of deletion vs. vowel intrusion.  

However, as mentioned, the data do not support an optional categorical alignment of 

r+non-coronal sequences, but rather that there is difference in variation across 

morphological, consonantal, and phrasal contexts. 

 A gestural overlap analysis of coalescence also does not address the featural 

changes in the coalesced segment.  Bradley interprets Simonsen et al.'s (2000) data on the 

variability of location in linguopalatal contact as support for a gradient analysis of 

r+coronal coalescence.  In a gestural overlap analysis, overlapped r+coronal gestures 

could result in more or less apicality or stricture depending on the task-dynamic result of 
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the two gestures.  However, the final output segment did not display any conflicts in the 

manner of articulation: rs became a fricative, rt a stop, rn a nasal, and rl a lateral. 

While the nasality and voicing of the coalesced segment may be derived through 

overlap of gestures, manner of articulation for a stop and a fricative cannot. Because there 

is only velic opening or laryngeal abduction gestures (a closed velum and laryngeal 

adduction are considered default states for speech, Browman & Goldstein 1989, 1992c), 

there is no conflict in velic and laryngeal gestures for the tap and following coronal when 

the two segments are completely overlaped.  Overlap of rn, in which C2 has a velic 

opening gesture, would result in a nasal segment, and an overlap of a r followed by a 

voiceless C2, which has a vocal abduction gesture, would result in a voiceless segment.  

However, the critical tension for the tongue tip between a tap and a stop or a fricative do 

conflict.  Stops have a fully closed articulation, a fricative a critical tension, and a tap 

requires a cocking back of the tongue followed a quick tap motion.  Potential candidates 

for overlap could include a voiceless /r̥/, a fricated /r ̤/, and a voiced retroflex 

approximant.  Faithfulness constraints to voicing and continuancy need to be added as 

presented in tableaux 5.5-10, to retain the manner, laryngeal, lateral, and nasal features of 

C2. 

While the proposed constraints follow Bradley's phonetic grounding for rC being 

both articulatorily and acoustically marked, the constraints do not require any particular 

output or alignment of gestures.  The markedness constraint merely specifies that the 

context is marked but does not require separation or overlap.  While complete separation 

would seem to address the articulatory difficulties and perceptual salience of a tap before 

a consonant (along the lines of Browman & Goldstein's (2000) proposal for complete 
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separation of consonants), it is unclear why a constraint should require overlap as a repair 

strategy for this marked structure.  The fact that the apical feature of the tap is retained in 

r+coronal overlap is, in a sense, an accident of the consonantal articulators being on the 

same gestural tier.  However, other repair strategies could occur in other languages 

depending on the relative ranking of faithfulness features, such as true deletion and/or 

epenthesis before coronals and non-coronals (as perhaps occurs for r-less dialects of 

English).  Thus, singling out the markedness of r's in consonantal position as a 

markedness constraint only, allows for greater freedom in the ranking of faithfulness 

constraints to produce different optimal outputs. 

5.4 Variation of rd sequences 

The previous discussion accounted for the fact that in all contexts a tap followed 

by a /n, s, l, t/ would result in coalescence.  While coalescence occurred for rd sequences, 

variation was found across speakers, stress contexts and lexical status.  When coalescence 

occurred for a given category, all tokens within the category coalesced, (i.e., no gradience 

was found).  Coalescence of rd occurred in all contexts for Speaker 1, in a pre-stress 

context for speakers 2 and 3, or only as lexically defined (i.e., no coalescence in nonce 

words) for Speaker 4.  To derive the interspeaker variability, the markedness constraint 

that prevents coalescence in either stressed syllables or in non-lexically defined words 

must have variable ranking across speakers.  First, the section presents the various 

perceptual and articulatory reasons why coalescence would be prevented in post-stress 

position and then the potential formulation of the constraint capturing the markedness [ɖ] 

in unstressed position. 
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5.4.1 Markedness of a voiced retroflex stop in post-stress context 

 An additional constraint must be involved to prevent coalescence in rd sequences 

in a post-stress context, since the markedness constraint against taps before coronals 

would result in coalescence for all rd sequences.  Intuitively, [ɖ] is similar both 

articulatorily and acoustically to a tap/flap.  Both are voiced, and involve a closure using 

the tip of the tongue at or behind the alveolar ridge.  For Norwegian, this articulation is 

even more similar given that these retroflex consonants are mainly articulated at the 

alveolar ridge with the tongue tip (as opposed to the laminal articulation closer to the 

teeth).  The similarities of these articulations produce similar acoustics.  Both will have a 

drop in intensity in an intervocalic position, and have voicing throughout the closure.  

The difference between the two segments may only lie in the stricture and duration. In 

some contexts a full closure may not occur for a tap, causing a shorter closure and 

formant structure during the constriction, as was found for Norwegian taps in an 

intervocalic context. 

Once an rd cluster coalesces, there is a three-way contrast between a tap, a voiced 

laminal coronal, and an apical (arguably retroflex).  

(5.17) VrV ~ VdV ~ VɖV 

The contrasts in (5.17) all occur in intervocalic position.  However, stress 

categorically affects the optimal output of rd sequences (for some speakers).  Neither 

Steriade (2001), Bradley (2001), nor Hamann (2003) explicity mention or investigate the 

role stress plays in perceptual contrasts.  However, stress has been shown to affect 

articulation (Browman & Goldstein 1992(b-c), de Jong et al. 1993, de Jong 1995, Fowler 

1995, Cho 2006) and we would expect this to affect perception as a consequence.  As is 
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discussed below in Section 5.5.2, articulations in stressed syllables tend to have 

hyperarticulated gestures (de Jong et al. 1993), such that there is greater contact, larger 

displacement, longer duration of gestures, and greater overall intensity of the syllable.  

Greater displacement and intensity means that the burst of the plosive will have better 

cues for the listener to distinguish place of articulation.  In unstressed syllables, however, 

gestures are weakened and display more overlap in timing of gestures within the syllable 

(de Jong et al. 1993, de Jong 1995, Fowler 1995, Cho 2006).  Assuming that in a post-

stressed context a coalesced rd is syllabified as [V.ɖv], such weakening could cause a 

weaker closure, producing either frication or formant structure during the closure.  

Formant structure during the closure would make the retroflex stop sound more like a 

tap/flap.  In addition, weakening would also affect the burst in the CV transitions, leading 

to even fewer cues to distinguish the retroflex from the laminal stop [d]. 

Further evidence pointing toward similarities in articulation for a tap/flap and a 

coronal stop in unstressed syllables (or post-stressed context) arises from the English 

flapping rule, where coronals become flaps in post-stressed inter-sonorant position, 

(5.18). 

 (5.18) English flapping in a post-stress position (Kenstowicz 1994, p195). 
   a.  atom      [æɾm ̩]  
   b.  ladder      [læɾɹ] ̩ 
   c.  meeting       [miɾɪŋ]  
   d.  loaded      [loʊɾəd] 
   e.  what is wrong  [wʌɾɪzɹɔŋ]65 

                                                

65 Flapping in English is argued to be foot-internal (Kenstowicz 1994).  The Norwegian foot is argued by 
Kristoffersen (2000) to consist of moraic trochees which, for primary stress, is assigned starting from the 
right edge.  The word vurdere, which does coalesce, will have a foot parsing of (vur)(dé.re), in which case 
coalescence occurs across a foot boundary.  Therefore, rd coalescence cannot be argued to occur within the 
foot, as flapping occurs for English.  Although -e is an affix and one might argue that the vowel is 
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 Therefore, it seems plausible that a voiced retroflex stop in unstressed position is 

a marked structure and that there is a constraint against this structure accounting for the 

alternations found in Norwegian.  Since stress did not play a role in coalescence across 

words, this constraint should be restricted to occurring only within the domain of a 

prosodic word. 

5.4.2 OT constraint: *[ɖV] in unstressed syllables 

To summarize, retroflexes have greater cues in VC transitions than in CV 

transition (5.19), and stressed syllable articulations have greater salience than unstressed 

syllables (5.20). And, finally, stops overall have better cues in onset position than in coda 

position, (5.21). 

(5.19) Retroflex cues (Steriade 2001). 
Vɖ >> ɖV 
(5.20) Stress syllable perception 
[CV́C]σ >> [Cv̌C]σ

66  
(5.21) Stop cues (Steriade 2001) 
[stop]V >> V[stop] 

Combining the two relational hierarchies in (5.19-21) gives us (5.22), below, for 

retroflexes in stressed syllables.  It is debatable whether or not a [v̌ɖ] is more, less or 

equally salient to ɖV́.  However, it is possible that the consonant would be syllabified in 

the coda if a vowel follows and therefore does not occur in the unstressed syllable.  

                                                                                                                                            

exceptional and that foot is parsed as (vur.dé)re, Kristoffersen specifically addresses -V and -CV affixes, as 
being part of the foot.  These affixes move primary stress to the prior syllable; the stress movement is 
expected, if the final light syllable is indeed parsed as part of a trochaic foot, containing two light syllables.  
Additionally, heavy affixes attract main stress, such as -ist, (e.g. gárde~gardíst) which does produce 
coalescence, is parsed as (gar)(dís)t, since a heavy syllable would result in a trochaic foot.  In this case, rd-
coalescence also occurs across feet. 
66I use lower-case v for any unstressed vowel, for legibility reasons (so that the unstressed symbol is 
visible). 



 249 

However, there could also potentially be glottal stop insertion for vowel-initial word such 

that the consonant remains in coda position. 

 (5.22) Relational prominence of (5.19) and (5.20). 
[Vɖ] >> [vɖ] , [ɖV] >> [ɖv] 

The contrast for [Vɖ] >> [ɖV] is in direct contrast to the contextual salience of 

plosives), in which the burst in a CV transition gives additional cues to place of 

articulation over those in VC position.  This gives us a ranking in (5.23) where the two 

conditions are nearly equal in perceptual salience.  For all of these prominence relations, 

a retroflex in the onset of an unstressed syllable is always the least salient. 

(5.23) [Vɖ], [ɖV] >> [ɖv] 

 These prominence relations can be turned into the negatively stated markedness 

constraints (5.24). 

 (5.24)  *[ɖv] >> *[Vɖ], [ɖV] 

 Further evidence in support of a specific markedness constraint preventing 

coalescence from occurring is that positional faithfulness to an unstressed syllable is not a 

plausible constraint.  Positional faithfulness constraints are formulated to preserve 

contrasts in prominent positions, not non-prominent positions, such as unstressed 

syllables.  Positional faithfulness to the retention of a [ɾ] in a stressed syllable is 

plausible.  However, a positional faithfulness constraint would predict parallel effects for 

a voiceless stop, and there is no reason to suspect greater faithfulness to r before voiced 

stops as opposed to voiceless stops. 
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5.4.3 OT tableaux for rd sequences  

 The following tableaux demonstrate that a high-ranking *[ɖv] constraint can rule 

out a coalesced segment in post-stress context.  In addition, restricting the domain of the 

constraint to lexical words only can allow for coalescence in functional words such as 

burde 'ought'. 

 (5.25) *[ɖv̌]-LEXICAL 
 A voiced retroflex stop in onset position is disallowed in unstressed syllables 
within a lexical word. 

For speakers 2 and 3, the constraint is undominated, as a voiced retroflex never 

occurs in post-stress context for novel or lexical words.  An input of /Vɾ.dv̌/ will not 

coalesce because the coalesced candidate (5.13b) violates *[ɖv̌]. 

Tableau 5.13.  Stress effects on coalescence. 
/Vɾ.dv̌/ *[ɖv̌]-LEXICAL MAX MAX[APICAL] *VrTV UNIFORMITY 

a.  Vɾ.dv    *  

b.  V.ɖv *!    * 
c.  V.dv  *!    

An input of /vr.dV/ can arise optimally as coalesced because it is not subject to 

the markedness constraint.  A coalesced candidate, (5.14b), satisfies all of the constraints 

above UNIFORMITY. 

Tableau 5.14.  Coalescence of rd in pre-stress position. 
/vɾ.dV/ *[ɖv̌]-LEXICAL MAX MAX[APICAL] *VrTV UNIFORMITY 

a.  vɾ.dV    *!  

b.  v.ɖV     * 
c.  vdV  *!    

Turning to the variation that occurs across speakers, Speaker 1 has a ranking of 

*[ɖv̌]-LEXICAL below *VrTV, such that all inputs of rd, pre- and post-stress, coalesce. 
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Tableau 5.15.  Coalescence of rd everywhere (Speaker 1). 
/Vɾ.dv̌/ MAX MAX[APICAL] *VrTV *[ɖv̌]-LEXICAL UNIFORMITY 

Vɾ.dv   *!   

V.ɖv    *  
Vdv *!     

 Speaker 4 had distinctions in stress only within real lexical words.  Recall also 

that Speaker 4 did not have coalescence across words.  It could be argued that Speaker 4 

does not have coalescence as a productive process, and all coalesced sequences are 

underlying, as proposed by Kristoffersen (2000) and Bradley (2007) and demonstrated in 

tableau 5.16.  UNIFORMITY would then be ranked above both markedness constraints, 

*[ɖv̌] and *VrTV, so that no coalescence occurs for input sequences of r+coronal, such 

as across word boundaries (as shown in tableau 5.16) and in nonce words. 

Tableau 5.16.  Non-coalesce in nonce forms, even in pre-stress context. 
/bu.ɖe/ MAX MAX[APICAL] UNIFORMITY *[ɖv̌]-MOPRH-WORD *VrTV 

a.  bu.ɖe      
b.  bu.de  *!  *  

 
Tableau 5.16.  Non-coalesce in nonce forms. 

/ɾ#t/ MAX MAX[APICAL] UNIFORMITY *[ɖv̌]-MOPRH-WORD *VrTV 

a.  ɾ.t      

b.  ʈ   *!   

c.  ɾ *!     
d.  t *!     

 
Alternatively, one could argue that, since nonce words are not in the lexicon of 

Speaker 4, the words are not morphological words, and are also exempt from the 

markedness constraint.  If one takes this position, marde~mardist would not be subject to 

the markedness constraints *[ɖv̌]-MORPH-WORD  and *VrTVMORPH-WORD, and r+coronal 

sequences across words and in nonce words would arise such, since a coalesced sequence 
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would violate UNIFORMITY.  Lexical words such as garde~gardist, however, are subject 

to these markedness constraints, and only coalescence in pre-stress position would occur, 

as shown for speakers 2 and 3 (tableaux 5.14).   

5.4.4 Alternative analyses of rd coalescence vs. non-coalescence 

In order to explain the exception of rd sequences within words, Kristoffersen 

assumes that all tautomorphemic retroflexes (ʈ, ʂ, ɳ, ɭ, ɖ) are underlying and that a non-

coalesced rd cluster is underlyingly two segments.  Thus, no coalescence occurs within 

tautomorphemes, and coalescence is argued to be a derived-environment effect.  This 

formulation does not address the variation in stress context for rd sequences, nor why a 

voiced stop should display exception within the coronal class of consonants.  Assuming 

that all tautomorphemic retroflexes are underlying also does not address the phonotactic 

restrictions on sequences of rt, rs, rn or rl.  While the distribution could be explained 

historically, the productivity of coalescence in nonce words is not explained.  Such an 

analysis undermines the assumption of 'the richness of the base' that proposes that any 

input is a possible input, and high-ranking markedness constraints rule out structures that 

are disallowed in the languages.  The analysis presented above allows for both r+coronal 

sequences and underlying retroflexes as an input. The r+coronal sequences are ruled out 

through the markedness constraints and faithfulness to features of the various places of 

articulation (as presented previously).   

In addition, interspeaker variability is easily modeled due to a simple re-ranking 

of constraints or restricting the domain to only lexical words. 
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5.5 Non-coronal context 

The previous section presented an analysis that produced an optimal output of a 

single coalesced segment for an rt input.  Therefore, it assumed that there is only one 

segment, and no alignment between gestures such that any variation occurs.  In the non-

coronal context, however, a wide range in variation occurred and was affected by 

morphological and phrasal position, and the following consonant.  The following section 

argues that gestural alignment constraints within the phonological grammar cannot 

account for the variation found in the data in Chapter 4.  Instead, it is proposed that the 

phonetic implementation components are responsible for the variation across contexts.  A 

coupled-oscillator model of speech planning (Nam & Saltzman 2003. Goldstein et al. 

2007, Nam 2008, Nam & Saltzman in press; Goldstein et al. submitted) can account for 

the differences in stability of gestural alignment across morphological contexts, while a 

task-dynamic phonetics can account for the effects of the following consonant as gestural 

overlap.  And lastly, phrase-final lengthening can account for the effect of phrasal 

position.  If these modules operate on the output of phonology, then the difference 

between the coronal and non-coronal contexts is straightforwardly explained as reflexes 

of the phonology vs. phonetic components.  The following section discusses each of these 

components and how the morphological, consonantal and phrasal effects are explained by 

the phonetic component; however, first the following section reviews the coupled-

oscillator model within an articulatory framework. 

5.5.1 The coupled-oscillator model 

As mentioned in Chapter 1, a coupled-oscillator model is a model of speech 

planning (Nam & Saltzman 2003, Goldstein et al. 2007, Nam 2008, Nam & Saltzman in 
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press, Goldstein et al. submitted.) The work builds on Browman & Goldstein (2000), who 

propose the idea of competing alignments between segments to derive the c-center effect.  

They suggest that there may be differing bonding strengths in alignment, which derive 

the relative stability of gestural timing in different prosodic positions.  The c-center effect 

is the tendency for the gestural timing between consonants in onset position to align such 

that the middle of the aggregate gesture is the same distance from the following vowel, 

regardless of the number of consonants in onset position (figure 5.1).  Browman & 

Goldstein (2000) argue that the individual consonants are competing to align themselves 

with the vowel, but due to the need for perceptual recoverability and difficulty in 

articulation, the consonantal gestures cannot overlap completely. 

Figure 5.1. The c-center effect (Browman & Goldstein 2000). 
 
 
                               C      V   
 
 
 
 
 
  C      C   V 
 

A coupled oscillator model of speech planning models linguistic units, such as 

articulatory gestures, as non-linear oscillators (masses which move in simple harmonic 

motion) which are coupled (or bonded) with respect to one another.  The coupling will 

cause, over time, the two oscillators to move in a synchronized motion.  The coupling 

specifies a particular phase relation, so that once the oscillators have settled, they will 

have, for instance a zero degree phasing difference, meaning that the two oscillators 

begin and end their cycle at the same time.  This coupling is called an in-phase coupling; 

however, a coupling can specify any degree of phase difference.  For example, if the 
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coupling is at 180 degrees, the oscillators will settle into a pattern where the cycle of the 

second oscillator begins at the 180 degree point of the first oscillator, regardless of the 

phasing difference the two oscillators begin in.  For human motor control, only two 

inherent couplings are proposed: completely in-phase (figure 5.2), in which movements 

occur in tandem, or anti-phase (figure 5.3), where movements occur in a sequential 

alignment so that second oscillator begins after the first.  A zero degree phasing would 

result in completely overlapped gestures, as the start of each gesture begins at the same 

point in time, while an anti-phase coupling would result in completely sequential 

alignment. 

Figure 5.2. In-phase coupling. 
       C  V 
 
     Gestural output:          CENTER 
 
 
 
              
Figure 5.3. Anti-phase coupling. 
       C           C 
    Gestural output: 
 

 

Nam & Saltzman (2003) demonstrate through computational modeling that the c-

center effect can be derived through multiple and competing couplings between 

segments.  As proposed by Browman & Goldsten, an in-phase coupling occurs between 

each consonant in onset position and the vowel, and an anti-phase coupling between the 

two consonants.  The computational model predicts a stabilized phasing relation of a 

medial and partially overlapped alignment of the two consonants.  They also demonstrate 

that differences in the stability of gestural alignment can be derived through the absence 
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of a coupling between gestures.  When two segments which do not have a direct 

coupling, the stabilized phasing difference is determined by couplings with other 

segments.  They propose that couplings occur between vowels (across syllables and 

words), however, couplings between consonants only occur within words or morphemes 

(table 5.2a and 5.2c).  The consonants across a morpheme or word boundary do not have 

a direct coupling (table 5.2b and 5.2d) and therefore the relative phase is determined 

through couplings to other segments. 

Table 5.2. Couplings between consonants for tautomorpheme vs. morpheme boundary or 
word boundary (Nam & Saltzman 2003). 
Context Example Coupling structures Standard deviation 
a.  tautomorpheme /napi/ V-C-V  0.2467 
b.  across morpheme /nap-i/   V- C  V 

 
0.43 

c.  tautomorpheme /hakpi/ V-C-C-V  0.23 
d.  across words /hak#pi/ V- C #  C-V 

 
0.35 

In their experiment, noise is added so that the frequencies of the oscillators and 

target phase relations changes from trial to trial.  Once the oscillators stabilized, the 

resulting phase difference was measured.  Table 5.2, above, summarizes their findings 

over 200 simulations, and demonstrates that the standard deviations for the stabilized 

phase difference between the two oscillators are greater for consonants whose phase 

relation is solely determined by other couplings.  Therefore, the proposed couplings 

would seem to account for the instability in the alignment of gestures across morpheme 

and word boundaries. 

Greater standard deviations in phase relations demonstrates that in any given trial 

the relative phase could be large, resulting in a more separated alignment, or smaller, 
                                                

67 200 repetitions when noise (σ) is set to 0.25.  Other noise levels (0.05-0.85) reported by Nam & 
Saltzman (2003) patterned similarly. 
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resulting in a more overlapped alignment.  Smaller standard deviations would 

demonstrate a more stable relative phase, since, across trials, the target relative phase is 

more closely reached.  Therefore, the differences in the relative stability of 

intersegmental alignment in onset vs. coda, tautomorphemes vs. morpheme or word 

boundaries, is well-modeled by a couple-oscillator model of speech planning.  Their 

model of the stability in gestural alignment across contexts would seem appropriate to 

account for the variability in the Norwegian non-coronal context at morpheme and word 

boundaries.  The following section discusses such a model of gestural timing for 

Norwegian, and suggests that a coupled-oscillator model of gestural timing which 

operates on the output of the phonology can accurately derive the differences between the 

coronal and non-coronals contexts. 

5.5.2 Norwegian variation as coupled-oscillators 

As discussed above, the differences between the coronal and non-coronal context 

are argued to be a segmental phonological change, as opposed to a difference in gestural 

tier (for coalescence vs. deletion) or a difference in the alignment of gestures (for 

coalescence/deletion vs. vowel intrusion). Because there is only one coalesced segment 

produced in the output of the phonology for an r+coronal sequence, there will be no 

intersegmental alignment of an r and the following coronal, and therefore no variation 

occurs.68  However, within the non-coronal context, a range of acoustic realizations 

seemed to occur across contexts, with morphological context being a significant factor in 

predicting phonetic category. 

                                                

68 Assuming that the coupled-oscillator module operates on the phonology.  However, the original 
intention, as with Articulatory Phonology, is that lexical entries are gestural scores with couplings between 
gestures. These couplings are then the input to the computational model, which computes the resulting 
alignment of multiple and potentially competing couplings. 
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Specifically, in unstressed morphemes, the variability of acoustic realizations 

ranged from vowel r-coloring, acoustic deletion before labials, and r-coloring of the 

following lateral in a kl cluster.  In tautomorphemes, the tap was mostly realized with a 

measurable closure, as either a sonorant, trill, tap or a stop.69  This demonstrates that 

although lenition or fortition may occur during the closure, there is more stability in the 

alignment of the gestures in tautomopheme sequences of a tap+non-coronal than across a 

morpheme boundary.  Such differences in the variability of alignment could be a 

difference in coupling between gestures as proposed by Nam & Saltzman (2003), and 

demonstrated through computational modeling. 

The various acoustic realizations of r+non-coronal sequences across morphemes 

can be modeled as greater or lesser overlap of the vowel and consonantal gestures.  In 

figure 5.4a, the oral gesture for the tap is moved leftward and overlaps with the vowel, in 

combination with gestural weakening, this overlap would produce r-coloring of the 

vowel.  A tap or closure with no vowel intrusion would have an alignment of a sequential 

alignment of Vrm segments (figure 5.4b).  Acoustic deletion is represented as overlap of 

the r (figure 5.4c) and the following labial.  Because the articulatory gestures are on 

different tiers, (use different articulators), there is no conflict in the articulation; however 

the r is acoustically masked by the lip closure.  This type of alignment would also 

account for the general absence of vowel intrusion and acoustic masking in rm sequences 

in the compound vårmusikk (for three speakers).  And lastly, greater overlap of the coda 

and onset consonants might result in the r gesture having greater overlap with the 

                                                

69 There were a few tokens of deletion in monomorphemes (Speaker 1 = 3 tokens and Speaker 4 = 4 
tokens), however, tautomorphemes were overwhelmingly realized with a C1 closure, since 63 tokens 
(speaker 4) and 49 tokens (Speaker 1) were realized as taps, trills, sonorants, or stops. 



 259 

following lateral, (figure 5.4d).  Lateral r-coloring occurs because the lateral is on the 

same gestural tier (the tongue tip), while acoustic masking occurs because the labial is on 

a different tier, and no conflict in articulation occurs for the tongue tip and the lips.   

Figure 5.4. Instability of gestural timing producing r-coloring, acoustic deletion, and 
lateral r-coloring. 
 

a.  Gestural timing of vowel r-coloring: 
 
 
          V   r  C 

Percept: [      ɚ   C   ] 
 

b.  Gestural timing of non-vowel intrusion: 
 
      r 
 
           V                          m 
 

Percept: [          V     ɹ         m ] 
 
 

c.  Gestural timing of acoustic deletion: 
 
         r 
   V       m  

Percept: [     V    m  ] 

d.  Gestural timing in lateral r-coloring. 
 

Tongue tip:       
        r  l 
 

 Tongue body:  V       k       
 

Percept:  [    V  k  ɭ ] 
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Thus, in the figures above, the gestural timing in unstressed morphemes and 

compounds demonstrate unstable timing relations, since the gesture for the r can move 

either left or right.  In tautomorphemes, however, the r+non-coronal sequence is realized 

with a measurable C1 closure, and therefore has an alignment like that of figure 5.4b, 

with little leftward or rightward movement of the r gesture.  These differences can be 

modeled through the difference in the proposed couplings for tautomorphemes vs. across 

boundaries by Nam & Saltzman (2003).  Because there is no direct coupling between the 

r and the following onset consonant across a morpheme, the relative phase is determined 

by other couplings, causing greater variability in the alignment of consonantal gestures 

across morpheme boundaries. 

Figure 5.5. Competing couplings across a morpheme boundary. 
a.  tautmorpheme 

 V  r         C        V  or  V  r         C  # 

 
b.  Across morphemes 

 V  r    .    C   V 

 

c. V r     .   k       l   V 

An additional coupling in the onset cluster (as proposed for the c-center effect) 

produces a closer transition between the k and the l (figure 5.5c).  The variability that 

occurs between the alignment of the coda and onset consonants then produces lateral r-

coloring.  Of course, all of the couplings proposed should be simulated within the 

computational model to demonstrate that the standard deviations in phasing differences 

would result in the alignments proposed in figure 5.4.  However, the couplings for 



 261 

morpheme and word boundaries do follow Nam & Saltzman's proposal (absence of a 

coupling between consonants across contexts) whose computational model finds greater 

variability across morphemes and words than tautomorphemes. 

As discussed, more couplings between consonants can produce more stable 

phasing relations between gestures, and therefore could produce categorical effects seen 

in the coronal context.  One might argue that to produce categorical coalescence there is 

an extra coupling between an r+coronal sequence.  However, a coupled-oscillator model 

only makes predictions about the phasing (and therefore alignment) of gestures.  In order 

to produce a single segment, complete overlap of the two consonants must occur.  As 

discussed in section 5.3.5, if this were the case, the two gestures would conflict for 

gestural stricture, and we would expect to see variation in the manner of articulation.  

However, the data demonstrate that there is no variation in gestural stricture.  In all cases, 

the token had the manner of articulation of the second consonant.  Additionally, although 

an extra coupling might produce a more stable gestural alignment, we would still expect 

more or less variation in gestural alignment at different prosodic positions, since the 

default couplings for consonants in general, should be present in the gestural score.  

However, there was no variation across the different prosodic contexts, with the 

exception of Speaker 4 who did not seem to have coalescence as a productive process.  If 

sequences of an r+coronal are considered segmental featural coalescence, no variation is 

expected, since there is only one segment to coordinate in the phonetic implementation 

stage.  And lastly, the exceptional behavior of rd sequences is not explained by a gestural 

alignment account.  One would have to stipulate that the extra coupling between a tap and 

a coronal does not include a voiced stop.  Recall that, for speakers 2 and 3, coalescence 
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does not occur following a stressed syllable.  Coupling between rd would then occur only 

in pre-stress position, for these speakers.  Thus, the perceptual grounding for the rd 

exception in post-stress position is not explained. 

A coupled-oscillator model, however, does seem to better predict the gradience in 

gestural alignment found in r+non-coronals at different contexts, as opposed to 

constraints on gestural alignment which produce only optional categorical gestural 

alignments.  However, this coupled-oscillator model of gestural timing would operate on 

the output of the phonology, as opposed to the original proposal, which argues that 

gestural scores and couplings between gestures are a substitute for features and segments, 

and that these couplings account phonological alternations. 

5.5.3 Phrase-final position: [rm] vowel intrusion vs. [rk] frication 

While the analysis above demonstrates that competing couplings between 

segments can produce the variability found in different contexts such as at a morpheme 

boundary vs. phrase-medial position, any analysis of phrase-final position that requires a 

more separated timing between consonants (either through anti-phase couplings or 

gestural alignment constraints), predicts that intrusive vowels would occur between all 

consonants in this context.  However, vowel intrusion only occurred before labials, and rk 

sequences had frication without vowel intrusion in phrase-final position.  Some other 

effect, namely phrase-final lengthening, must be at work to produce the consistent 

findings of vowel intrusion before labials in addition to frication before voiceless velars 

in phrase-final position.  As the theory stands, a gestural alignment account does not 

change the stricture or the shape of the gesture, such as duration, slope, amplitude.  These 
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changes are still modified by the task-dynamic model, where parameters for gestural 

stiffness, target, and duration are calculated. 

The following section discusses findings regarding the parameters that affect the 

calculation of articulatory gestures (i.e., rate of onset, peak velocity, amplitude) within 

the task-dynamic model and the effects of prosodic boundary on gestural kinematics.  

The π-gesture (Byrd & Saltzman 1998, Byrd et al. 2005), which has been proposed to 

account for these prosodic effects on the kinematics, is also discussed.  However, the π-

gesture proposal is not necessarily argued to be the source of gestural lengthening since 

there is much discrepancy regarding the effects of the π-gesture on different articulators, 

individual gestures, and across languages. 

5.5.3.1 Phrase-final effects and the π-gesture 

 There is significant literature (Beckman & Edwards 1992, Fougeron & Keating 

1992, Byrd & Saltzman 1998, Byrd et al. 2005, Keating et al. 2003, Cho 2006, Kochetov 

2006) demonstrating the cumulative effects of prosodic boundaries70 on the lengthening 

and/or strengthening of gestures. 

Beckman & Edwards (1992) found that vowels are significantly lengthened at the 

end of intonational phrases.  Cho (2006), Byrd & Saltzman (1998), and Byrd et al. (2005) 

find that phrase-final gestures are lengthened and slowed, but find conflicting results on 

whether or not phrase-final gestures are strengthened.  However, strengthening in phrase-

initial position seems to be robust, as Keating et al. (2003) find that gestures are 

strengthened (i.e., there is greater linguopalatal contact) in domain-initial positions for 

                                                

70 Assuming a hierarchical organization of prosody as outlined by Selkirk (1980). 
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four different languages in higher prosodic domains.  As Cho (2006, p545) writes that 

"phonetic realization is governed by high-level prosodic conditions." 

Byrd & Saltzman (1998 et seq.) propose an abstract gesture: the π-gesture that 

affects the left and right edges of a boundary in accordance with the strength of that 

boundary.  They argue for a general 'slowing of the clock', since not all gestural changes 

found in their study could be modeled by damping effects in the mass-spring model in an 

Articulatory Phonology framework (Browman & Goldstein 1989, 1990, 1992, 2000).  

 In the mass-spring model, damping parameters, which are used for calculating the 

articulatory trajectory, can affect the articulatory trajectory calculated from the abstract 

articulatory gestures.  One or more parameters can be manipulated, such as changes in 

stiffness, target, and duration of the gestures.  A change in stiffness will affect the rate at 

which the articulator moves (or the slope of the gesture), a change in the target will affect 

the magnitude of the gesture, and a change in the duration will either truncate or lengthen 

the total gesture.  A decrease in the target could cause lenition of a consonant to a more 

sonorant like pronunciation, and a more peripheral vowel to a more centered schwa-like 

vowel (Browman & Goldstein 1992b).  Truncation produces shorter segments and, 

similarly, lengthening of gestures can cause apparent assimilations.  Both truncation and 

anticipatory lengthening have been used to account for gradient vowel assimilations in 

Igbo (Zsiga 1997).  Truncation of the velic gesture can produce intrusive stops − the 

closing of the velum results in a short period of time in which the tongue tip is fully 

closed and has not yet reached a critical state for the fricative producing a stop, as in 

cancer  cantser.  Overlapping of vocal abduction gestures has been used to account for 
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voiceless vowels between voiceless consonants in Japanese (Tsuchida 1997) and Turkish 

(Jannedy 1995, see Chapter 1 for gestural scores).  

One or more of these changes can occur, and all the scenarios have consequences 

for the kinematic measurements found in the articulatory trajectory.  Factors such as 

changes in peak velocity, total duration, and displacement all provide different pictures of 

the articulatory trajectory in terms of slope, plateau, and overall duration.  Weakening or 

strengthening can be described as overall shrinking of the gesture, and we would expect 

both the slope and displacement of the gestures to be affected.  A change in the target of 

the gesture only affects the displacement and the slope of the gesture, but not total 

duration.  In addition, Cho (2006) points out that displacement will correlate with peak 

velocity, since a faster movement is required to reach a more displaced location in the 

same amount of time.  However, in a truncation scenario, duration is expected to 

decrease, but not peak velocity. 

Various studies have gathered articulatory kinematic measurements to test the 

accuracy of the mass-spring model, and many changes can be attributed to changes in 

stiffness found at phrasal edges.  Beckman & Edwards (1992) find that jaw movements 

can be attributed to a decrease in the stiffness parameter, accounting for slower 

movements (a less steep slope) and longer durations at higher-level phrasal-edges.  

Domain-initial strengthening is also described as a change in the stiffness parameter, 

since the force of a quick movement results in greater contact of the tongue with the 

palate for coronal nasals (Keating et al. 2003). 

However, not all findings reflect the measurements predicted by the mass-spring 

model.  Byrd & Saltzman (1998) report that the mass-spring model predicts that peak 
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velocities should occur at the 25% point of the gesture.  However, in their study, peak 

velocity occurs just before the 50% point at a phrasal-boundary, suggesting that 

additional slowing occurs at the edges of larger phrases.  Byrd & Saltzman (and 

colleagues) propose a prosodically defined gesture, the π-gesture, to account for extra 

lengthening of gestures found at prosodic boundaries.  The portions of gestures that fall 

within the spectrum of the π-gesture are subject to changes in activation rise time and 

other potential effects of a clock-slowing mechanism, with the effects tapering out at the 

edges of the gesture.  The π-gesture would slow gestures such that the activation-rise 

time and duration of gestures vary in proportion to boundary strength.  This would 

account for a change in stiffness (peak velocity), as well as a change in the time-to-peak 

velocity.  However, subsequent studies conflict in their findings on symmetrical effects 

across boundaries, the effect on strengthening of gestures at boundary edges (Byrd et al. 

2005, Cho 2006), and in the effects on different articulators and across languages (Bauer 

2005, Kochetov 2006). 

Although Cho (2006) finds a π-gesture model accounts for her data on the 

difference is lip-opening and lip-closing gestures at different prosodic boundaries, she 

does not find symmetrical effects on peak velocity, but rather finds slower movements in 

domain-final position.  In addition, Byrd's data and Cho's data differ in terms of 

strengthening and durational effects.  Byrd finds inconsistent results for strengthening 

across speakers and a tendency for longer durations in domain-initial position, while Cho 

finds consistently larger gestures closest to the boundary in both domain-initial and 

domain-final position.   
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Byrd (2005) suggests that the π-gesture may only affect the timing of gestures 

rather than the strengthening of gestures, however, other literature finds that articulators 

and individual gestures may be affected differently.  Kochetov (2006) finds that tongue 

body height and fronting did change in magnitude for coda vs. onset position; however, 

lip gestures do not change in magnitude for these same positions.   

Bauer (2005) finds that hardening of consonants in phrase-final position in Iron 

Range English can be attributed to the lengthening of the oral articulatory gestures 

without lengthening of the corresponding velic and laryngeal gestures.  In Iron Range 

English, voiced fricatives become voiceless and nasal stops become oral stops, e.g. buzz 

[bʌs], sing [siŋk].  If the velic gesture does not lengthen along with the gesture for the 

tongue body, an velar oral stop is produced.  Similarly, if the tongue tip gesture is 

lengthened for the fricative, without a lengthening of the layngeal adduction gesture (i.e., 

voicing),71 then a voiceless fricative will be perceived.  Bauer aruges that the π-gesture 

can not account for prosodic lengthening of only individual gestures, since the π-gesture 

is proposed to affect all gestures within its scope, as a part of the task-dynamic phonetics.  

Additionally, the π-gesture is argued to have greater effect at higher level 

prosodic boundaries, producing longer gestures and less overlap between gestures.  

However, Bauer finds that vocal fold vibration, nasal duration in nasal-stop clusters, 

vowels, and nasals are shortened at the right edge of higher prosodic boundaries, rather 

than lengthened, as would be predicted by the π-gesture. 

And finally, hardening of consonants at phrasal boundaries is a special 

charateristic of Iron Range English, and would be considered a language-speicfic rule, 
                                                

71 See section 3.3.2 for discussion of different assumptions regarding the laryngeal gesture. 
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and therefore must not be part of a universal task-dynamics.  He suggests such a rule or 

constraint could occur during the feature to gesture mapping (as proposed by Zsiga 

1997).  Furthermore, this rule/constraint must apply to a class of features, or a feature 

node,72 rather than to all gestures, or an individual gestures. 

 The literature reviewed above demonsrates that there is little agreement regarding 

the effects, the direction, and gesturestargeted by the π-gesture, as well as the universality 

of the π-gesture.  Therefore, the following section does not discuss the phrasal effects in 

Norwegian within a π-gesture framework of prosodic effects.  The following discussion 

merely demonstrates that vowel intrusion and frication in Norwegian at the right-edge of 

a phrase boundary can both be accounted for through the slowing of the articulators in C2 

position.  The overall framework in which this gestural slowing is left for future research. 

5.5.3.2 Phrase-final lengthening and slowing in Norwegian codas 

A general slowing down of the second consonantal gesture could produce both 

vowel intrusion before labials and frication before velars.  Slowing of a tap may be 

incompatible with the mechanics of producing a tap, since a tap is inherently a very short 

closure.  A tap requires a running start by pulling back the tongue in order to hit the 

alveolar ridge quickly and then returns to resting position (Ladefoged & Maddieson 

1996, Bradley 2001).  It may be that a tap cannot be slowed or lengthened due to the 

inherently quick nature of taps.   

Thus, the slowing of labial consonants in C2 in combination with the quick tap 

could produce a long duration between the release of the tongue for the tap and the 

closure of the lips.  Such slowing down at higher-level boundaries would explain why an 

                                                

72 Or place node under feature geometric theory of features (Kenstowicz 1994). 
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intrusive vowel is almost invariably occurs for r+non-coronal sequences in phrase-final 

position. 

Figure 5.6. An /rm/ sequence with C2 slowing. 

 

Slowing of gestures in the labial context easily produces vowel intrusion since 

there is no conflict in articulatory gestures; labial slowing does not affect the articulatory 

trajectory of the tongue tip for the tap.  There is, however, conflict between a tap and the 

velar consonant, since both use the tongue.  Torreblanca (1984) reports that a trill in 

Spanish can be fricated and potentially devoiced following stops (i.e., pr, tr, kr, dr, gr).  

He presents palatographic evidence of an /r/ in intervocalic position and compares it to 

phonemic sibilant /s/.  The fricative /r/ has a wider range in variation of linguopalatal 

contact than for sibilant productions.  The gradiently devoiced pronunciations of /r/ also 

have more closed constrictions, albeit with some degree of opening such that frication 

can occur.  The frication of /r/ following stops, he argues, is likely due to a change in the 

tension required for trills.  This explanation seems plausible for stops, which use the 

tongue tip or body.  However, the devoicing following the voiceless bilabial in Spanish 

would pose a problem for this explanation. 
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A conflict in the tension for the tongue during a tap followed by a coronal73 or 

velar does seem to explain frication in Norwegian.  For all cases of frication, there were 

only two tokens of frication before labials.  A slowing of the velar gesture at a phrasal 

boundary would have the tongue body slowly move towards the velum before the tongue 

tip has returned to its resting position.  This might cause a conflict in tension of the 

tongue body, causing the tongue tip not to reach the critical closure required for a true 

tap, and thus frication occurs. 

Figure 5.7. An /rk/ sequence with C2 slowing. 

 

Slowing of only C2 at the end of phrases seems to provide a unified account of 

consistent vowel intrusion before labials and frication before velars at a phrasal-

boundary.  The following section discusses frication as potentially due to anticipation of 

the laryngeal abduction gesture, which may result in a fricative-like sound and potentially 

mask any vowel intrusion. 

5.5.3.3 Laryngeal gesture lengthening as a potential account of frication 

 Another explanation of frication could be due to changes in the laryngeal gesture. 

`One could retain an analysis of frication and vowel intrusion in phrase-final segments as 
                                                

73 Recall that Speaker 4 did not coalesce before coronals in only the word-boundary context. 
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having a more separated alignment.  The frication and absence of vowel intrusion in rk 

would then be due to anticipatory lengthening of the laryngeal gesture, which obscures 

the voiceless vowel and is confused with frication.  Anticipation of the glottal abduction 

gesture during the closure of r would also produce a fricative-noise-like sound. 

An account of frication in which only the voicing gesture changes relates to issues 

regarding the sub-phonemic organization of gestures, and findings in which individual 

gestures change in phrase-final position independently of other gestures (Bauer 2005).  

Proposals such as the π-gesture affect all gestures within its domain (Byrd & Saltzman 

1998, Byrd et al. 2000, Byrd et al. 2005), and although coupling and gestural alignment 

constraints could apply to individual gestures, the literature on gestural alignment (Gafos 

2002) seem to affect all gestures corresponding to the appropriate segments. 

Gafos (2002) proposes that the oral gesture is the "head" gesture, and that the 

laryngeal and velic gestures are attached to the head.  Any alignment of the head gesture 

with respect to other segments "moves along" with the head gestures.  If frication were 

due to the laryngeal gesture moving along with the head gesture, we would expect that no 

intrusive vowel would occur between the consonants, and frication could be due to both 

vocal abduction and the interaction of the articulations using the tongue.  Frication and 

voicing would then be correlated.  Though the following table demonstrates that frication 

and voicing are, in fact, gradient, correlations between voicing and frication or ICI were 

only found for one speaker (Speaker 2).  A closer look at only phrase-final fricatives, 

demonstrates the same trend in that only one speaker had correlations between voicing 

and frication, suggesting that frication is not simply due to overlap of the laryngeal 

abduction gesture. 
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Table 5.3. Descriptives of voicing and frication percent and intrusive vowel in all 
fricative tokens. 

 Voicing % Frication % Correlation ICI in fricatives 
Speaker 1 M = 52 sd = 40 M = 73 sd = 18 -0.061, p = 0.831 0/14 
Speaker 2 M = 62 sd = 51 M = 67 sd = 37  0.031, p = 0.942 3/5 
Speaker 3 M = 36 sd = 46 M = 57 sd = 27 -0.542, p = 0.016 9/18 
Speaker 4 M = 39 sd = 49 M = 76 sd = 20 -0.256, p = 0.239 3/23 

 
Table 5.4. Voicing and frication correlations for phrase-final position. 

 Correlation  
Speaker 1  -0.311, p = 0.611 
Speaker 2   n.a. (only two tokens of frication) 
Speaker 3 -0.818, p = 0.182 
Speaker 4 -1, p < 0.001, (all voiceless fricatives occurred). 

 The data above suggest that devoicing of the r is independent of frication.  A 

voiceless labial in C2 would demonstrate laryngeal effects on frication and devoicing of 

r, since there is no conflict in articulatory gestures.  Though a voiceless labial in C2 was 

not tested, a search of the corpus demonstrates that one fr sequence occurs.  The tables 

above demonstrate that frication is variable, and there is some evidence for voiceless 

intrusive vowels.  This suggests that the laryngeal gesture can produce frication by 

lengthening into the closure of the tap.  However, the token occurred in phrase-medial 

position and may be due to general coarticulation in consonant clusters phrase-medially.   

Though the proposal does not argue for a laryngeal anticipatory analysis of 

phrase-final rk sequences in general, there is some evidence that the laryngeal gesture 

lengthens, producing devoicing of an r.  Further investigation of r+labial clusters, both 

voiced and voiceless, would further demonstrate the independent effects of conflicting 

articulatory transition and voicing on the frication. 

5.6 Conclusion 

To conclude, differences in variability across contexts are due to several 

mechanisms within the grammar.  The variability in the coronal vs. non-coronal context 

was due to the number of segments produced in the phonology, i.e., one coalesced 
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segment for an r+coronal sequence and two for the r+non-coronal sequence.  Coalesced 

segments arise as optimal for an input of r+coronal, since the input violates *VrTV 

(which is ranked higher than UNIFORMITY), and the coalesced coronal can satisfy a high-

ranking MAX[apical] constraint.  Sequences of a r+non-coronal vacuously satisfy the 

markedness constraints and therefore do not coalesce.  However, if a more general 

markedness constraint on sequences of a tap followed any consonant were proposed, 

coalescence could not arise as optimal in r+non-coronal sequences because the coalesced 

segment cannot satisfy higher-ranked faithfulness constraints to both places of 

articulation within one segment. 

Any analysis of intergestural alignment that requires overlap to derive 

coalescence results in conflicting tensions of the articulator.  The data demonstrate that 

the coalesced segment always preserves the features of the second consonant rather than 

producing a gradient overlap. 

Categorical variation for an rd sequence patterned according to stress placement, 

and a markedness constraint against voiced retroflex in post-stress position (and other 

relevant faithfulness constraints) prevented coalescence in this context.  The markedness 

constraint disallows a retroflex voiced stop in unstressed syllables, since a retroflex 

voiced stop is perceptually similar to a tap in intervocalic position and is more difficult to 

perceive in unstressed syllables. 

While coalescence was argued to be a phonological segmental alternation, it was 

proposed that two segments arise as the output of the phonology for an r+non-coronal 

sequence and that the variability in the non-coronal context was due to differences in the 

gestural timing between segments and changes to articulatory gestures across prosodic 
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contexts.  The differences in variation of intergestural timing could be accounted for 

through a coupled-oscillator model, in which absence of couplings between segments 

across morpheme boundaries produced the variability in gestural timing. 

However, a gestural alignment account only predicts changes to intergestural 

timing.  Changes to the gestures themselves, namely phrase-final lengthening and 

slowing of the consonantal gesture, were used to provide a unified account of vowel 

intrusion and frication in phrase-final position.  A slowing of the labial produces vowel 

intrusion, while slowing of a velar causes conflict in the tension for the tongue tip and 

body, resulting in frication.  Thus, while proposals that align segments such as coupled-

oscillators can derive the relative stability in the overall timing of segments, this does not 

rule out additional kinematic changes to gestures or additional changes to gestures 

independent of the segment. 

 The model proposed to account for Norwegian rC sequences, is that of a 

phonological grammar which alters features and segments, while a language-

implementation stage uses a coupled-oscillator model of speech planning to determine 

the different alignments between gestures across context.  This gestural score is then the 

input to the task-dynamic phonetics, which computes articulatory trajectories.  The 

following chapter summarizes the findings and proposals presented in the previous 

chapters, and provides the overall view to the phonetics~phonology interface that is 

argued for in this dissertation. 
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CHAPTER 6.  CONCLUSION 

6.1 Introduction 

 A major issue in phonological theory has been the question of the modularity of 

phonology and phonetics.  The more traditional view has been to argue for a strict 

separation between the categorical alternations of the phonological component and the 

gradient implementations of the phonetic component (Keating 1984, Pierrehumbert 1990, 

Zsiga 1997, Cohn 1998).  Some researchers, however, advocate a non-modular grammar 

that accounts for both contrastive and gradient information in a single component (Ohala 

1990, Browman & Goldstein 1989, 1990, 1992, 2000).   These latter proposals often 

make use of in-depth and detailed acoustic and articulatory studies of external sandhi 

processes.  Data from these studies show that processes that were previously thought to 

be categorical are, in fact, gradient are well-modeled by a task-dynamic phonetic model 

of articulatory gestures.  

 The present study has examined two external sandhi processes: voicing 

assimilation in Turkish and coalescence in Norwegian.  Both of these languages have 

been cited in arguing for non-modular approaches to derive language-specific differences 

in phonetic implementation (Gafos 2002, Petrova et al. 2006, Bradley 2007).  However, 

the data examined here show that these processes do not pattern as has been previously 

described.  It has been argued here that both Turkish and Norwegian are better accounted 

for in a modular grammar in which the phonological grammar operates on segments and 

features, and a separate language-specific phonetic grammar operates on the phonological 

output.  Additionally, a universal task-dynamic phonetics then produces gradient changes 

due to articulatory and aerodynamic parameters.  Thus, this dissertation follows Keating 
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(1984) in arguing for a separate language-specific phonetic grammar, and therefore takes 

a modular approach to the phonetics~phonology interface as argued by Pierrehumbert 

(1990), Zsiga (1997), Cohn (2000). 

6.2 Turkish 

Previous production and perception studies on the voicing of stops in Turkish 

(Kopkallı 1993, Wilson 2003, Kallestinova 2006) demonstrate that alternating stops in 

word-final position are completely neutralized with non-alternating stops.  The 

production and perception studies presented in this dissertation, however, demonstrate 

incomplete neutralization of word-initial stops.  Acoustic analysis showed that following 

a voiceless word-final stop, the orthographically voiced stop lacks prevoicing during the 

closure, and is somewhat aspirated.  This phonetic realization differs from that of an 

orthographically voiceless stop, which is realized as voiceless aspirated following both 

voiced and voiceless word-final stops.  The results of a perception study further 

demonstrated that word-initial devoicing was non-neutralizing, as listeners were able to 

correctly identify the underlying word-initial stop in this context, suggesting that there 

are additional acoustic cues consistent with laryngeal adduction present in the acoustic 

signal.  Word-initial devoicing was, therefore, argued to be a phonetic process resulting 

from the task-dynamic phonetics.  

It is argued that the devoicing of word-initial stops is due to aerodynamic 

principles of voicing during a closure within the universal task-dynamics phonetics, while 

the complete neutralization of alternating stops within words is due to a featural change 

referencing binary laryngeal features.  Orthographically voiceless stops are defined as    

[-voice] and voiced stops as [+voice].  Alternating root-final stops are realized as [-voice] 
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in word-final position, and [+voice] before vowel-initial suffixes.  Lack of prevoicing in a 

[+voice] stop can be explained by the aerodynamic difficulties of producing vocal fold 

vibration at phrasal edges, in word-final position, and in a stop cluster (Flege 1981, Ohala 

1983, Westbury & Keating 1986).  A [+voice] stop is produced with prevoicing only in a 

word-initial or word-medial position in a voiced context (i.e., [V#dV], [Vz#dV], [VdV]).  

The acoustic data on voicing and voice onset time are important, as recent 

proposals have used Turkish to argue for phonetic transparency of privative laryngeal 

features within an Optimality Theory framework (Petrova et al. 2006).  Turkish seems to 

be better classified as an aspiration language, as prevoicing of orthographically voiced 

stops seems to only occur in word-initial and word-medial position in a voiced context. 

However, reanalysis of Turkish as an aspiration language using narrowly interpreted 

privative features (i.e., /b, d, g/ = unspecified, and /p, t, k/ = [spread glottis]) poses some 

problems for deriving the complete and incomplete neutralizations found in Turkish.  

One problem is the interaction of voicing and deletion. In an intervocalic context, 

root-final /p/ and /t/ become voiced ([kitap]~[kitab-a]).  According to the privative 

features approach, the orthographically voiced consonant is unspecified for a larygneal 

feature.  However, in this same intervocalic context, voiced velars delete  

(çoç[uk]~çoc[u.u]).  In order to effect deletion, a markedness constraint on velars (i.e., 

*G) must be able to reference a [voice] feature. However, since orthographically voiced 

stops are defined as unspecified, there is no laryngeal feature to reference.  

A second problem is deriving the difference in prevoicing for word-initial stops in 

a fricative vs. stop context. The acoustic study found complete voicing of word-initial 

stops following word-final voiced fricatives, [z#g], while in a stop context 
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orthographically voiced stops lack prevoicing ([d̥#g] - Wilson 2003; [t#d̥] - present 

study).  In order to derive complete voicing following fricatives, fricatives must be 

defined as [voice], so that the word-initial stop occurs in a voiced context, and the 

unspecified stop will be completely prevoiced.  Therefore, in order to maintain that 

laryngeal features are phonetically transparent, stops and fricatives would have to differ 

in their underlying laryngeal feature.  

Finally, defining voiced stops as unspecified cannot explain the evidence from the 

perception study that there is laryngeal adduction in word-initial voiced stops in a 

voiceless context.  As the perception study demonstrated, the crossover point for an 

underlyingly voiced stop to be categorized as voiceless was larger than the VOTs actually 

produced by speakers.  Other acoustic cues, consistent with laryngeal adduction, may 

have been present in the signal. Thus, voice onset time is only one of many acoustic cues 

available to the listener for identifying voicing category, and laryngeal features should 

not be defined solely through voice onset time. 

Orthographically voiced stops in Turkish defined as unspecified, therefore, pose a 

problem for phonetically transparent features. Though one might argue for a privative 

[voice] vs. [spread glottis] contrast in Turkish, these privative laryngeal features cannot 

be narrowly interpreted since orthographically voiced stops (defined as [voice]) are only 

reliably prevoiced in a voiced context.  Following Keating (1984), it is argued here that 

laryngeal features are abstract, and a separate language-specific phonetic implementation 

module derives the difference in the implementation of stops across languages. 

 Definitions for laryngeal features have remained elusive, with some researchers 

basing data on articulatory configurations (Halle & Stevens 1971), and others (Jessen & 
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Ringen, Petrova et al. 2006) on acoustic properties (or a combination of 

articulatory~acoustic cues).  However, studies have reported mismatches between 

acoustics, articulation and perception of a two-way voicing contrast.  Evidence from 

Dutch demonstrates that while prevoicing variably occurs in the production of word-

initial voiced stops, pre-voicing, nonetheless, has an effect on categorization of voiced 

and voiceless stops (van Alphen & Smits 2004).  As Flege (1981) and Westbury & 

Keating (1986) demonstrate, laryngeal adduction during a closure does not always result 

in prevoicing. Thus, absence of prevoicing does not imply absence of laryngeal 

adduction. There may also be a role for a perceptual definition of laryngeal features. 

Keating suggests that aspiration vs. voicing languages may use the closure and release as 

salient points in time for the recognition of voicing contrasts.  

Future research on the implementation of laryngeal contrasts might model theses 

differences in the coordination of the oral and laryngeal gestures within a coupled-

oscillator model of the gestural timing (as originally suggested by Flege 1981 and 

Keating 1984). Similar to Keating (1984), Nam (2008) proposes that stops are split into 

two gestures: closure and release. It is possible that the laryngeal abduction gesture is 

coupled with either the closure or the release gesture.  A coupling of the abduction 

gesture with the release could produce an aspiration language (p vs. ph), while a coupling 

with the closure could produce a language with a voicing contrast (b vs. p).  Future 

research would test these differences in couplings through computational modeling, and 

compare prevoicing and aspiration data seen across aspiration and voicing languages.  A 

coupled-oscillator model of the coordination between oral and laryngeal gestures should, 

of course, also be reconciled with perceptual constraints on voicing contrasts. The 



 280 

Gradual Learning Algorithm model of phonetic implementation, recently proposed by 

Boersma & Hamman (2008), may be well-suited to model the articulatory and acoustic 

complexities of laryngeal features and contrasts, since their model proposes constraints 

on both articulation and perception in the listener~hearer's grammar. 

 The debate on the definition and implementation of laryngeal features has a long 

history, and the Turkish study presented here is only one of many voicing and perception 

studies.  The data presented here contribute to the body of knowledge on the 

implementation of laryngeal features and the contexts in which neutralization of voicing 

occurs.  It is hoped that this data will contribute to better modeling of voicing, laryngeal 

features, and assimilations. 

6.3 Norwegian 

This dissertation has also examined acoustic data on sequences of a tap followed 

by different consonants in Norwegian.  The data did not pattern as has been described in 

previous literature (Kristoffersen 2000, Bradley 2007).  It is argued here that the data 

cannot be fully accounted for by gestural alignment constraints, and does not support a 

theory in which interconsonantal gestural timing patterns are derived within the 

phonological grammar.  

The data presented demonstrate that the coronal context differs quantitatively 

from the non-coronal context in terms of the variation found in acoustic realizations.  No 

variation was found for contexts in which a tap in followed by a coronal consonant.74  

The consistent result was coalescence: a single consonant with retroflex place of 

articulation but the manner features of the coronal.  

                                                

74 Abstracting away from Speaker 4's data:  S4 did not coalesce in the word boundary context. 
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The markedness constraint effecting coalescence of an r+coronal sequence was 

argued to be the result of a ranking of a constraint against taps occurring in a pre-coronal 

context over UNIFORMITY, which requires every segment in the input has no more than 

one correspondent in the output.  The phonetic grounding for this markedeness constraint 

was rooted in the articulatory and perceptual difficulties of a tap occurring in a pre- or 

post-consonantal context. The best context for articulation and perception of a tap or a 

trill is an intervocalic position. 

Variation did occur for rd sequences within words.  The data varied by speaker, 

stress-placement and lexical status.  Speakers 2 and 3 had coalescence of rd sequences 

within words in a pre-stress context, and no coalescence occurred in a post-stress context. 

Speaker 4 had coalescence in pre-stress position for lexical words only.  Speaker 1 had 

coalescence for all rd sequences, regardless of stress placement or lexical status.  Non-

coalesced rd sequences were produced as two segments with gradient realizations of the 

tap ranging from a sonorant, fricative, tap, and a tap with an intrusive vowel.  

Coalescence of rd sequences in post-stress position was argued to be prevented by a 

constraint against retroflexes occurring in the onset of an unstressed syllable. This 

constraint is phonetically grounded in the perception of retroflex consonants, since 

retroflex consonants have weaker acoustic cues in the transition out of the stop closure 

than into the closure, and unstressed syllables, overall, demonstrate weaker and more 

overlapped articulations, which can obscure the acoustic cues.  The domain of this 

constraint was argued to be the prosodic word, in order to explain the difference between 

rd sequences within words vs. across words.  Different rankings of this constraint 

produced the variability across speakers. 
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In contrast, the realization of taps preceding non-coronal consonants showed 

variability and gradience.  Depending on following consonant, phrasing and 

morphological context, the acoustic realization of an r+non-coronal sequence differed in 

the manner of articulation, presence of a tap closure, and presence of an intrusive vowel. 

These variable realizations are argued to be the result of the number of segments to be 

aligned and realized in phonetics.  An r+non-coronal arises as two segments in the 

output of the phonology, while a r+coronal arises as a coalesced segment articulated in 

the manner of C2; no variation arises in the latter context, since there is only a single 

segment and no alignment.   

An analysis of coalescence as gestural overlap, however, cannot account for the 

fact that the manner of C2 is always retained in coalescence, and that there is no variation 

across prosodic boundaries. Thus, it is argued that the phonological grammar manipulates 

segments and features, and a separate language-specific phonetic grammar determines the 

differing gestural alignments across contexts.  This phonetic grammar of gestural 

alignment was argued to be well-modeled by a coupled-oscillator model of gestural 

timing (Nam & Saltzman 2003, Goldstein et al. 2007, Nam 2008, Nam & Saltzman in 

press, Goldstein et al. submitted), which could account for the gradience found across a 

morphological boundary. While the original proposal of coupled-oscillators follows 

Articulatory Phonology in that gestural scores and couplings are a replacement for the 

traditional notion of segments, features and phonological alternations, a coupled-

oscillator may be a good model for deriving gestural timing differences within a 

language-specific phonetic module.  
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Nam & Saltzman (2003) demonstrate through computational modeling that the 

absence of couplings between oscillators (or gestures) can account for greater variability 

in gestural phasing.  They propose that consonants within words have an extra coupling 

with respect to one another than consonants across a word boundary. Therefore, the 

results found in the present study on r+non-coronals, namely that morphological context 

has a significant effect on phonetic category, can be modeled as differences in couplings 

between oscillators across morphological contexts.  

 Gestural alignment alone cannot account for vowel intrusion and frication at a 

phrasal-edge.  Changes in couplings between gestures derive differences in gestural 

alignment, but do not make changes to the articulatory gestures themselves, such as 

slowing and lengthening of gestures found at phrasal-edges. Therefore, phrase-final 

lengthening, argued to be part of the universal phonetics, was used to account for the 

effects of the second consonant at a phrasal-boundary. Slowing of the final consonant 

could account for vowel intrusion in rm sequences, as well as frication before a voiceless 

velar.  The difference between labial and velar contexts lies in the transition from a tap to 

the following consonant. A tap and a velar consonant both use the tongue; transitioning 

from one to the other results in a conflict in the place of articulation, producing frication. 

A tap and a labial, however, use different articulators, producing no conflict in 

articulation, but rather produces formant structure during the transition from the tap to a 

labial. A task-dynamic phonetics, which is constrained by articulatory and aerodynamic 

principles, then, can account for gradient realizations due to articulatory difficulties.  

 Thus, the overall approach taken here is that a phonological grammar within an 

Optimality Theory framework produces coalescence in r+coronal sequences.  Constraints 
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on the perception of a retroflex voiced stop in post-stress position produce the 

exceptional behavior of rd sequences. Gradient differences in gestural timing across 

boundaries are the result of a coupled-oscillator module that operates on this output, and 

a universal task-dynamics further modifies the articulatory gestures. 

Future research in Norwegian would investigate the articulatory to acoustic 

mapping of retroflex consonants, specifically, the relation between F4 lowering and the 

articulation of retroflex consonants. (Like Norwegian, Gujarati also demonstrates 

lowering of F4 in retroflex consonants, as well as variability in the articulation of 

retroflex consonants.)  Stevens (1998) writes that resonances of the sublingual cavity 

result in F3 lowering, and Dave (1977) suggests that lowering of F4 may be related to a 

smaller sublingual cavity or more anterior articulation of retroflex consonants.  Future 

study would investigate the relation between F3, F4, and specific vowel tract 

configurations by demonstrating that the variation in individual articulations of retroflex 

consonants results in the variation of formant lowering. 

6.4 Conclusion 

 The phonetics~phonology interface has long been debated, with some linguists 

arguing for a modular approach (Keating 1984, Pierrehumbert 1990, Zsiga 1997, Cohn 

1998), while others argue that phonetics and phonology are one and the same, and 

therefore that there is no interface (Browman & Goldstein 1989, 1990, 1992, Ohala 

1990). Recent proposals by Gafos (2002), Hall (2003) and Petrova et al. (2006) have 

proposed that language-specific phonetic differences, such as the timing of articulatory 

gestures and language-specific differences in the implementation of stop voicing 

contrasts, are grammatically controlled through constraints on gestural alignment and on 
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laryngeal features. These proposals blur the line between the phonological and phonetic 

components by including language-specific phonetic facts within the phonological 

grammar. 

 This dissertation investigates the interface between phonology and phonetics by 

documenting and analyzing data from Turkish and Norwegian, both cited by Petrova et 

al. (2006) and Bradley (2007). The data on Turkish and Norwegian presented in this 

dissertation does not pattern as has previously been described, or as predicted to occur by 

these proposals. It is argued here that language-specific phonetic differences are not 

derived within the phonological grammar, but rather in a separate language-specific 

phonetic grammar. 

 This dissertation finds that coalescence in Norwegian and voicing assimilation 

within words in Turkish pattern as categorical processes, and these processes are best 

analyzed as phonological segmental or featural alternations.  Results also demonstrate 

that other processes, specifically the voicing of word-initial stops in Turkish and vowel 

intrusion/deletion in Norwegian, are not categorical processes as previously described in 

the literature (Kristoffersen 2000, Bradley 2007), but rather gradient and dependent on 

morphological, consonantal and prosodic context. The gradience and variation across 

contexts is best captured through a coupled-oscillator model of gestural timing (Nam & 

Saltzman 2003; Goldstein et al. 2007; Nam 2008; Nam & Saltzman in press; Goldstein, et 

al. submitted) while the task-dynamic phonetics implements this coordination of gestures, 

producing the gradient acoustic signal. 

For both Turkish and Norwegian, it is argued there that the data is best captured if 

the phonology accounts for complete neutralizations by making qualitative featural 
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changes, while a task-dynamic phonetics operates on the output of the phonology, 

producing a gradient quantitative acoustic signal. This dissertation, then, argues for a 

modular approach to the phonetics~phonology interface, in line with Keating (1984), 

Pierrehumbert (1990), Zsiga (1997), Cohn (1998), in that the phonology manipulates 

features and segments, a separate language-specific phonetic component interprets 

features and produces gestural timing patterns, and the universal task-dynamic phonetics 

operates on this output, causing gradient and quantitative changes to articulatory 

trajectories and the acoustic output. 

 While this dissertation takes a modular approach to the phonetics~phonology 

interface, it is hoped that this dissertation follows all laboratory phonologists, regardless 

of their position on the phonetics~phonology interface, by "share[ing] a concern for 

strengthening the scientific foundations of phonology through improved methodology, 

explicit modeling, and accumulation of results" (Pierrehumbert, Beckman and Ladd 

2000, p273).  The data on Turkish and Norwegian has not previously been investigated 

and it is hoped that the acoustic studies presented in the previous chapters will contribute 

to future accounts of these languages, as well as inform the phonetics~phonology 

interface. 
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APPENDIX A - SPECTROGRAM OF VELAR DELETION 

Figure A.1. Velar deletion in sokağa bakiyorum. (sokak-acc looking at; "I am looking at 
the street", Feizollahi ms). 
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APPENDIX B - TURKISH RECORDING SCRIPT 

Yarışa gidip kuş kazandım.  “I went to the race and won birds.” 
Hastaneye gidip kan baktım.  “I went to the hospital and saw blood.” 
O topu sert buluyorum.  “I find that ball hard.” 
Savaşa gidip kan döktüm.  “I went to war and spilled blood.” 
Yakaladıği avı kurt parçaladi.  “The wolves tore to pieces the meat that had been  
  hunted.” 
Köye gidip eşek paylaştık.  “We went to the village and shared a donkey.” 
Doktor köye gidip kan topladı.   “The doctor went to the village and collected  
  blood.” 
Köye gidip kuş paylaştık.  “We went to the village and shared birds.” 
Savaşta kan kaybettim.  “In the war, I lost blood.” 
Yarışa gidip bir kedi kazandım. “I went to the race and won a cat.” 
Köye gittim çöp koktu.  “I went to the village and it smelled of trash.” 
Yarışa gidip bir eşek kazandım. “I went to the race and won a donkey.” 
Köye gittim kız topladık.  “We went to the village and gathered girls.” 
Yarışa bir kürt katıldı.   “A Kurd participated in the race.” 
Köye gittim kul topladık.  “We went to the village and gathered servants (of  
  God).” 
Bir yarış gördüm, ona bütün köy katılmıştı. “I saw a race, and the entire village  
   participated in it.” 
Köye gidip bir kız kaçırdım.   “I went to the village and eloped with a girl.” 
Köye gidip kul buldum.  “I went to the village and found a servant (of God).” 
Köyde kız düştü.   “In the village, a girl fell.” 
Köye gidip çöp gördüm.  “I went to the village and saw trash.” 
Köye gidip kürt buldum.  “I went to the village and found Kurds.” 
O burnu ilginç buluyorum.  “I find that nose interesting.” 
Köye gidip bir köy gördüm.  “I went to the village and saw a village.” 
Köye gidip kız buldum.  “I went to the village and found a girl.” 
Köyde kul düştü.   “In the village, a servant fell.” 
Köye gidip kuş buldum.  “I went to the village and found birds.” 
Köyde kuş düştü.   “In the village, a bird fell.” 
Köye gidip köy buldum.  “I went to the village and found a village.” 
Köyde köy düzlendi.   “In the village, the village had been picked  
  up/cleaned.” 
Köye gidip kul gördüm.  “I went to the village and saw a servant (of God.)” 
Köye gidip kum buldum.  “I went to the village and found sand.” 
Köyde kum düştü.   “In the village, sand fell.” 
O defteri ilginç buluyorum.  “I find that notebook interesting.” 
Köyde kürt düştü.   “In the village a Kurd fell.” 
Köye gidip bir kız gördüm.  “In the village, I saw a girl.” 
Köye gidip çöp buldum.  “I went to the village and found trash.” 
Köyde çöp düştü.   “In the village, trash fell.” 
Köye gidip kürt gördüm.  “I went to the village and saw Kurds.” 
O kitabı ilginç buluyorum.  “I find that book interesting.” 
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Köye gidip kum gördüm.   “I went to the village and saw sand.” 
Plajda oğle yemeğini çocuklarla paylaştı. “At the beach, the children shared their  
  lunch.” 
Çocuklar plaja gidip lokum paylaştılar. “The children went to the village and shared  
  their lokum (Turkish Delight).” 
Plajda yemeğini oğlan değil kız paylaştı. “At the beach, it wasn’t the boy who shared  
  this lunch, but the girl.” 
Köye gittim köy temizlendi.   “I went to the village and it had been  
  cleaned.” 
O gün köye gittim.    “That day I went to the village.” 
Köye gidip kedi topladık.   “We went to the village and we gathered  
   cats.” 
Öğle yemeğini bütün köy paylaştı.  “The entire village shared their lunch.” 
O pamuğu yumuşak buluyorum.  “I find that cotton very soft.” 
Köye gittim çöp topladık.   “I went to the village and we gathered  
  trash.” 
Öğle yemeğini kul paylaştı.   “The servant (of God) shared his lunch.” 
Köye gittim kuş topladık.   “I went to the village and we gathered  
  birds.” 
Hastanede kan paketlendi.   “At the hospital, blood was packaged.” 
Köye gittim ekenek topladık.   “I went to the village and we gathered ___” 
Denize gittim kum koktu.   “I went to the sea and it smelled of sand.” 
Köye gidip çöp paketledik.   “I went to the village and we packaged  
  trash.” 
Yarışa bir kul katıldı.    “A servant (of God) participated in the  
  race.” 
Köye gittim kurt topladık.   “I went to the village and we gathered  
  wolves.” 
Savaşa gidip kan gördüm.   “I went to war and saw blood.” 
Köye gittim kum topladık.   “I went to the village and gathered sand.” 
Hastadan kan geldi.    “Blood came from the hospital.” 
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APPENDIX C. INSTRUCTIONS FOR TURKISH PERCEPTION STUDY 

Instructions: 
IMPORTANT! In order to participate in the study you MUST be a native speaker of 
Turkish. 
 
1) Make sure your speakers or earphones are plugged in, and check to make sure you can 
hear sounds or music on your computer. 
 
2) Click on a sound.  You will only be able to hear each sound file twice.  The sound file 
will be a sequence of  VOWEL-CONSONANT-CONSONANT-VOWEL. (e.g. "ekpa").  
 
3) You will be given two choices for the second consonant, i.e.,  a) "p", b) "b".  Click on 
the answer that you think corresponds with the sound you just heard.  There are no right 
answers, simply answer with your first instinct. 
 
4) The experiment should take about 15 minutes. 
 
Thank you for your participation! 
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APPENDIX D. NORWEGIAN RECORDING SCRIPT 

Control 
Jeg sa regn i går.   I said ____ yesterday.   rain 
Jeg sa natt i går.        night 
Jeg sa tegn i går.        sign 
Jeg sa mandel i går.        almond 
Jeg sa vår i går.        spring 
Jeg sa luft i går.        air 
Jeg sa sol i går.        sun 
Jeg sa blomster i går.        flower 
Jeg sa dag i går.        day 
Jeg sa bomull i går.        cotton 
Jeg sa sov i går.        sleep 
Jeg sa lad i går.        load 
Jeg sa nok i går.        enough 
Jeg sa mat i går.        food 
Jeg sa han i går.        him 
Peisen var svart av sot i fjor.       soot 
 
Test Cases 
Coronal Tauto-morphemic 
Det var jarl jeg sa.   It was ____ I said.   earl 
Det var vers jeg sa.        verse 
Det var barn jeg sa.        children 
 
Morpheme Boundary 
Jeg spiste et surt kirsebær.    I ate a sour cherry. 
Det var min brors hus.     It was my brother's house. 
Det var dårlig vær.     It was terrible weather. 
De gikk på baren i går kveld.   They went to the bar yesterday evening. 
Det var svart jeg sa.     It was black I said. 
 
Compounds 
Det var en fin vårdag i går.    It was a nice spring day yesterday. 
I dag var det vårlukt i hagen.    Today, there was a spring air 
         in the garden. 
Det at snøen smelter er et vårtegn jeg ser fram imot.     Snow melting is a sign of  
        spring that I look forward to. 
Jeg liker å sitte i vårsola.    I like to sit in the spring sun. 
Vi traff hverandre en vårnatt i fjor.            We met each other on a spring 
         night last year. 
Across Words 
Det gleder noen.     It pleases someone. 
Per ser en stor tegning.     Per sees a big sign. 
Vi ringte Herr Tellefsen i går.    We phoned Mr. Tellefsen yesterday. 
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RD sequences 
Det var burde jeg sa  It was ____ I said.  ought 
Det var burdist jeg sa.* 
Det var murde jeg sa.* 
Det var murdist jeg sa.*  
Det var vurde jeg sa.* 
Det var mardist jeg sa.* 
Det var marde jeg sa.* 
Det var garde jeg sa.      to guard 
Det var gardist jeg sa.      guard 
Det var å vurdere jeg sa.     to evaluate/judge 
Det var Edvard jeg sa.      Edward 
Det var Edvarda jeg sa.     Edward (female) 
Jeg burde dra hjem.      I ought to go home. 
*indicates nonce word 
 
Non-Coronal 
Det var sterk jeg sa.      strong 
Det var verb jeg sa.      verb 
Det var varm jeg sa.      warm/hot 
 
Across morphmes 
Heksa forbannet mannen.          The witch cursed the man. 
Stortinget erklærte at det var lovlig.    The parliament declared that it was lawful. 
Hun forklarte temaet til læreren.        She explained the subject to the teacher. 
 
Compounds 
Han ga meg vårblomster i går.           He gave me spring flowers yesterday. 
Jeg liker vårklær veldig godt.                    I like spring clothes a lot. 
Vivaldi har komponert vårmusikk i De fire årstider.                 Vivaldi composed Spring  
Music of the Four Seasons. 
Dette er et vårbilde tatt i Egypt.        That is a spring picture taken in Egypt. 
De spådde dårlig vårvær dette året.         They predicted terrible weather for this year. 
 
Across words 
Det gleder mange.     It pleases many. 
Vi ringte Herr Kristensen i går. We phoned Mr. Kristensen 

yesterday. 
Per spiser ei stor kålrot.    Per eats a big rutabaga. 
 
Speakers 4 and 1 
Control 
De har fobi for edderkopper.    They have a phobia of spiders. 
Festen var i går fabelaktig.    The party was fabulous. 
De tok to bilder i går.     We took two pictures yesterday. 
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Han ba en vå bønn i går.    He prayed an evil prayer yesterday. 
Han gav meg små blomster i går.   He gave me small flowers yesterday. 
Jeg var glad for å glede mange.   I was happy to please (so) many. 
Jeg leste om Æge i går.    I read about Aegir yesterday. 
Jeg spiste to kålrøtter i går.    I ate two rutabagas yesterday. 
Jeg sa “Æ! Kristensen” i går.    I said "Agh, Kristensen" yesterday. 
Jeg hørte vå musikk i går.    I heard evil music yesterday. 
Jeg fomler med mye.     I'm clumsy with a lot. 
Han var fukka i hodet.                       He was fucked in the head. (messed up) 
Det var to værmeldinger i går.   There were two forecasts yesterday. 
 
Test Cases 
Mono-morpheme 
Ja sa sverd i går.     I said sword yesterday. 
De spådde storm for i morgen.   They predicted a storm yesterday. 
Jeg så en jerv i går.     I saw a wolverine yesterday. 
 
Morpheme Boundary 
Vann forvandler seg til is.    Water converts into ice. 
 
Word Boundary 
En far merker barna sine.         A father looks after his (own) children. 
De kjørte en stor bil i går.    They drove a big car yesterday. 
De spår storvær i dag.     They predict a big weather today. 
 
Coda-Placement Tests 
Jeg drakk en varm kaffe i går.    I drank a warm coffee yesterday. 
Jeg spiste varm aftens i går.    I ate a warm supper yesterday. 
Jeg spiste ei formkake i går.    I ate a formcake/cakemold yesterday. 
 
Stress-placement Tests 
Festen var i går kveld formell.                 The party yesterday evening was formal.  
Læreren formidler eksamen til studentene.      The teacher prepared the exam for the  
        students. 
Jeg formoder for mye.     I assume too much. 
Reglen er formelig i språket.    The rule is regular in the language. 
Jeg spiste barmat i går.    I ate bar food yesterday. 
Jeg hørte barmusikk i går kveld.   I heard bar music yesterday. 
Jeg var barmedlem i går.    I was a bar member yesterday. 
Det var verbal jeg sa.     It was verbal, I said. 
Det var verbum  jeg sa.     It was verb I said. 
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APPENDIX E. SPECTROGRAM OF GRADIENT REALIZATIONS FOR R+NON-CORONALS 

Figure E.1. Stop example. 
 

C1 burst C2 closure

Time (s)
0 0.22174
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Figure E.2. Trill example. 

/r/ ICI /r/ [m]

Time (s)
0 0.198212
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Figure E.3. Tap example. 
 

C1 closure burst ICI C2 closure

Time (s)
0 0.286416
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Figure E.4. Frication example. 
 

/r/ C2 closure

Time (s)
0 0.30574
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Figure E.5. Sonorant example. 
 

/r/ C2 closure burst

Time (s)
0 0.253298
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Figure E.6. R-coloring example. 
 

[aer] C2 closure burst

Time (s)
0 0.291134
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Figure E.7. Deletion example. 
 

[a] [m]

Time (s)
0 0.224867
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APPENDIX F. CROSS-TABULATIONS FOR NON-CORONALS 

Table F.1. Speaker 1 – ICI presence by C2 context. 
 ICI present ICI absent Total 
b 15 19 34 
k 2 28 30 
m 38 31 69 
t 0 4 4 
v 17 3 20 
Total 72 81 157 

 
Table F.2. Speaker 2 – ICI presence by C2 context. 

 ICI present ICI absent Total 
b 15 5 20 
m 9 6 15 
v 5 0 5 
d 18 1 19 
k 11 19 30 
Total 58 31 89 

 
Table F.3. Speaker 3 – ICI presence by C2 context. 

 ICI present ICI absent Total 
b 7 4 11 
d 17 6 23 
k 3 12 15 
m 4 6 10 
v 5 0 5 
Total 36 28 64 

 
Table F.4. Subject 4 – ICI presence by C2 context. 

 ICI present ICI absent Total 
b 30 5 35 
v 16 2 18 
m 44 27 71 
d 36 9 45 
t 1 9 10 
n 1 8 9 
k 7 22 29 
Total 135 82 217 
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Table F.5. Speaker 1– all tokens by phonetic category (χ2 = 99.7, p < 0.001). 
 

 
 
 
 
 
 
 
 
 
Table F.6. Speaker 2 – all tokens by phonetic category (χ2 = 32.6, p < 0.001).  

 control test Total 
deletion/r-
coloring 20 (VKV) 14 34 

fricated 3 (VrV) 5 8 
sonorant 1 (VrV) 25 25 
stop 0 5 5 
trill/tap 6 (VrV) 40 47 
Total 30 89 119 

 
Table F.7. Speaker 3 – all tokens by phonetic category, (χ2 = 25, p < 0.001).  

 control test Total 
deletion/r-
coloring 25 (VKV) 30 55 

fricated 1 (VrV) 18 19 
sonorant 0 16 16 
stop 0 12 12 
trill 0 1 1 
trill/tap 9 (VrV) 17 26 
Total 35 94 129 

 
Table F.8. Speaker 4 – all tokens by phonetic category, (χ2 =226.7 , p < 0.001). 

 control test Total 
deletion 93 (VKV) 11 104 
r-coloring 0 9 9 
fricated 0 18 18 
sonorant 8 (VrV) 142 150 
stop 0 3 3 
trill 0 7 7 
tap 2 (VrV) 21 23 
Total 108 216  325 

 control test Total 
deletion 64 28 90 
fricated 3 11 14 
r-coloring 0 2 2 
sonorant 3 70 73 
stop 0 8 8 
trill 0 3 3 
trill/tap 4 33 37 
Total 74 155 229 
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