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Abstract

The present study investigates the phonetic and phonological aspects of the voicing contrast
in stops in Najdi Arabic, a dialect that has been found to contrast prevoiced and aspirated
stops. This study discusses the implications of the acoustic correlates of VVoiceless and Voiced
stops for the phonological representation of the voicing contrast in this variety and examines
the connection between the acoustic signal and the distinctive features that specify the
opposition by employing the types of evidence proposed in the realm of laryngeal realism.
These types of evidence include the manifestation of acoustic correlates of stops in various
positions, speech rate effect on aspiration and prevoicing, and the Voiceless and Voiced
stops’ behaviour in stop-stop clusters across word boundary in terms of regressive voicing
assimilation.

The manifestation of the acoustic correlates of Voiceless and Voiced stops shows
that Voiceless stops are aspirated in the examined positions whereas Voiced stops show
robust prevoicing in utterance-initial and utterance-medial contexts. The acoustic correlates
also show that Voiceless stops are robustly accompanied by longer closure, longer burst,
higher FO and F1 onset, and lower burst intensity. Voiced stops, on the other hand, are
robustly accompanied by shorter closure (utterance-medially), shorter burst, lower FO and F1,
and higher burst intensity. Speech rate affects both aspiration and prevoicing in VVoiceless and
Voiced stops, respectively. Prevoicing and aspiration are lengthened in normal speech rate in
comparison to fast speech rate. Stop-stop cluster results show that both Voiceless and VVoiced
stops trigger some (de)voicing in the preceding member of the cluster. The acoustic analysis
reveals that VVoiceless stops show voicing assimilation in FO/F1 and burst intensity but not in
voicing in the closure. For Voiced stops, the results show a degree of devoicing in their
closure but not in FO/F1 and burst intensity.

The results suggest that VVoiceless and Voiced stops in Najdi Arabic have features
from both aspirating and voicing languages. This claim is supported by the three types of
evidence implemented in this study. The assumption that both Voiceless and Voiced stops are
specified implicates that the voicing contrast in Najdi Arabic is overspecified in the
phonology with two features, [spread glottis] and [voice]. Applying the numeric values of
phonetic distinctive features proposed by Beckman et al. (2013), on the scale of 1 to 9, the
present study claims that VVoiced stops in Najdi Arabic are specified with [9 voice] while
Voiceless stops are specified with [8 spread glottis], mainly because of the existence of
moderate aspiration in utterance-initial VVoiceless stops and the robust prevoicing found in
utterance-initial and utterance-medial VVoiced stops (1 means inactive, 9 means highly active).

The phonological repercussions for the proposed overspecification in the voicing contrast in



Najdi Arabic are discussed with a specific focus on the inclusion of such a patterning in

theoretical models of voicing.
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Chapter 1. Introduction

Phonetic characteristics of sounds are expected to be informative in terms of understanding
the phonological aspects of languages. The gradual consensus among phoneticians and
phonologists about the connection between phonetics and phonology has resulted in a number
of empirical studies attempting to characterise the nature of this interaction. One of the most
addressed topics in this field of study is the phonetic and phonological aspects of the voicing
contrast in stops among languages. This topic has been used as an effective tool for
constructing a theoretical justification for the parallelism between phonological entities and
phonetic details. This dissertation attempts to analyse the phonetic and phonological aspects
of voicing contrast in stops in Najdi Arabic which show the rare phenomenon of contrasting
prevoiced and aspirated stops in word-initial position. Specifically, this study investigates the
acoustic properties of Najdi Arabic Voiceless and Voiced stops (Voiceless and Voiced with
capital letters refer to phonological voicing). The investigation is carried out with respect to
different positions within the word and the utterance to determine how these acoustic details
are implemented across phonetic contexts and to establish which of these correlates robustly
differentiate Voiceless and Voiced stops. Moreover, additional processes that involve the
voicing contrast and the implications thereof for the phonological representations are
investigated, including passive and active voicing, final devoicing, speech-rate effects, and
voicing assimilation.

Voicing contrast has been the focus of numerous studies in the field of phonetics and
phonology. A plethora of experimental studies have recently provided precise and in-depth
analysis of the phonetic realisation of voicing contrast and have used these details as tools to
reveal how voicing is represented phonologically, and to emphasise the robustness of the ties
between phonetics and phonology. The nature of the phonetic details and the phonological
representations of this contrast have led to several models that interpret the interaction
between the acoustic cues to voicing contrast and the distinctive features that specify this
opposition in different languages (Kohler, 1984; Keating, 1984; Kingston and Diehl, 1995;
Jessen, 1998, 2001; Harris, 1994; Iverson and Salmons, 1995; Jessen and Ringen, 2002;
Honeybone, 2005; Beckman et al., 2013). Although these models might differ in terms of the
nature and choice of the phonological features that specify the contrast, the primary
arguments of these models are based on the proposed classification of languages into two
categories: aspirating languages and voicing languages (see section 2.1 for more details).
Based on the notion of VOT proposed by Lisker and Abramson (1964), these models
demonstrate that, in initial position, aspirating languages such as English and German contrast



aspirated stops (positive VOT: long lag) with unaspirated stops (short lag), while voicing
languages such as Russian and French, on the other hand, contrast prevoiced stops (negative
VOT: voicing lead) with unaspirated stops (short lag).

Various studies gradually started to pick up the thread and looked at stops in voicing
and aspirating languages to disambiguate the acoustic differences between the two laryngeal
systems in different phonetic contexts. It turned out that the differentiation between voicing
and aspirating languages is not exclusive to initial stops, but it appeared in intervocalic or
intersonorant stops as well. It has been found that VVoiced intervocalic or intersonorant stops
in aspirating languages such as German are not always voiced, and in case the voicing is
present it is caused by the surrounding context (passive voicing) which can be acoustically
identified as a weak broken voice bar during the closure course (Jessen, 2001; Jansen, 2004,
2007; Beckman et al., 2013; Al-Tamimi and Khattab, 2018). VVoiced intervocalic or
intersonorant stops in voicing languages such as Russian, on the other hand, are produced
with active voicing caused by an intentional articulatory movement which can be acoustically
identified as a strong visible voice bar covering the whole closure period (active voicing)
(Ringen and Kulikov, 2012). Stops in utterance-final position, however, posit a challenge for
the voicing/aspirating typology in that stops in such a context are expected to be neutralised in
both voicing and aspirating languages (Jessen, 1998; Jansen, 2004). This neutralisation has
been found to be incomplete suggesting that there are detectable acoustic traces in the
neutralised stops in various languages that partially preserve the voicing distinction (Charles-
Luce, 1985; Greisbach, 2001; Piroth and Janker, 2004). Therefore, it could be assumed that
the neutralised stops can be distinguished in terms of the voicing/aspirating languages
classification based on the possibility of these preserved acoustic traces to be reflective of
their phonological representation (lverson and Salmons, 2011).

The crucial discussions arising from the aforementioned acoustic characterisation of
voicing contrast across positions are related to two broad issues: 1) how such an opposition is
specified in the representational systems of voicing and aspirating languages, and 2) how the
mapping between the phonological and phonetic representation is characterised. In relation to
the first issue, the binarity vs privativity distinction forms the basis of the discussion within
phonological theory with regard to voicing contrast representation. That is, are the
phonological features specifying the voicing contrast defined as binary with positive and
negative values ([+/- voice] in case of voicing languages, [+/- spread glottis] in case of
aspirating languages) or defined by the privative presence and absence of terms ([voice] [D]
for voicing languages, [spread glottis] [@] for aspirating languages)? What are the

phonological ramifications for each view? This leads us to the second issue in relation to the



connection between phonetics and phonology which rests on a lengthy discussion throughout
the history of phonological theory. The modelling of the phonetics-phonology interaction
ranged from proposing separation between the two domains with no interaction (Chomsky
and Halle, 1968), separation with an interface that transforms the categorical entities to their
gradient continuous characteristics (Keating, 1984; Pierrehumbert and Beckman, 1988; Cohn,
1990), and integration into one domain (Kohler, 1984; Ohala, 1990). Jessen (1998) postulated
that the difference between the interface models and the integration models could be reduced
by taking a middle approach that emphasises the two requirements crucial to both views: 1)
the importance of the lexical representation to be made up of categorical forms (features), 2)
the importance of the influence of phonetic details on lexical representation.

One of the approaches involving the strong interactions between the acoustic details
and the phonological features is known as laryngeal realism (this term was first introduced by
Honeybone, 2002; see details in section 2.2) (Iverson and Salmons, 1995; Jessen, 1998;
Honeybone, 2002, 2005; Harris, 1994; Iverson and Salmons, 1995; Jessen and Ringen, 2002;
Beckman et al., 2013), which the present dissertation adopts here. According to laryngeal
realism, phonological specification can be evaluated through 1) examining the phonetic
realisation of the obstruent across contexts, and 2) investigating the obstruent’s behaviour in
phonological processes (lverson and Salmons, 2003; Jansen, 2004; Schwartz et al., 2019).
Therefore, voicing languages like Russian contrast specified prevoiced stops [voice] with
unspecified unaspirated stops [@] whereby aspirating languages like German contrast
specified aspirated stops [spread glottis] with unspecified unaspirated stops [@] (Iverson and
Salmons, 1995; Honeybone, 2005; Iverson and Salmons, 2011). Different types of evidence
have been employed in laryngeal realism to investigate these assumptions. It has been
proposed that varying the speech rate affects specified stops (slow speech rate increases the
duration of aspiration/prevoicing) but not unspecified ones (Miller et al., 1986; Volaitis and
Miller, 1992; Kessinger and Blumstein, 1997; Nagao and de Jong, 2007; Beckman et al.,
2011; Magloire and Green, 1999; Solé and Estebas, 2000). Another common type of evidence
proposed in laryngeal realism is related to regressive voicing assimilation. That is, specified
stops trigger voicing/devoicing to the preceding sound while unspecified stops do not (Burton
and Robblee, 1997; Barry and Teifour, 1999; Jansen, 2004; Kulikov 2012). (see section 2.2.3)

Some phonetic manifestations of voicing contrast among languages posit a challenge
for laryngeal realism. Arabic, the target language of the present study, has been generally
described in the literature as a voicing language (Yeni- Komshian et al., 1977; Khattab, 2002).
However, instrumental studies of the voicing contrast in modern Arabic dialects have

revealed considerable variation in the acoustic properties of VVoiceless and Voiced stops



(Lebanese Arabic: Yeni- Komshian et al., 1977; Al-Tamimi and Khattab, 2018; Ghamidi
dialect: Alghamdi, 1990; Kuwaiti Arabic: Mabrouk, 1981; Najdi Arabic: Flege and Port,
1981, Al-Gamdi et al., 2019; Jordanian Arabic: Mitleb, 2001; Cairene Arabic: Kabrah, 2008;
Qatari Arabic: Kulikov, 2019, 2020). It has been proposed that Najdi and Qatari dialects,
unlike others, contrast aspirated and prevoiced stops (Najdi Arabic: Flege and Port, 1981; Al-
Gamdi et al., 2019; Qatari Arabic: Kulikov, 2019, 2020). Such variations raise crucial
questions about the phonetic and phonological aspects specifying this contrast in Najdi and
Qatari Arabic.

The present study aims to contribute to the field by investigating the phonetic
realisation of voicing in stops in Najdi Arabic and its implications for the laryngeal features,
using the diagnostics proposed in the literature of laryngeal realism. The outcomes of the
present study will provide insight into the voicing contrast in Najdi Arabic and how
interactions between phonetic realisation and laryngeal features enhance our understanding of
the link between phonetics and phonology.

The next part of this chapter highlights fundamental topics that form the basic
foundation for the current analysis. This includes the distinctive features that have been
proposed to specify the voicing contrast, the aspects of phonological specification, and the

phonetics-phonology interactions.



1.1 Distinctive features

The concept of distinctive features was first proposed in the early work of Jakobson (1939).
Building on the notion of the phoneme, Jakobson emphasised the role of sound properties
(sub-phoneme), rather than the phoneme to be employed as the fundamental element that
signals the distinction between segments (distinctive function); this eventually led to the
introduction of distinctive features (Jessen, 1998). That is, the distinction between /t/ and /d/
Is not based on the concept of the phoneme as a whole; it is based on the voicing property
which is part of each phoneme (sub-phoneme). Accordingly, the distinctive feature [voice]
serves as holder for the distinctive function between the two English words pad and pat.
Jakobson, Fant and Halle (1952) and Jakobson and Waugh (1987) continued the effort of
conceptualising the distinctive features by identifying the articulatory, auditory, and acoustic
aspects of distinctive features focusing on their role in the categorisation of sounds and their
structure in the languages of the world. Jakobson and Waugh’s work was considered the final
version of the Jakobsonian approach in terms of determining the nature of the distinctive
features as well as modelling the interaction between the distinctive features and phonetic
reality (Jessen, 1998). Jessen (1998) summarised Jakobson and Waugh’s view of the
distinctive features as follows:

“The distinctive feature concept as proposed by Jakobson and Waugh
(1987) is characterized by a number of properties...: (1) distinctive
features are binary; (2) they are defined in phonetically concrete terms;
(3) they have universal validity; and (4) they provide a common, or nearly
common, set across consonants and vowels” (Jessen, 1998, p. 10).

Several proposals aimed to identify a set of various distinctive features with a different
way of characterisation. The Sound Pattern of English (SPE) by Chomsky and Halle (1968)
was a landmark in the history of the field. In SPE, a set of distinctive features were proposed
with a phonetic explanation identified only in articulatory terms. The Jakobsonian approach
(the multiple studies conducted by Jakobson, Fant and Halle (1952) and Jakobson and Waugh
(1979, 1987) will be referred to as Jakobson and colleagues) and SPE were probably the most
crucial and influential studies demonstrating the role of distinctive features in phonetics and
phonology (Jessen, 1998; Hall, 2001). The two approaches share the view that distinctive
features are defined in, at least, some phonetic aspects. They also share the view that each
feature is associated with a single phonetic cue (Ladefoged, 2006). The binarity of the
distinctive features is another parallel between the two approaches. However, they differ in
two major issues. First, SPE defined the distinctive features only in articulatory terms whereas
the Jakobsonian approach defined them in articulatory, acoustic, and perceptual terms. The
emphasis on the importance of acoustics in the Jakobsonian approach stems from the view
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that articulatory gestures enhance the saliency (perceptibility) of the sound which
consequently highlight the essentiality of the products of the articulatory gestures; namely the
acoustic signal. Second, SPE assumed a disassociation between the distinctive features and
the phonetic reality whereas the Jakobsonian approach proposed a robust connection between
the two, considering phonetics and phonology to be inseparable. The arguments posited in
SPE and the Jakobsonian approach sparked a very long debate regarding the accepted set of
universal features, the degree of abstractness in the distinctive features, and the robustness of
the ties between the distinctive features and the continuous aspects of the acoustic signal.
These topics will be discussed in the coming paragraphs in terms of voicing contrast which is

the scope of investigation in the current study.

The two sides of the debate about proposals for feature theory have evidently been
manifested in studies dealing with voicing contrast in stops. The enormous range of
phonological and phonetic accounts of the voicing contrast in stops across languages have
been employed as a window affording insights into the nature of the distinctive features and
consequently the nature of interactions between distinctive features and acoustic details.
Theoretical models of voicing contrast differ in relation to the distinctive features that specify
the opposition. As pointed out in the introduction, some models assume the feature [voice] to
account for voicing contrast in both aspirating and voicing languages (Keating, 1984;
Kingston and Diehl, 1995; Wetzels and Mascaro, 2001). Other models argue that [voice]
represents the voicing contrast in voicing languages while [spread glottis] accounts for this
opposition in aspirating languages (lverson and Salmons, 1995, 2003; Beckman et al., 2011;
Beckman et al., 2013). Some researchers argue for the feature [tense] in aspirating languages
following the Jakobsonian approach such as the work of Jessen (1998, 2001). The feature
[fortis] was introduced by Kohler (1984) and implemented in various studies such as the study
of voicing and gemination by Al-Tamimi and Khattab (2018). (see section 2.1 for detailed
description of these models).

Among the features that represent the voicing contrast in recent work in laryngeal
phonology, the features [voice] and [spread glottis] (see Jessen 1998 for more details with
regard to the differences between [tense] and [spread glottis]), received the most attention but
have been subject to controversy regarding their phonological specification and phonetic
content among languages (Lombardi, 1991; Iverson and Salmon, 1995; Avery, 1997;
Honeybone, 2005; Beckman et al., 2011). In this study, I argue for the effectiveness of [voice]
and [spread glottis] to specify the voicing contrast in stops in Najdi Arabic based on the

theoretical assumptions presented in the laryngeal realism approach. In that regard, | argue for



a robust connection between the distinctive features and their acoustic correlates in the
phonetic realisation of VVoiceless and Voiced stops across various contexts and their behaviour
in phonological processes. The current study adopts the monovalent structure (privative) as
the representational system for the distinctive features for voicing contrast in Najdi Arabic.
Proposing the presence of both [voice] and [spread glottis] in the system of Najdi Arabic
indicates an overspecification. That is, both Voiceless and Voiced stops are associated with
active phonological features. The issue of phonetic and phonological specification is

addressed in the coming section.

1.2 Phonetic and phonological specification

Specification, in basic terms, refers to whether or not a segment is associated with a
distinctive feature in the phonology. This leaves us with two possibilities: the segment is
specified or unspecified (it is also called underspecified in some studies based on the
traditional theory of underspecification proposed in generative phonology). As explained in
the previous section, a distinctive feature is associated with the sound property (or properties)
that hold the identity of the segment. Accordingly, if the segment is unspecified, it means that
it lacks its distinctiveness. That is, an unspecified segment will be prone to coarticulation
mechanisms which can be acoustically detectable in processes such as assimilation. The
behaviour of unspecified segments has been the target of investigation for many phonologists
and phoneticians because of the theoretical assumptions that can be proposed based on these
diagnostics. Keating (1988b) depicted the aspects of specification (underspecification) and
previewed various accounts for such a theory within different domains including generative
phonology, articulation, and acoustics. Keating built her argument on two concepts: 1)
variability of the phonetic details of unspecified segments (due to the surrounding context)
and 2) phonetic transparency which refers to the degree to which the behaviour of an
unspecified segment can reveal its phonological representation. She concluded that surface
unspecification (phonetic level) can mirror the phonological specification. Cohn (1993)
investigated specification by looking at the differences between English and French in terms
of vowel nasalisation in nasal contexts. The motivation of his study was the fact that French,
unlike English, has a lexical contrast between nasal and oral vowels. The results showed
robust oral manifestation in French and nasalisation in English in the phonetic realisation.
Cohen then concluded that the results indicated the presence of [-nasal] in French and the
absence of this feature in English. That is, nasalised vowels in English is a product of

coarticulation (unspecification).



Turning to the robust connection between distinctive features and phonetic details
adopted in the present study, the notion of specification/unspecification in the privative
system proposed in laryngeal realism has triggered a plethora of studies focusing on the
laryngeal contrast in voicing and aspirating languages and considering the patterning of
prevoicing and aspiration under the effect of positional and prosodic aspects within the word
and the utterance. Insightful investigations have been carried out to explain the implications
of the phonetic properties of laryngeal contrasts for phonological representations and how
phonological specification is manifested in different phonetic contexts. In addition to the
distinction in word-initial stops, various studies have shown that stops in non-initial position
behave differently in aspirating and voicing languages, leading to a differentiation between
active voicing that implies the presence of [voice] in the phonology, and passive voicing, that
results from phonetic co-articulation (unspecification). The following paragraph deals with
the articulatory and acoustic aspects of passive and active (de)voicing and combine them with
the notion of specification.

One of the main assumptions about the distinction between (de)voicing that occurs in
voicing languages compared to which occurs in aspirating languages is whether or not it is
actively produced by articulatory gestures. The quality of the acoustic signal serves as a reflex
of the activeness of the articulatory manoeuvres: robust voicing that overlaps with the hold
phase indicates an active voicing whereas weak voicing that only partially overlaps with the
hold phase indicates a passive voicing (Beckman et al., 2013; Jessen, 2001; Kohler, 1984).
That is, active voicing results from active adjustments of the articulators (the lowering of the
larynx, the expansion of the vocal tract, etc.) that aim to prevent a drop in the air pressure
difference required to maintain vocal fold vibration (Ohala, 1997). It is worth noting that
active voicing requires extra articulatory effort to counteract the spontaneous decrease of the
air pressure difference. This spontaneous decrease of air pressure difference is known as
passive devoicing (Jansen, 2004). Passive voicing, however, results from the surrounding
phonetic environment which occurs as voicing leakage from an adjacent segment. Active
devoicing is a consequence of the inhibition of passive voicing through articulation gestures
such as actively raising the larynx and decreasing the size of oral cavity (Jansen, 2004).

Applying this mechanism to Voiceless and Voiced stops in aspirating and voicing
languages, the activeness of (de)voicing in the two categories is as shown in (1):

(1a) Voiceless stops are actively devoiced in aspirating languages (specification).

(1b) Voiced stops are actively voiced in voicing languages (specification).

(1c) Voiced stops are passively devoiced in aspirating languages (unspecification).

(1d) Voiceless stops are passively voiced in voicing languages (unspecification).
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These predictions highlight the importance of the two issues that Keating (1988b) proposed in
her study: variability and transparency. First, the description of Voiceless and Voiced stops in
(1a) and (1b) shows high transparency and low variability. To illustrate, the phonetic details
carrying the distinctive function are expected to be reflective of [spread glottis] (or [tense]) in
(1a) and of [voice] in (1b). This transparency can be detected by examining consistency in the
phonetic details as well as resistance to change caused by the context or coarticulation.
Therefore, for instance, VVoiced stops will be produced with robust prevoicing in utterance-
initial position in voicing languages despite it being aerodynamically challenging to do so.
Second, the description of VVoiced and Voiceless stops in (1c) and (1d) shows low
transparency and high variability. That is, the unspecified stops in the two categories of
voicing will show inconsistent behaviour that is shaped by the surrounding context or affected
by spontaneous articulatory gestures. They are less transparent, however, when compared to
actively (de)voiced stops due to the possibility of differences between languages with regard
to some phonological processes such as voicing assimilation and final neutralisation
(language-specific) (Keating, 1988).

It is worth mentioning that the difference between the mechanism of specification in
aspirating and voicing languages is not clear-cut. Jansen (2004) proposed that VVoiced stops in
voicing languages in utterance-final position are passively devoiced. That is, Voiced stops
might be specified by [voice] in the phonology but still affected by passive devoicing in such
a position. Jansen (2004) also pointed out that VVoiceless stops in voicing languages might act
like an actively devoiced stop. Another example of cases that might posit a challenge to the
specification mechanism is languages that contrast prevoiced and aspirated stops. In such a
pattern, variability and resistance to change might be problematic in processes like regressive
voicing assimilation in stop-stop cluster across word boundaries. As mentioned earlier, it is
expected that actively specified stops trigger some (de)voicing in the preceding member of
the cluster. In case both members are specified, the second member of the cluster (C2) is
expected to regressively spread the (de)voicing, while the first member (C1) is expected to
resist the change. In the current study, such issues will be tackled in Najdi Arabic. | argue that
Voiceless and Voiced stops in Najdi Arabic are specified for [spread glottis] and [voice],
respectively. This claim is examined by investigating the acoustic correlates of the stops in
various contexts to account for how much this claim holds with respect to specification.

One of the main contributions this study aims to pursue in terms of specification is to
investigate the compatibility between transparency and variability in the three diagnostics
proposed in laryngeal realism: the activeness of (de)voicing, regressive voicing assimilation,

and speech rate-effect on prevoicing and aspiration. As pointed out briefly in the opening



introduction, it has been proposed that slow speech increases the duration of prevoicing and
aspiration in the specified stops but not in unspecified ones (see section 2.2.1 for more
details). Accordingly, the behaviour of stops in Najdi Arabic will be an interesting case to test
the degree of symmetry between the three types of evidence postulated in laryngeal realism.
The present work also aims to show a link between specification and acoustic correlates other
than prevoicing and aspiration, including temporal and spectral correlates (see section 2.4 for
details).

The issue of overspecification hinted at in the previous section refers to the voicing
system that shows a voicing contrast specified by two features. Aspirating and voicing
languages typically show a two-way voicing contrast in which a single feature is sufficient to
mark the distinction, following the “economical representation” principle proposed by
Chomsky and Halle (1968). This concept emphasises minimality in the number of features
used to specify contrast in languages. The emergence of languages that contrast prevoiced
with aspirated stops poses a challenge to the economical representation principle and opens
possibilities for overspecification.

1.3. Phonetics and Phonology

The previous two sections shed light on the two basic foundations that the argument of the
current study is built on: the nature of distinctive features and the mechanism of specification.
The former embodies the phonological side of the debate whereas the latter epitomizes how a
representational entity is implemented in the real world through articulation and acoustics, as
well as the degree to which specified and unspecified segments mirror the representational
entities. This leads us to try to draw the whole picture with regard to the difference between
phonetics and phonology and what has been proposed in the literature in terms of their mutual
interactions.

One of the most debated topics in the field of linguistics is defining phonetics and
phonology. As shown so far, it is not a clear-cut distinction, as both disciplines focus on
speech sounds in human languages. A common distinction between phonetics and phonology
is to say that the former describes the physical aspects of the speech sound, which are gradient
and continuous in nature, while the latter describes the abstract representations of speech
sounds in the mind, showing how they are formed and categorised. The early work of
Chomsky and Halle (1968) (SPE) postulated that phonetics is not a part of the grammar and
should be discussed outside the field of linguistics, assuming disassociation between the
phonetic component and the phonological representation. In SPE, the phonetic aspects are

controlled by universal principles including the articulators’ physiology and aerodynamics.
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However, such an “extreme view” (Keating, 1984; Jessen, 1998) has been challenged
by many empirical studies that revealed an evident and robust parallel between the two
disciplines in speech production and perception (Keating, 1984; Jakobson and Waugh, 1987;
Jessen, 1998). The gradient and continuous aspects of language have been highlighted as
important, effective components of the study of the linguistic system. Moreover, it has been
found that some phonetic aspects that have been traditionally proposed to be beyond the
speaker’s control are in fact linked to phonological contrasts or governed by language-specific
rules. For instance, the phonological contrast between Voiced/Voiceless stops shows notable
variation in their phonetic properties because each language employs different values of VOT
to mark the distinction (Cho and Ladefoged, 1999). Many subsequent experimental studies
have led to a gradual consensus that there is a robust connection between the categorical and
gradient aspects of speech sounds in human languages which consequently gave rise to
research for invariant acoustic characteristics of the abstract phonological entities. Jessen
(1998) summarised the theoretical models that assume an interaction between phonetics and
phonology and divided them into two categories: interface models and integration models.

Jessen (1998) demonstrated that Interface models assume two separate components
with an interface between them: the phonetic component and the phonological component.
The interface is responsible for transforming the categorical phonological component into the
continuous gradient component. The phase of the interface is derivational and unidirectional:
from phonology to phonetics. Integration models propose that phonetics and phonology are
deeply connected and inseparable. In integration models, phonetics and phonology “can be
compared to a sheet of paper, one side devoted to phonology, the other to phonetics” (Jessen,
1998, p. 29). Such a view assumes a two-way interaction between phonetics and phonology.
That is, to search for the phonetic basis of a phonological representation is as crucial as to
“explore the consequences of phonetic reality for lexical representation” (Jessen, 1998, p. 31).
Following the work of Jakobson and Waugh (1987), Jessen (1998) postulated that the
difference between interface and integration models can be reduced by taking into account the
crucial requirement each approach emphasized. This results in a model that insists on the
importance of categorical representation on the phonological side and the importance of the
phonetic reality and its impact on the representational system. Such a model was adopted by
Jessen (1998) and Jakobson and Waugh (1987) and is adopted also in the current study.

In the current work, | argue for a perspective that emphasises the robust connection
between phonetics and phonology as well as the two-way interactions between the two
domains. This is demonstrated by investigating a range of voicing phenomena in stops,

including the feature representation of the voicing contrast in the laryngeal system and the
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processes that involve voicing such as speech rate effect, voicing assimilation and final
devoicing conditioned by the phonetic context.
This dissertation aims to answer the following questions:

1. What are the acoustic correlates of the stop-voicing contrast in Najdi Arabic and how
are they implemented across the following phonetic contexts: utterance-initial,
utterance-medial intervocalic, utterance-final, and across-word-boundary clusters?

2. Employing the laryngeal realism approach, how does the voicing system of Najdi
Arabic behave in terms of the following processes: speech-rate effect on the acoustic
correlates of stops across the examined phonetic contexts, the acoustic activeness of
voicing/devoicing of stops across the examined phonetic contexts, and regressive
voicing assimilation in across-word-boundary clusters.

3. In light of the results derived from the preceding inquiry, is Najdi Arabic a voicing or
an aspirating language? What does that mean in terms of the phonological

representation/specification?
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1.4 Synopsis

Chapter 1 introduces a description of the purpose of the study and addresses the main
theoretical basis for the work based on the phonetic and phonological aspects of voicing
contrast in stops. It starts with a succinct explanation of the importance of investigating
voicing contrast phenomenon by showing various phonetic patterns found in different studies,
and how they contribute to the field by forming the experimental foundations for the
theoretical models of voicing. The aspirating/voicing classification is discussed taking into
account the phonetic manifestations of the stops’ acoustic properties based on the position
within the word and the utterance. Additionally, this chapter provides a brief sketch of the
main aspects of laryngeal realism and the types of evidence that will be implemented in the
current study. The opening section of the chapter ends the with justification for choosing
Najdi Arabic as a target dialect and the research questions.

The remaining part of chapter 1 focuses on three main topics: distinctive features for
voicing contrast, phonetic and phonological specification, and phonetics and phonology.
These three topics are intended to provide the broad foundation and framework that the
argument of the present study is established on. The first topic previews the distinctive
features that have been proposed in the literature to specify voicing contrast in stops among
languages. It shows various views regarding the suitable distinctive features that
phonologically represent voicing contrast and how different features could be interpreted in
terms of their articulatory and acoustic content. In addition, some discussion is provided on
the conceptual status of distinctive features (monovalent or binary) and how that impacts the
characterisation of voicing contrast. The second topic presents the phonetic and phonological
specification in aspirating and voicing languages. It previews the acoustic characteristics of
the specified stops compared to the unspecified ones across the phonetic contexts. The notion
of passive and active (de)voicing is identified with respect to the aspirating/voicing
classification. The third topic shifts the focus to the literature on the nature of the interactions
between phonetics and phonology, showing the different views regarding the connection
between the two disciplines which range from assuming the complete independence to
proposing complete integration.

Chapter 2 shows the main phonological and phonetic aspects of voicing contrast in
stops in the literature and their phonological implications. It begins with a description of the
main arguments of the theoretical models of voicing that looked at the phonological and
phonetic aspects of voicing contrast in stops among languages. A special section deals with
the laryngeal realism approach and presents its main assumptions and the types of evidence

employed in its literature, including speech rate effects on the duration of prevoicing and
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aspiration, passive and active (de)voicing, and voicing assimilation across word boundaries.
The articulatory and aerodynamic aspects of voicing contrast are introduced with a
description of voicing initiation, retention, and cessation. The chapter sheds light on the
patterns of voicing and aspiration as well as temporal and spectral acoustic correlates that
differentiate VVoiced and Voiceless stops with a specific focus on prevoicing and aspiration
(VOT). The distinction between voicing and aspirating languages is included in terms of the
phonation and spectral patterns each category shows in different phonetic contexts including
utterance-initial, utterance-medial intervocalic, and utterance final.

Chapter 3 previews the studies that focus on voicing contrast in stops in modern
Arabic dialects. The chapter identifies the voicing contrast patterns which demonstrate that
Arabic, in general, is a voicing language. The chapter presents two types of studies: 1) studies
that focus only on the phonetic aspects of voicing contrast, and 2) studies that employ
laryngeal realism in the investigation of voicing contrast. A growing number of instrumental
studies, although relatively few, revealed interesting patterning of voicing among the dialects
of Arabic. Drawing on the proposals in the studies that show Najdi Arabic has voicing
contrast with both aspiration and prevoicing, crucial questions are raised with regard to the
phonological features and the acoustic properties that signal the distinction in Najdi Arabic. A
special section discusses the phonological specification of voicing contrast in Najdi Arabic
with a focus on whether the inclusion of emphatics is required or not. The chapter ends with a
section that demonstrates the motivation and justification of the current study.

Chapter 4 shows the methodology used in the current study in terms of participants,
stimuli, data collection, acoustic analysis, and statistical analysis. The experiments designed
to examine the acoustic features of VVoiced and Voiceless stops in Najdi Arabic in different
phonetic contexts including utterance-initial, utterance-medial intervocalic, utterance-final,
and stop-stop clusters across word boundaries. Furthermore, for each phonetic context, a
different phonological process is investigated. For utterance-initial position, the duration of
prevoicing and aspiration is examined in normal and fast speech rate conditions. The purpose
of this analysis is founded on the assumption that variability in the duration of prevoicing and
aspiration as a result of speech rate effect implies the presence of an active phonological
specification. For utterance-medial intervocalic stops, the strength and duration of voicing in
the constriction phase are investigated to identify whether the voicing is a consequence of an
active phonological specification (active voicing) or a consequence of a coarticulation process
(passive voicing). For utterance-final position, the analysis focuses on the neutralisation
phenomenon (final devoicing), considering the notion of incomplete neutralisation and its

impact on the distinction between voicing and aspirating languages. For stop-stop clusters
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across word boundaries, the analysis covers the acoustic features of the first and second
segments and how they interact with the phonological specification for each member of the
cluster. This analysis is founded on the assumption that actively (de)voiced stops trigger some
(de)voicing in the preceding member of the cluster.

Chapter 5, 6, 7, and 8 present the results of the acoustic analysis of Voiceless and
Voiceless stops in the aforementioned phonetic contexts. The results for the patterns of
voicing and aspiration and the temporal and spectral correlates of stops are presented through
figures and tables in terms of voicing status, context, gender, speech rate, place of
articulation, and vowel quality. The results indicate that the voicing contrast in Najdi Arabic
shows the features of both aspirating and voicing languages. This claim is supported by the
following: 1) Voiceless stops are aspirated in the majority of the tokens across the phonetic
contexts, 2) Voiced stops are robustly prevoiced in utterance-initial and utterance-medial
contexts, 3) aspiration and prevoicing are lengthened in response to slow speech rate
compared to fast rate, 4) both Voiceless and VVoiced stops trigger some regressive (de)voicing
in stop-stop clusters. The results also show that VVoiced stops are devoiced in the majority of
tokens utterance-finally.

Chapter 9 discusses the results of the acoustic analysis with a focus on the parallels
between Najdi Arabic and the acoustic features of stops in aspirating and voicing languages
reported in the literature. The phonological implications of the acoustic analysis in each
examined context is discussed. These arguments provide the answers for the first and second
research questions of the current study. The third question is addressed by the focus on the
position of Najdi Arabic with regard to the aspirating/voicing classification. The argument
concludes that Najdi Arabic takes a middle position and the contrast is overspecified by two
distinctive features [spread glottis] and [voice]. Phonological accounts for the proposed

overspecification are discussed.
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Chapter 2. The phonological and phonetic aspects of voicing contrast

In chapter 1, | identified the basic foundations and framework of voicing contrast in stops in
terms of the nature of the representational system and the variety of proposals that attempt to
capture specification, and interactions between the phonetic and phonological representations.
From the perspective of this study, based on the previous literature, investigation of both
phonological features and phonetic details is crucial for characterising the laryngeal system of
a language.

This chapter summarises the phonetic and phonological aspects of VVoiced and
Voiceless stops on the basis of previous literature. Different implications of the phonetic
details for the phonological representations are discussed when necessary. Given that the
amount of work on the phonetic characteristics of voicing contrast is huge, | will focus on the
main aspects in the field, taking into consideration their relevance to the present study, with
special focus on the distinction between voicing and aspirating languages.

Section 2.1 presents the theoretical models of voicing and previews each model’s
perspective with regard to the phonetic and phonological aspects of the voicing contrast in
stops among languages. Section 2.2 describes the basic assumptions of the laryngeal realism
approach with a focus on three topics: speech rate effect (section 2.2.1), final devoicing
(section 2.2.2), and regressive voicing assimilation in stop-stop clusters across word
boundaries (section 2.2.3). Section 2.3 introduces the articulatory aspects of voicing and
aspiration which are essential in analysis of the acoustic correlates of the distinction between
Voiced and Voiceless stops. It also forms the foundation for the difference between passive
and active voicing. Section 2.4 identifies the temporal and spectral acoustic correlates of the
opposition between Voiced and Voiceless stops with a special focus on VOT and its
interaction with linguistic and non-linguistic factors. The associations between the acoustic
correlates and the phonological features are discussed in the light of the distinction between

voicing and aspirating languages.
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2.1 The theoretical models of voicing

This section aims to briefly preview the main aspects of the theoretical models of voicing
contrast within feature theory in terms of the nature of the phonological representation, the
interactions between the phonological and phonetic components, and the manifestation of
voicing and aspiration with respect to the aspirating/voicing distinction. This preview
primarily focuses on stops in two-way contrast languages and pays more attention to the
acoustics but refers sometimes to articulation and auditory aspects proposed in some of the
models.

As pointed out earlier, both sides of the debate, embodied in the Jakobsonian approach
from one side and SPE from the other, shaped the foundations for the competing views
proposed in theoretical models of voicing. That is, the origins of the differentiation in
characterisation of theoretical models of voicing lies in the conceptual development of
distinctive features throughout the history of sound structure studies, which ranged from
being purely formal functioning abstract entities responsible for sound categorisation, with no
interaction with the phonetic reality (abstractness), to being phonetically grounded and deeply
connected to phonetic events (naturalness) (Rooy and Wissing, 1998). Some models took a
middle position by drawing a clear separation between the categorical and continuous
components but assuming a phonetics-phonology interface. By using the arguments of SPE
and the Jakobsonian approach as a starting point to direct the discussion in this section, the
following paragraphs start by giving a succinct description of SPE followed by a detailed
description of two models that are closely connected to SPE, including the model of Halle and
Steven (1971) and the model of Keating (1984) (Keating’s model is intended to be an
improvement on SPE, as explicitly stated in her study). The second part will focus on the
models that assume a strong connection between phonetics and phonology (integration
models). The models that adopt this view include Kohler’s model (1984), Kingston and
Diehl’s model (1995), and Jessen’s model (1998, 2001). The third part of this section
previews the predictions of the aforementioned models in terms of aspirating/voicing

classification and its relevance to the current study.

2.1.1 The SPE model by Chomsky and Halle (1968)

In SPE, lexical items are represented phonologically as matrices of features with binary
values “+/-” in which each row presents a feature whereas each column presents a segment. In
the phonetic level, the same features are used but with scalar values rather than binary values.
The phonological rules transform the phonological components into phonetic structure while

the phonetic rules convert the binary values into quantitative values that are shaped by
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universal phonetic principles. The output of the universal phonetic principles is proposed to
be not specified by any rules which are language-specific. In SPE, the features are defined in
articulatory terms describing the active articulators’ movement. The distinctive features
proposed in SPE to describe voicing contrast in stops are: [voice], which is associated with a
vocal cord adjustments that enable voicing to occur (not the actual vocal cords’ vibration);
[tense], which indicates articulatory gestures (the tension of walls of the vocal tract) that
inhibit voicing; [heightened subglottal pressure], which is associated with “extra energy for
aspiration”(Keating, 1988a, p. 17); and [glottal constriction], which is associated with the
gestures that enhance voicing. These features were centred around describing the articulatory
adjustments required at the moment of the release to initiate voicing and aspiration, which
make them complicated and not straightforward (Keating, 1988a). Keating (1988a) states that
“The various features interacted in somewhat complicated ways in determining vibration,
aspiration, etc., and were therefore perhaps too hard to learn to use, rather than theoretically
unacceptable; there was also little evidence presented in their support”. (Keating, 1988a, p.

17).

2.1.2 Halle and Stevens’ model (1971)

Another model that used articulatory parameters was proposed by Halle and Steven (1971).
Halle and Stevens (1971) proposed a set of binary features that characterise the articulatory
settings of the vocal cords at the moment of the release. The features were postulated to
specify all possible voicing system types in all languages. Beside voicing and aspiration, they
intended to account for aerodynamics (airflow mechanism), phonation type, and fundamental
frequency. The features were as follows: [£spread glottis], [xconstricted glottis], [£stiff vocal
cords], [zslack vocal cords]. The features [£spread glottis] and [£constricted glottis] were
associated with glottal opening or vocal cords abduction, while [+stiff vocal cords] and
[£slack vocal cords] were associated with vocal cords stiffness. To account for the phonetic
aspects of segments found in languages, Halle and Stevens espoused the notion that “these
four feature are not completely independent” (Halle and Stevens, 1971, p. 50). That is, a
combination of these features should depict the articulatory configuration needed for the
classification of segments in terms of aspiration, voicing, and glottalization. Focusing on the
phonetic categories expected to occur in aspirating and voicing languages, prevoiced stops
were described as [-spread glottis, -constricted glottis, -stiff vocal cords, +slack vocal cords],
unaspirated stops were described as [-spread glottis, -constricted glottis, +stiff vocal cords, -
slack vocal cords], and aspirated stops were described as [+spread glottis, -constricted glottis,

+stiff vocal cords, -slack vocal cords]. It can be noticed that the opening and stiffening of
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vocal cords enhance aspiration and suppress voicing whereas the closing and slacking of
vocal cords enhance voicing and suppress aspiration. With regard to FO, the model posited
that the effect on FO at the onset of the following vowel is an automatic by-product
ramification of vocal cords’ stiffening in case of FO raising, and vocal cords’ slacking in case
of FO lowering.

It is evident that the model of Halle and Stevens presented a meticulous
characterisation of the articulatory manoeuvres of the vocal cords that take place during the
production of Voiceless and Voiced stops at the moment of release. However, it can be
noticed that both SPE and Halle and Stevens’ models discussed the articulatory setting
required for voicing initiation but not the actual vocal cords vibration (Keating, 1988a).
However, [tspread glottis] and [tconstricted glottis] were widely employed by many
experimental models because of their association with aspiration and glottalization which can
be accurately detected in the acoustic signal. Additionally, among experimental approaches,
the notion of VOT classification proposed by Lisker and Abramson (1964) was more useful
and straightforward when compared to Halle and Stevens’ model in terms of characterising
the phonetic manifestation in languages (Keating, 1988a). Some of the articulatory
adjustments such as the stiffening of vocal cords in the production of VVoiceless stops were not
confirmed by articulatory studies (Jessen, 1998; Keating, 1988a).

2.1.3 Keating’s model (1984)

Keating (1984) proposed a model for voicing in stops in languages with two-way contrast
specified phonologically with a single feature [+ voice]. This model was an attempt to deal
with some problems in SPE and Halle and Stevens’ models in terms of the features at the
phonetic and phonological levels. Keating emphasized that the problem in these models
emerged because the features were proposed to be the same in both the phonetic and
phonological levels in order to account for all the phonetic differences found in languages. To
solve these issues, she emphasized the importance of the acoustic features of voicing and
aspiration as a source of determining the voicing typology among languages. She also posited
that the function of features in the phonological level is to categorize natural classes, and they
do not contain any phonetic details. Keating proposed a new level consisting of what she
called “the major phonetic categories” that have three phonetic features based on the VOT
patterns proposed in the work of Lisker and Abramson (1964); voice lead, short lag, and long
lag. The phonetic features in this new level were {voice}, {vl.unasp}, and {vl.asp}. This level
is separate from the phonological level. It is noteworthy that these proposed features are

earlier in the derivation than the output level that contains the continuous aspects of the
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acoustic signal. The features in the posited new level were meant to be categorical and
discrete, and abstract in nature, to allow for free acoustic manifestations among languages.
Based on this model, aspirating and voicing languages (although the aspirating/voicing
classification was not used in Keating’s model) employ [+ voice] in the phonological level but
differ in the major phonetic categories. Aspirating languages usually employ {vl.unasp} and
{vl.asp} to signal the distinction while voicing languages use {voice} and {vl.unasp}. With
regard to the possibility of a two-way voicing system that employs {voice} and {vl.asp},
Keating proposed that this is highly unlikely to be the case.

One of the challenges for Keating’s model is the mapping between the major phonetic
categories and the phonetic (acoustic and articulatory) output which is continuous in nature.
Keating dealt with this issue by proposing that the mapping from the major phonetic
categories into the continuous output is affected by universal phonetics, but the process of
choosing between the three features is language-specific and affected by the context. To
account for positional variations in voicing and aspiration, Keating posited that {voice} stops
show prevoicing in word-initial and voicing during closure when preceded by a sonorant. This
voicing realisation might differ in its timing and strength. {voice} stops in final position
might not be released but might show some voicing in the closure. Regardless of the amount
of voicing, “in all cases, ... the stop closure crucially contains some low-frequency vibration”
(Keating, 1984, p. 295-296). In terms of {vl.asp}, {vl.asp} stops show aspiration after the
release in both initial and medial positions (relatively shorter than word-initially). The closure
phase of {vl.asp} might show a very short voicing tail from the preceding voiced segment.
Finally, {vl.unasp} stops differ from {voice} stops in relation to the relative absence of
voicing in the closure, and from {vl.asp}by showing shorter aspiration.

One of the main assumptions of Keating’s model is the flexibility of the phonetic
manifestations assumed in the model. Although all languages in Keating’s model are limited
to choose from the three major phonetic categories, their implementation in the output level is
controlled by language-specific rules for each context. This modelling approach allows for
variation within aspirating and voicing languages. In that regard, VVoiced stops ([+voice]) in
English could be realised as {voice} or {vl.unasp} whereas Voiceless stops ([-voice]) could
be realised as {vl.unasp} or {vl.asp}. In languages like French, VVoiced stops are always
realised as {voice} while Voiceless stops are realised as {vl.unasp}. The phonetic and
phonological identity of {vl.unasp} stops is an interesting case in terms of the
aspirating/voicing classification. Keating postulated that the differences between {vl.unasp}
stops that implement [-voice] (in voicing languages) and that implement [+voice] (in
aspirating languages) are not contrastively employed. However, the differences between them
depend on the phonetic characteristics of the counterpart category in their system to achieve
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the maximal distinction. This principle was called polarisation in Keating’s model. Based on
this principle, the main purpose of {vl.unasp} is to “act as a swing category” (Keating, 1984,
p. 309) that maximizes the distinction from their counterpart segments ({vl.asp} in aspirating
languages and {voice} in voicing languages).

To sum up the differences between the basic assumptions of the aforementioned
models, it can be noticed that Keating’s model is different in various ways. First, Keating’s
model introduced a new level with abstract discrete features that aim to describe the phonetic
manifestation typology (articulatory and acoustic) of voicing and aspiration among languages,
and, more importantly, these features are separable and independent from the phonological
feature [£voice]. Second, the phonological feature [+ voice] in Keating’s model does not have
phonetic details. Third, the phonetic details in the output level are language-specific. One of
the essential aspects of Keating’s model is the minimality of the features in the phonological
level; a single feature. This is not the case in the SPE and Halle and Stevens models in which
more than one feature is required to describe voicing and aspiration (redundancy) (Jessen,
1998). The impact of context on the phonetic manifestation is accounted for in Keating’s
model which makes it more useful for experimental studies.

In terms of similarities, all three models adopted binarity in their representational
system. However, (+) and (-) in SPE and Halle and Stevens models are equivalent to the
terms “with” and “without”, respectively, whereas in Keating’s model they are equivalent to
“more” and “less” to express relational terms. SPE and Keating’s models also showed
symmetry in terms of the abstractness of the distinctive features. With regard to the phonetics
and phonology interaction, Keating’s model adopted the view that the categorical components
are transformed into continuous structures through an interface, called the phonology-
phonetics interface. Accordingly, as in SPE, it is unidirectional process from the phonology to
the phonetics. To illustrate, an investigation would concentrate on looking for the
phonological consequences for phonetic details but not the opposite.

Unlike these interface models, integration models assume two broad issues: 1) a
robust connection between the phonetic and the phonological components, 2) two-way
interactions between phonetics and phonology in which integration models “explore
consequences of phonetic reality for lexical representation” (Jessen, 1998, p. 31) and vice
versa. The integration models gained more attention with the advancement of experimental
phonetic tools that showed compelling evidence to support the robust connection between the
phonetic and phonological components. In the following paragraphs, | will present models
that adopt this view including Kohler’s model (1984), Kingston and Diehl’s model (1995),
and Jessen’s model (1998, 2001).
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2.1.4 Jakobson and colleagues’ model (1952, 1979, 1987)

Before delving into the details of more recent models, this is a brief description of the main
aspects of the Jakobsonian approach for voicing contrast which proposed an early integration
framework between distinctive features and the phonetic component. It is important to
mention that the concept of distinctive features in the work of Jakobson and colleagues
concentrated on the distinctive function associated with the sound property that signals
oppositions across all sources of variation. That is, the distinctive features were defined in
articulatory, acoustic, and auditory terms based on the “common phonetic denominator” (the
relational invariance across all factors including language, context, speaker etc). This
generalisation of the sound property across sources of variation is called by Jessen (1998,
2001) relational invariance. The characteristics of the distinctive features that are associated
with a specific language or context are called the correlates. The distinctive features
associated with the voicing contrast in the work of Jakobson and colleagues were the binary
features [tvoice] and [£tense]. The feature [+voice] is defined by the presence or absence of
vocal cord vibration which can be acoustically identified as the low frequency voicing bar in
the holding phase of the stop. [tense], on the other hand, is associated with the duration of
aspiration, closure, and the preceding vowel. According to Jakobson and colleagues, in
languages with two-way contrast, some languages employ [voice] such as French while others
use [tense] such as English.

Jakobson and colleagues’ approach to examining distinctive features inspired a
plethora of experimental studies that aimed to reduce the distinction between the phonological
component and phonetic reality. At the heart of the experimental framework lies the notion of
distinctness in the conceptualization of the distinctive features. The distinctive feature that
specifies voicing opposition by actual articulatory and acoustic voicing should be [voice]. On
the other hand, if the opposition is signalled by aspiration, the feature should be [spread
glottis] (or [tense]). This type of theoretical assumption forms the basis of integration models
that postulate a two-way interaction in which the phonetic reality is as important as the

phonological components in characterising sound systems among languages.

2.1.5 Kohler model (1984)

Another model that postulated an integration perspective between the phonological
component and the phonetic reality to characterise the voicing contrast has been proposed by
Kohler (1984). Kohler’s model of voicing distinction in obstruents emphasizes the role of
articulatory, acoustic and perceptual details in the definition of the distinctive features, with

no interface level. Unlike the interface models, timing was accounted for in the interaction
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between the phonological features and the phonetic level. Kohler’s model is based on the
binary feature [+fortis]. This feature is related to articulatory power which is defined as
“power in the supraglottal movements and in the air stream, and with tension, especially in
the larynx’ (Kohler, 1984, p. 168). VVoiceless obstruents are fortis while VVoiced ones are lenis
(according to Jessen 1998, fortis vs lenis or tense vs lax share the same meaning in the
majority of the literature; in the present work | use Voiceless/\Voiced terminology). The
binary feature [£fortis] in this model consists of two components: 1) the supraglottal gestures
and 2) the properties of the glottis which include voicing and aspiration. According to Kohler,
the first component is potentially universal while the second is language specific. For the
glottis action, a voicing distinction between stops can be observed by investigating the
presence or absence of pre-voicing in the stop closure or by measuring the duration of
aspiration in the case of aspirated and unaspirated stops. These acoustic features differ based
on the language and the position within the word and utterance. For aspirating languages, the
distinction is manifested by aspiration in all contexts or in non-final contexts only (depending
on the language). Voicing languages, on the other hand, contrast VVoiceless and Voiced stops
through the absence of voicing in the former and the presence of it in the latter in non-final
stops. In intervocalic position, Kohler posited that the articulatory power of Voiceless stops is
weakened, which results in a shorter closure course, shorter preceding vowel, shorter
aspiration, and the possibility of passive voicing in the closure. As for intervocalic Voiced
stops, they show the features of approximants. In final position, the glottis actions (voicing
and aspiration) are difficult to maintain which leads to a role for the timing of the articulators’
movement (closure duration and preceding vowel duration) to signal the distinction.

Kohler’s model is maximally different form SPE and Keating’s models in terms of the
distinctive features, the phonology-phonetics connection, and the abstractness of the
phonological components. The distinctive feature [£fortis] was proposed to account for all the
phonetic manifestations of voicing contrast in stops within a single concept: the articulatory
power. With regard to phonetics-phonology interaction, Kohler’s model assumes complete
integration between the two domains in which the phonetic reality is directly associated with
the distinctive features with no interface level. To account for all the phonetic variability
within and across languages, a coordinative structure between the oral, velopharyngeal
(associated with soft palate and larynx), and glottal valves has been proposed. The
coordinative mechanism aims to account for contextual variation by assigning an importance
degree to each valve. For instance, the importance of glottis action is high in utterance-initial
position which leads to longer aspiration (aspirating languages) or longer voicing (voicing

languages). The consequences of articulatory power for fO in the following and preceding
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vowel was also discussed in Kohler’s model which considers laryngeal tension to be
accompanied by high FO values. As for the possibility of a language with two-way contrast
employing both aspiration and voicing in VVoiceless and Voiced stops, respectively, Kohler
postulated that “if the lenis feature is manifested in active closure voicing, the fortis feature
does not include aspiration; if the fortis feature is accentuated by aspiration, the lenis feature
does not require active voicing” (Kohler, 1984, p. 154). This is in agreement with what was
proposed in Keating’s model (1984) in relation to the possibility of a voicing system that
contrasts prevoiced with aspirated stops.

With regard to the phonetics-phonology connection, Kohler’s model proposed a two-
way interaction in which the phonetic reality is crucial for characterising phonological
features. As for the abstractness of the distinctive features, it can be noticed that there are
similarities between the work of Jakobson and colleagues and Kohler’s model in terms of
dispensing with the abstractness of the distinctive features proposed in the SPE tradition.
However, the difference between the two models is related to the number of features
employed to capture the distinction: [tense] and [voice] in Jakobson and colleagues and
[fortis] in Kohler’s model. One of the consequences 0f assuming a single feature in Kohler’s
model is the need for a coordinative structure in which a combination of articulatory

manoeuvres mutually participates in the output of the acoustic signal (Docherty, 1992).

2.1.6 Kingston and Diehl’s model (1995)

Another model to explain voicing distinction has been proposed by Kingston and Diehl
(1995), which argues for an auditory explanation of the voicing contrast and forms the basis
for the auditory enhancement hypothesis. Kingston and Diehl’s model is based on the binary
feature [tvoice], but the authors proposed that there is an intermediate level between the
distinctive feature and the acoustic details, namely, intermediate perceptual properties (IPP).
They state that “speakers covary articulation precisely because their acoustic consequences
are auditorily similar enough to be integrated into more comprehensive perceptual properties,
intermediate between the acoustic properties and distinctive feature values” (Kingston and
Diehl, 1995, p. 7). This intermediate level combines further acoustic cues to describe the
distinctive features, and for the feature [voice], three properties have been proposed in the
(IPP): aspiration, low frequency property, and consonant/vowel duration ratio. Low frequency
property has three sub-properties: F1 onset, FO onset, and closure voicing. C/V duration ratio
has three sub-properties: preceding vowel duration, closure duration, and closure

duration/vowel duration interaction. The sub-properties of each IPP are expected to be
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perceived by the listener as implementations of the same property. Accordingly, FO/F1 and
closure voicing perceptually share the same manifestation, namely, low-frequency property.

The model was based on a set of accurately built perception experiments using
synthesized non-speech tokens that aimed to investigate the effectiveness of the proposed IPP
properties in identifying the voicing distinction. Specifically, they investigated to what extent
the sub-properties mutually enhance the saliency (perceptibility) of VVoiced and Voiceless
stops and which of them integrate to achieve the same perceptual target. As seen in figure 2.1
below, the results of the experiments reveal that closure duration is integrated with preceding
vowel duration, closure duration is integrated with closure voicing, and F1 onset/offset is
integrated with closure voicing. The results also showed that F1 integrates with closure
voicing, FO integrates with closure voicing, F1 and FO do not integrate with each other
(Kingston et al., 2008). The results for the synthesized tokens showed that when closure
voicing in Voiced stops is accompanied with low F1/F0 in the adjacent vowels, this led to the
best identification of this category. Similarly, when voiceless closure in Voiceless stops is
accompanied by F1/F0 lowering, this resulted in more accurate identification of VVoiceless
stops. These results suggest that they mutually play a perceptual role in the phonological
opposition of voicing in stops. The model did not elaborate on the sub-properties of aspiration
and the status of aspiration remained unclear.

The main assumption of Kingston and Diehl’s model is that the phonological
oppositions, is better explained by perception than articulation which means the speaker fits
the articulation process to meet the requirements of the perceptual mechanism implemented
by the listener. Kingston and Diehl state that “This perspective implies that speakers have
knowledge of the mechanisms that listeners apply to the task of recognizing speech sound,
and that this knowledge prescribes reorganizations of articulatory behaviours to take
advantage of these mechanisms. It should be clear that such recognitions require the phonetic
component to be controlled” (Kingston and Diehl, 1994, p. 446). The postulation that these
acoustic properties are controlled argues against automatic effect accounts which assume that
variations in F1/F0 onset values are by-products of the laryngeal articulatory adjustments.
According to Kingston and Diehl’s model, FO/F1 raising or lowering signal the phonological
opposition regardless of the phonetic voicing manifestation. Therefore, [+voice] stops are
combined with low F1/FO whether or not there is a voicing in the closure.

The contribution of Kingston and Diehl’s model is valuable in terms of providing a
perceptual basis for the phonological feature [+ voice] and it was supported by well-
constructed experiments. The phonological representation in the model seems to assume that

[+ voice] specify the voicing contrast in both voicing and aspirating languages. In this view,
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aspiration was considered as an IPP property for [+ voice] but with no sub-properties in the
acoustic signal. The model can be useful in terms of the voicing/aspiration classification when
discussing the closure voicing. Considering the acoustic manifestation of voicing in aspirating
languages, it has been pointed out in the literature that VVoiceless stops are prone to passive
voicing in intervocalic position. In this model, the presence of passive voicing is not expected
to signify a voicing feature (F1/FO lowering) since FO/F1’s role is to indicate phonological
voicelessness. This might be problematic when accounting for the role of aspiration in FO/F1
raising that is expected to occur in Voiceless stops in aspirating languages. Such issues, with
regard to the interchangeability of impact between aspiration as well as the closure voicing on
F1/F2, led Jansen (2004) to propose that speakers of aspirating languages rely more on
aspiration whereas speakers of voicing languages rely more on low-frequency properties.

More studies are needed to confirm this assumption or reject it.

[voice] DF

Aspiration Low frequency  C/V duration
property ratio IPP

FOonset Flonset Closure Prec, vowel Closure Clos/Vow
voicing duration  duration interaction  Swb

Figure 2.1 The interaction between IPP and the acoustic cues Kingston and Diehl’s model.
(Adopted from Jessen, 1998, p. 266)

Kingston and Diehl’s model inspired many phoneticians and phonologists to work on
the notion of enhancement and on the compensation mechanism between acoustic correlates
in voicing and aspirating languages in various contexts within the utterance and the word. The
model of voicing contrast proposed by Jessen (1998, 2001) provided a detailed account that

looked at various acoustic correlates and in various contexts.

2.1.7 Jessen’s model (1998, 2001).

Jessen (1998, 2001) considered two features in his model of voicing distinction: [voice] and
[tense]. His model is based on explaining distinctive features through acoustic invariance
which refers to the acoustic property that is consistent and generalisable across all sources of
variation (following Jakobson and colleagues’ assumption of @ common phonetic

denominator). Jessen (2001) highlighted the importance of the acoustic correlates of the
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distinctive features for two reasons: 1) acoustic analysis is a prerequisite for perceptual
analysis, and 2) acoustic analysis can be reflective of articulatory gestures. Jessen classified
the acoustic features of [voice] and [tense] into two types: 1) basic correlates which occur in
all (or most) of the contexts and 2) non-basic correlates which occur under limited conditions.
A basic correlate, unlike a non-basic correlate, shows “contextual stability” and “perceptual
saliency”. The former means that the correlate signals the distinction in the majority of
contexts whereas the latter means “manipulation of that correlate alone in a speech perception
experiment leads to a categorical perception” (Jessen, 2001, p. 243). The role of non-basic
correlates is to enhance the basic correlates or to replace them if the basic correlates are weak
or not present. It is evident that Jessen interrelates the features [voice] and [tense] with
acoustic properties which helps in explaining the laryngeal systems of both voicing and
aspirating languages. The hierarchical classification of acoustic correlates into basic/non basic
is another aspect that sheds light on the notion of a compensation mechanism that might occur
in certain phonetic contexts. For instance, the preceding vowel duration signals the distinction

in final stops in English instead of aspiration, due to neutralisation.

short Closure duration ambig
long Prec. vowel dur. ——ambig:

[+voice] long Foll. vowel dur. —short +tensel}
closure low FO onset high aspiration
voicing low F1 onset high duration

ambigs H1-H2 high
T T T

Basic Shared non-basic Basic

correlate correlates correlate

Figure 2.2 Basic and non-basic correlates of [voice] and [tense]. (Adopted from Jessen, 2001,
p. 224)

Jessen’s model follows the Jakobsonian approach in terms of defining the distinctive
features in concrete phonetic terms with respect to articulation, acoustics, and perception (The
acoustic correlates will be discussed in detail in section 2.4). He reintroduced the feature
[tense] and proposed it as a phonological feature that specifies the voicing contrast in
German. [tense] in Jessen’s model is mainly defined as increased duration in “events in the
consonant and its surrounding” (Jessen, 2001, p. 242), which include aspiration, closure,
preceding and following vowel. The set of correlates proposed for [tense] and [voice] are
supported by many studies and can be implemented to test the phonetic manifestation of
voicing contrast in both voicing and aspirating languages. Another advantage of Jessen’s

model is the clarity of contextual variations and the enhancement mechanism between the
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basic and non-basic correlates.

Jessen presented a comparison between [tense] and [spread glottis] and concluded that
[tense] is better for specifying the voicing contrast in German. The justification for his view
was based on two observations: 1) aspiration does not occur in the majority of tokens, 2)
[spread glottis] is associated with the moment of release only and cannot account for the
durational aspects in the surrounding context such as preceding vowel and closure duration.
Jessen pointed out the distinction between [tense] in his study and [fortis] in Kohler’s model.
[fortis] in Kohler’s model accounts for voicing contrast in both voicing and aspirating
languages by incorporating timing and articulatory power in the articulatory and acoustic
manifestation of the contrast. By incorporating timing, it can be noticed that the
conceptualisation of distinctive features in Kohler’s model is scalar in nature unlike that
proposed in Jessen’s model which showed dichotomy approach (Jessen, 1998). This
difference led Jessen to limit [tense] to aspirating languages and adopt [voice] for voicing

languages.

2.1.8 Summary and discussion of theoretical models of voicing

The review presented above shows the previous models that attempt to identify the phonetic
and phonological aspects of voicing contrast in stops in a wide range of languages. As noted,
each model has its own merits and contributes to the field by proposing descriptions that aim
to accurately address the phonetic and phonological aspects of voicing contrast. In the
following paragraphs, 1 sum up the similarities and differences between these models in terms
of the interaction between the phonological component and the phonetic reality, the nature of
the distinctive features chosen to specify the opposition, the phonetic content of the distinctive
features, and the phonetic manifestation in the model with relation to aspirating/voicing
classification.

In terms of the features chosen to specify the voicing contrast in stops and their nature,
we have seen that some of the models posited a single feature: the binary feature [+ voice] is
used in Keating’s model (1984) and Kingston and Diehl (1995), or the binary feature [£fortis]
in Kohler’s model (1984). There are also models that employed two features, [+voice] and
[xtense], to capture the difference between voicing and aspirating languages such as the
model of Jakobson and colleagues (1952, 1979, 1987) and the model of Jessen (1998). There
are also models that proposed four features. The SPE model (1986) proposed four features
[xvoice], [xtense], [£heightened subglottal pressure], and [xglottal constriction]. Halle and
Stevens’ model (1971) proposed four features [+spread glottis], [£constricted glottis], [stiff

vocal cords], [£slack vocal cords]. There are several reasons that led to variation with respect
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to the number and nature of the features. Some of the models define the features in
articulatory terms such as the model of SPE, Halle and Stevens, and Kohler. It can be noticed
that the articulatory terms were reflected in the names of some of the proposed features such
as [xspread glottis], [xconstricted glottis], [zstiff vocal cords], [£slack vocal cords]. Other
models consider acoustics to be primarily the basis of the phonetic content in defining the
features such as the models by Keating and Jessen.

Another reason for the variation among the proposed features stems from the models’
perspectives on the connection between distinctive features and phonetic details. The models
that emphasized a robust connection between the phonetic and phonological component used
phonetic details (articulatory, acoustic, perceptual) as a mirror that reflects what the feature is
in the phonology. These models adopted the a two-way interaction between phonetics and
phonology such as the model of Jakobson and colleagues, Kohler, Kingston and Diehl, and
Jessen. Another source of differentiation between the models is the scope of focus within the
sequence of events during the production of Voiceless and Voiced stops among languages. To
illustrate, it can be noted that SPE and the model of Halle and Stevens concentrated on the
articulatory adjustments that initiate or suppress voicing and aspiration (Keating, 1984,
1988a). Kohler’s model solved this problem by accounting for all the articulatory events and
representing variation through a coordinative mechanism that considers timing and phonetic
power. Other models concentrated on the actual articulatory gestures during the production of
voicing and aspiration such as the models of Jakobson and colleagues, Kingston and Diehl,
and Jessen.

The status of prevoicing and aspiration (VOT) was crucial in the models of Jakobson
and colleagues, Keating, Kohler, and Jessen. The importance of prevoicing and aspiration in
these models took various degrees. In the model of Keating, the major phonetic categories
were based only on prevoicing and aspiration patterns among languages. Other acoustic
correlates were discussed in Keating’s model as a consequence of prevoicing in voicing
languages and aspiration in aspirating languages. The model of Jessen emphasized the role of
prevoicing and aspiration by considering them as basic correlates of [voice] and [tense],
respectively. The acoustic correlates, besides prevoicing and aspiration, were described and
accounted for as non-basic correlates that might be as important as prevoicing and aspiration
in some contexts (phonologization). Kingston and Diehl described the sub-properties as
controlled factors that are adjusted by the speaker to fit the listener’s need to perceive the
distinction.

The models were focused on a relatively small number of languages. The Germanic

languages were the primary scope of investigation for aspirating languages whereas Slavic
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languages were the focus of examination in case of voicing languages. In contrast, the present
study aims to build a detailed description of voicing contrast in stops in Najdi Arabic which
appears to show an uncommon distinction in its laryngeal system by contrasting prevoiced
and aspirated stops (Flege and Port, 1981; Al-Gamdi et al., 2019). Languages that show
features of both aspirating and voicing patterns have not received sufficient attention in the
literature. Keating (1984) and Kohler (1984) pointed out that it is unlikely for languages to
employ both prevoicing and aspiration to signal the voicing contrast. Keating, however,
mentioned that, based on the principle of polarisation, some voicing languages might increase
the aspiration of their unspecified stops (unaspirated stops) to maximize the voicing
distinction. It is worth noting that Keating mentioned that the principle of polarisation needs
more results from diverse languages to be confirmed. The current study aims to examine the
phonetic and phonological aspects of voicing contrast in Najdi Arabic, a variety that employs
aspiration and prevoicing in its voicing system.

To identify the phonetic and phonological aspects of this contrast, | adopt the model of
Jessen (2001) that emphasized the effectiveness of various acoustic correlates to account for
the voicing contrast in voicing and aspirating languages. Some modifications on Jessen’s
model are applied to fit the purposes of the present study. First, | investigate the presence of
both [spread glottis] and [voice] in the voicing system of Najdi Arabic in which Voiceless
stops are specified by the privative feature [spread glottis] (rather than [tense]) whereas
Voiced stops are specified with the privative feature [voice]. Second, the acoustic properties
of the release burst (duration and intensity) are added to the model. Third, the acoustic
correlates FO/F1/H1-H2 offset are added to the analysis to account for the utterance-medial
intervocalic and utterance-final stops. To test the notion of contextual stability, sources of
variability including place of articulation, vowel quality, gender, stress (trochaic/iambic for
utterance medial stops) are considered in the analysis for each context.

It will be clear from the proposed analysis in the previous paragraph that this study
adopts the first premise of the phonetics-phonology two-way interaction framework, which is
to investigate the repercussions of the phonetic reality for the phonological representation. To
investigate the implementation of phonological features in the acoustic signal, the present
study adopts the types of evidence proposed in the realm of Laryngeal Realism including
passive/active voicing, speech rate effect, final devoicing, and regressive voicing assimilation
in stop-stop clusters across word boundaries, which are employed as tools for characterising
the specification mechanism that accounts for the implementation of the distinctive features in
the phonetic details. Laryngeal realism and the model of Jessen (1998, 2001) emphasize the

basic foundations for the analysis, namely the robust parallelism between the phonetic details
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and the phonological features proposed in the two-way interaction framework. The following
section gives a succinct description of laryngeal realism and the types of diagnostics in its

perspective.

2.2 Laryngeal realism

Early generative phonologists posited that distinctive features were binary in nature and
loosely associated with their acoustic or articulatory consequences. The theory of laryngeal
realism (Avery and Idsardi, 2001; Jansen, 2004; Honeybone, 2002, 2005; lverson and
Salmons, 1995 2003; Brown, 2016; Harris, 1994; Jessen and Ringen, 2002; Vaux and
Samuels, 2005; Beckman et. al, 2011,2013; Schwarz et al., 2019) departs from the
abstractness of distinctive features that proposed in SPE and emphasizes the connection
between the phonological features and their phonetic realization. As noted earlier, this
approach was proposed in the early work of Jakobson and colleagues and embraced by the
integration models. It pays attention to cross-linguistic variation in articulatory events and
their acoustic consequences that speakers use to produce the distinction between Voiced and
Voiceless stops.

The term laryngeal realism was first introduced by Honeybone (2001). The laryngeal
realism approach is in agreement with the Jakobsonian approach regarding the robust
connection between phonetics and phonology which is manifested through the phonetic
grounding of distinctive features. The evidence used in laryngeal realism was based on
phonetic, phonological, and diachronic aspects in the analysis of languages (lverson and
Salmons, 1995; Honeybone, 2002, 2005). However, the laryngeal realism approach proposes
privativity for the distinctive features that specify voicing contrast in stops. Unlike the binary
system, laryngeal realism supports the privative or monovalent system in which negative
values of distinctive features are meaningless, and a segment that lacks a specific feature
should be left unspecified (representational absence). The reason for this assumption is that
negative values are conceptually problematic in that they do not require an articulatory
movement to be achieved at the phonetic level (Honeybone, 2002). Moreover, if privativity is
confirmed to be appropriate for features like [nasal], it is highly useful to consider it also in
the case of [voice] and [spread glottis] (or [tense]) which evidently leads to more simplicity in
the representational system (Iverson and Salmons, 2003). By acknowledging that
phonological features are privative and phonetically grounded, languages within the laryngeal
realism approach are classified in terms of laryngeal contrast in stops. On the one hand,
voicing languages like Dutch have Voiced stops in word-initial position with long lead VOT

and Voiceless stops with short-lag VOT. Aspirating languages like German, on the other
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hand, have unaspirated stops in word-initial position with short-lag VOT and aspirated stops
with long-lag VOT. Laryngeal realism argues that the phonological feature that precisely
marks the distinction between homorganic stops in voicing languages is the privative feature
[voice] in which Voiced stops are associated with [voice], and Voiceless ones are unspecified.
In aspirating languages, however, the contrast is specified with the privative feature [spread
glottis] that specifies the aspirated stops, while unaspirated stops are unspecified.

The manifestation of [voice] and [spread glottis] in voicing and aspirating languages
has been characterised in laryngeal realism by a set of phonetic details and phonological
processes. Honeybone (2005) presented a set of aspects that describe the voicing contrast in
aspirating and voicing languages (he used the term “type A” for aspirating languages and
“type B” for voicing languages). According to Honeybone (2005), in aspirating languages
(type A), 1) Voiceless stops are aspirated in most contexts, 2) Voiced stops might show
passive voicing, and 3) in clusters, it is common to find assimilation to voicelessness not to
voicedness. In voicing languages (type B), 1) Voiced stops show robust prevoicing, 2)
Voiceless stops are unaspirated, and 3) in clusters, it is common to find assimilation to
voicedness. As pointed out in several sections of this study, the types of evidence proposed in
laryngeal realism to form the basis for classifying languages on aspirating or voicing include
the acoustic manifestation of the acoustic correlates across contexts, passive and active
voicing, speech rate effect on aspiration and prevoicing, final devoicing, and regressive
voicing assimilation in stop-stop clusters across word boundaries. The first two of these types
have been discussed in the previous sections on several occasions. The remaining three will

be discussed in the following sections.

2.2.1 Speech rate effect on voicing contrast

Several studies have shown that speaking rate affects the temporal acoustic correlates of
Voiced and Voiceless stops (Miller et al., 1986; Volaitis and Miller, 1992; Kessinger and
Blumstein, 1997; Nagao and de Jong, 2007; Beckman et. al, 2011; Magloire and Green, 1999;
Sol¢ and Estebas, 2000; Kulikov, 2019, 2020) (see table 2.1). The results of these studies have
revealed that the amount of prevoicing in Voiced stops in voicing languages (e.g., Spanish
and Russian) increases as speaking rate declines, and the amount of aspiration in Voiceless
stops in aspirating languages follows the same pattern, as well. In both aspirating and voicing
languages, however, stops with short lag VOT are not affected by the speaking rate. The
range for short aspiration to differ in response to speech rate is narrower when compared to
prevoicing and long aspiration. Upon a closer look, it could be suggested that the behaviour of

unaspirated stops is dependent on the counterpart category (prevoiced stops in voicing
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languages and aspirated stops in aspirating languages). This reminds us of Keating’s
description (1984) of short lag stops in which they act as a swing category to maximize the
phonological opposition. If we apply this principle to speech rate effects, short lag aspiration
in Voiceless stops in voicing languages would be lengthened in normal or slow speech similar
to the lengthening of the voice lead in Voiced stops to increase the distinction. On the other
side, short lag aspiration in Voiceless stops in aspirating languages would be shortened (or
disappear) to increase the distinction as well. These two scenarios usually do not occur,
however, which supports the view that unaspirated stops in aspirating and voicing languages
are unspecified.

Based on the privative feature models, stops with prevoicing and aspiration are
specified for [voice] and [spread glottis], respectively, while stops with short lag are
unspecified, a disparity which suggests a robust parallel between the phonetic aspects of
voicing contrast and the active phonological features in the laryngeal system. That is,
speaking rate affects specified stops, not unspecified stops, making correct predictions
possible in languages with laryngeal overspecification. Beckman et. al (2011) demonstrate
that stops in Swedish contrast prevoiced stops with aspirated stops in utterance-initial
position. By using speaking rate effect as a tool to address laryngeal specification, Beckman
et al. (2011) found that the amount of prevoicing and aspiration demonstrates an inverse
relation to the speaking rate. Thus, it is reasonable to assume that speaking rate effect can be
used to identify the active laryngeal features in the phonology.

Using the speaking rate paradigm as a source for revealing the phonological
specifications specifying voicing contrast has attracted the attention of phoneticians and
phonologists because it is simple and straightforward. The consistency of the speaking rate
effect on the VOT of specified stops, but not the unspecified ones, in aspirating and voicing
language, strengthens the usefulness of such a hypothesis. Nevertheless, such a claim requires
an explanation. A number of theoretical justifications have been postulated to account for the
speaking rate effect on VOT. One explanation is that the speakers’ aim in
lengthening/shortening the aspiration or prevoicing, but not the short lag (unspecified stops),
is to maintain the contrast to be detectable by the listener (Kessinger and Blumstein, 1997).
Yet another explanation, an articulatory justification, is that to lengthen the aspiration (short-
lag unspecified stops), an active gesture is required, in this case, glottal opening (Kessinger
and Blumstein, 1997). A more phonologically oriented account for speaking rate effect on
VOT is proposed by Beckman et al. (2011) who stated:

“One of the reasons that speakers slow down, of course, is to make

their speech easier to understand. Thus, when the rate is slower, then speakers
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are able to produce more of whatever acoustic property they are trying to

produce. So, if the features specified in the phonology reflect speakers’ goals,

then we might expect a speaking rate to affect the phonetic cues associated

with the features [voice] and [sg], but to not affect categories defined by their

absence” (Beckman et al., 2011, p. 6).

The implementation of speech rate effects on prevoicing and aspiration in languages

that contrast prevoiced and aspirated stops has not gained enough attention. Previous studies

that employed speech rate effect to examine such a pattern in Swedish and Qatari Arabic are

shown in table 2.1. The results revealed an intriguing pattern in which both prevoicing and

aspiration are lengthened in response to slowing the speech rate. Operating under the

phonological specification mentioned earlier, these results suggest that Voiceless stops are

specified with [spread glottis] and Voiced stops specified with [voice].

Language type language stop slow fast Reference
Aspirating English  Aspirated 78 49  Allen and Miller (1999)
Unaspirated 13 14
English  Aspirated 107 79  Kessinger and Blumstein (1997)
Unaspirated 19 18
Voicing Russian  Prevoiced 125 78  Kulikov (2012)
Unaspirated 14 13
Spanish  Prevoiced 69 46  Magloire and Green (1996)
Unaspirated 12 19
Asp-voice Swedish  Prevoiced  107.9 78.5 Beckman etal. (2011)
Aspirated 745 555
Qatari Prevoiced 76 57  Kulikov (2020)
Aspirated 55 43

Table 2.1 Mean aspiration/prevoicing as a function of speech rate for various languages.

The present analysis adopts the speaking rate effect on VOT as a tool to reveal the

phonological specifications underlying the voicing contrast. The present study will go further

and investigate speech rate effect across contexts. Furthermore, the compatibility between the

speaking rate hypothesis and other proposals, that have been presented in the literature as a

method for examining the parallelism between the phonetic cues and the phonological

features, is investigated in the present study. That is, the contribution of the [voice] stops and

[spread glottis] stops in the phonological processes of final devoicing and voice assimilation
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1s examined (specified stops trigger voice assimilation to the neighbouring sound). The results
of final devoicing and regressive voicing assimilation processes are compared to the speaking
rate effect findings to examine the consistency between the hypothesises made for the same

goal, namely, using the phonetic cues to identify the active phonological features.

2.2.2 Final devoicing

Final devoicing refers to phonological process that results in a loss of contrast between
Voiced and Voiceless stops in word-final environments and is also identified as final
laryngeal neutralization, a phenomenon found in many languages. In the literature, there is a
distinction between two views regarding laryngeal neutralization: complete neutralization
which means the contrast is completely absent, and incomplete neutralization, in which the
contrast is partially preserved. The former was proposed within formal theoretical frameworks
based on categorical data whereby the latter was postulated within experimental frameworks
relying on the continuous data (gradient) (Iverson and Salmons, 2007; Kirby, 2010).

The foundation for the debate regarding final devoicing is predicated on identifying
the acoustic features of the stops in a context that enables the listener to detect the contrast
and hence the lexical meaning. The results provided by the experimental accounts of final
laryngeal neutralizations provide more insightful views regarding the nature of the process
and its implication for the phonological specifications. Several attempts to describe final
devoicing in both aspirating and voicing languages have been proposed. Based on the
tightness between the phonetic cues and the phonological features proposed in the realm of
laryngeal realism, it is reasonable to expect a difference in the behaviour of final devoicing in
aspirating and voicing languages in which the former is associated with [spread glottis] while
the latter is associated with [voice].

Final devoicing has often been regarded as weakening or strengthening. Iverson and
Salmons (1999) proposed that the change of Voiced stop to voiceless in aspirating languages
implicates a strengthening process (adding [spread glottis]) whereas the change of Voiced
stops to voiceless in voicing languages implicates a weakening process (loss of [voice]).
Acoustically, this means Voiced stops will be aspirated in final position in aspirating
languages while they will be devoiced in voicing languages. Another classification in the
literature of final devoicing suggests that final devoicing or laryngeal neutralization has three
types: lenition which implies the removal of [voice] as in Dutch and Polish (Iverson and
Salmons, 2006), fortition which implies adding [spread glottis] as in German (Iverson and

Salmon, 2007) or adding [constricted glottis] as in Thai (Henderson, 1965).
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To explain the reasons behind final devoicing, several proposals have been posited in
the literature. A source of difficulty in maintaining voicing in final environments is that some
languages tend to signal the edges of the phonological phrase by spreading the glottis in case
of adding [spread glottis] or constricting the glottis in case of glottalization (adding
[constricted glottis] (Blevins, 2004; Ohala, 1999 1997; Iverson and Salmons, 2007). In both
cases, it is challenging for voicing to be initiated due to the absence of the required gesture for
the vibration of the vocal cords which is glottal tension (Halle and Stevens, 1971; Ohala,
1983, Iverson and Salmons, 2007). A cue-based analysis of final devoicing raises crucial
questions with regard to the differences between aspirating and voicing languages. As
proposed in laryngeal realism, the distinction in final position is expected to be preserved at
least some of the acoustic cues. It has been found that native English speakers employ the
preceding vowel duration to signal the distinction whereas French speakers employs the
release burst (Flege and Hillenbrand, 1987). Jessen (2001) proposed that non-basic correlates
cover for the absence of the prevoicing to signal the contrast.

The present study adopts the feature addition or deletion processes proposed in
Iverson and Salmons’ study (1999) and tests this principle by examining the basic and non-
basic acoustic correlates proposed in Jessen’s study. Operating under these assumptions, in
languages that contrast prevoiced stops with aspirated stops word-initially, the manifestation
of final devoicing entails important theoretical and experimental implications for how the
contrast is signalled. If Najdi Arabic shows glottis spreading to signal the final edge of the
utterance, it is expected that Voiceless and Voiced stops will be aspirated. The manifestation
of aspiration is crucial in this case in which the degree of aspiration in Voiced stops might be
reflective of the addition/deletion process. The percentage of devoicing in the closure is
another aspect that can be indicative of the voicing system of Najdi Arabic. The manifestation
of other acoustic correlates beside voicing and aspiration might form a foundation for
deciding which feature is specifying the Voiced and Voiceless stops in utterance-final

position.

2.2.3 Voice assimilation across word boundaries

Voicing assimilation in the Generative Phonology approach was assumed to result in
complete neutralisation, since the phonological rule precedes the phonetic rule; consequently
it is a low-level process and should be treated outside the phonological component of
grammar (Chomsky and Halle, 1968). However, several studies have noted a connection
between the occurrence of regressive voicing assimilation (RVA) at word boundaries and the

negative VOT which is a basic correlate of the feature [voice] (Kohler, 1984; Wissing and
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Roux, 1995; Iverson and Salmons, 1995); specifically, word-initial stops trigger RVA to
preceding word-final stops in different languages (Wissing, 1991; Katz, 1987; Wells, 1982).
Because of the assumption that the occurrence of RV A might be phonetically conditioned
(resulting from coarticulation and, consequently, C1 and C2 should not be phonetically
identical), several studies have investigated RVA using direct quantitative evidence of
acoustic data (Burton and Robblee, 1997; Barry and Teifour, 1999; Jansen, 2004; Kulikov,
2012). By investigating the acoustic characteristics of C1 and C2 at word boundaries, these
studies have demonstrated that the assimilation of C1 to C2 is incomplete (gradient). Jansen
(2004, 2007) postulated that stops trigger RVA only if they are actively (de)voiced which
means that they are driven by an active articulatory event. Accordingly, RVA can be used to
identify the active laryngeal features in the phonology that specify the voicing contrast such
that specified stops trigger RVA, while unspecified ones do not.

Based on this assumption, a distinction is expected between aspirating and voicing
languages in terms of RVA. For aspirating languages, it is expected that actively devoiced
stops (aspirated stops specified by [spread glottis]) trigger a degree of devoicing for the
preceding Voiced stop. In terms of voicing languages, on the other hand, actively voiced stops
(prevoiced stops specified by [voice]) will trigger a degree of voicing in the preceding
Voiceless stop. This is also in agreement with what has been proposed by Honeybone (2005)
with regard to the differentiation of aspirating and voicing languages in their behaviour in
clusters, in which the former usually show assimilation to voicelessness while the latter show
assimilation to voicedness. It is noteworthy that the types of acoustic correlates expected to
spread from the trigger to the target stop in RVA are the ones driven by an active articulatory
gesture (Jansen, 2004). For instance, FO lowering is proposed to be a correlate that
accompanies Voiced stops. If it is driven by an active gesture (larynx lowering, expanding
pharyngeal cavity, slacking the vocal cords), it is expected to spread from C2 to C1. This
assumption might strengthen the argument for the specification of the stops and the activeness
of the articulatory gesture they are associated with.

By considering the case of languages that contrast aspirated and prevoiced stops,
investigating the occurrence of RVA can provide evidence for the reliability of the
phonological overspecification in which both Voiced and Voiceless stops are expected to
spread their (de)voicing characteristics to a preceding stop. Most of the studies that looked at
RVA in languages with both prevoicing and aspiration did not experimentally examine this
process. Instead, the analysis of categorical data was performed using the Optimality Theory
framework (Ringen and Helgason, 2004; Petrova et al., 2006). It is also worth mentioning that

it is expected for specified stops to resist changes caused by the phonetic context. If the two
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members of the cluster are presumed to be specified, the manifestation of the voicing
assimilation is crucial to examine.

By adopting the coarticulation accounts proposed in the work of Jansen (2004, 2007)
in the investigation of voicing assimilation in stop-stop clusters across word boundaries, the
present study aims to reveal results with respect to three main issues: 1) complete/incomplete
neutralisation, 2) passive/active (de)voicing, and 3) aspiration/voicing categorisation. For the
first issue, incomplete neutralisation is indicative of interaction between the acoustic signal
and the phonological representation, as proposed in integration models which emphasize the
importance of phonetic concreteness in understanding the phonology. For the second issue,
passive and active (de)voicing in stop-stop clusters are related to their ability to participate in
assimilation in which specified stops are supposed to show active (de)voicing. In that regard,
Jansen (2004) differentiated between passive and active (de)voicing and connected them with
regressive and progressive voicing assimilation. That is, regressive voicing assimilation (from
C2 to C1) indicates active (de)voicing whereas progressive voicing assimilation (from C1 to
C2) indicates passive (de)voicing. The reason for this is that the former is an anticipatory
effect of an active articulatory gestures while the latter is a carryover spontaneous spread form
the trigger (C1) to the target (C2). For the third issue, as noted earlier, Voiceless stops are
expected to trigger voicelessness in aspirating languages whereas Voiced stops are expected
to trigger voicedness in voicing languages.

The basic assumption of laryngeal realism with respect to specification is explained
through two-way interactions between the phonetic and phonological components. Therefore,
employing phonetic concreteness in the study of voicing assimilation is a crucial tool to
characterise the active features in the laryngeal systems in aspirating and voicing languages
(Iverson and Salmons, 1995; Honeybone, 2002, 2005). Taking into account the different
degree of assimilation reported in many studies, it is hard to draw any conclusion about extent
to which the voicing targets of the assimilated stops will be affected. What might help in this
case 1s considering numeric values of distinctive features proposed in the work of Beckman et
al (2013). By combining the manifestations of Voiceless and Voiced stops across contexts
with their behaviour in the voicing assimilation process, these findings might provide
evidence for the numeric value that should be chosen for the distinctive features specifying
the contrast.

Section 2.1 and section 2.2 above present the phonetic and phonological accounts of
voicing contrast in stops in the theoretical models of voicing. The former reviewed the
theoretical assumption of the traditional theories with regard to distinctive features, the levels

of representation, the connection between phonetics and phonology, and the treatment of the
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aspirating/voicing distinction. The latter identified the basic assumptions proposed in the
realm of laryngeal realism including the main assumption of this approach and the types of
evidence employed to examine the interaction between the phonological features and the
phonetic reality. Table 2.2 below sums up the key aspects of the aforementioned models in
the previous two sections. The remaining part of the chapter focuses on two main issues: 1)
the articulatory gestures in the production of voicing and aspiration and 2) the acoustic
correlates of voicing contrast considering the aspirating/voicing distinction as well as the

factors that are expected to affect the correlates.
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Featural

Model Main propositions system Laryngeal features Phonetic aspects

Jackobson et Articulatory, auditory, and acoustic [voice]: vocal folds vibration,

al. (1952, aspects of di,stinctive %eatures binary [voice], [tense] [tense]: timing and energy of the acoustic

1979, 1987) ' components.
[voice]: vocal cord adjustments that enable voicing
to occur.

Chomsky and  Phonetics and phonology . . . [tense]: gestures that inhibit voicing

Halle (1968) disassociation. binary [+ voice], [-voice] [heightened subglottal pressure]: extra energy for
aspiration
[glottal constriction] gestures that enhance voicing
[+spread glottis, -constricted glottis, +stiff vocal

Halle and _ [ispread_ glottis], _ _ cords, -slack \_/ocal cord_s]: aspirat_ed _

Stevens Accounting for laryngeal phonology binary [£constricted glottis], [stiff [-spread glottis, -constricted glot'gls, +stiff vocal

(1971) through glottal events. vocal cords], [zslack vocal cords, -slack vocal cords]: unaspirated

cords]. [-spread glottis, -constricted glottis, -stiff vocal
cords, +slack vocal cords]: prevoiced
. . . . {vl.asp}: long lag aspiration

ﬁ%ag:lr;g é\tr:e ngrlig\éd with major phonetic binary [+ voice], [-voice] {vl.unasp}: short lag aspiration
{voice}: voicing lead

Kohler The role of timing in laryngeal . . . [-fortis]: prevoicing in the closure

(1984) specification binary [+fortis], [-fortis] [+fortis]: aspiration duration

K!ngston and Audlto_ry explanatlo_n_that assumes . . . [voice] is associated with aspiration, low frequency

Diehl Model  acoustic cues combining to mutually  binary [+voice], [-voice] roperties. and C/V duration ratio

(1995) enhance the distinction prop ’

Jessen (1998 Acoustic invarigr}ce gnd the _ _ [+tense]:_duration of stops properties and

2001) ' hierarchal classification of correlates binary [+voice], [+tense] surrounding vowels

(basic/non-basic) [+voice]: closure voicing.
Laryngeal The privativity of laryngeal features [Voice]: prevoicing
d and the robust connection between privative [voice], [spread glottis] ' s d
realism [spread glottis]: aspiration

features and acoustic signal

Table 2.2 Summary of theoretical models of voicing
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2.3. The production of voicing

The production of a stop can be described as a sequence of articulatory movements that lead
to several acoustic signals. This includes making a constriction in the oral cavity, maintaining
the constriction for a period of time, and releasing the constriction, respectively (Stevens,
2000). Accordingly, the main component of this process is the airflow that escapes out of the
lungs and passes through the larynx to the oral cavity. The place of the constriction
distinguishes the categories of the stops and generates the acoustic difference between them in
terms of temporal and spectral correlates. The acoustic and aerodynamic differences between
stops with different places of articulation are caused by the changes in the vocal tract

configuration.

S i

he

lem

Figure 2.3 The production of stops based on the place of constriction (Adopted from Stevens,
2000, p. 325)

As shown in figure 2.3, the constriction is made by the lips in bilabial stops, by the tip
of the tongue in alveolar stops, and by the back of the tongue in velar stops. Such articulatory
movements might be simple in their structure, but they are complex in terms of their acoustic
consequences. The closure period, if the vocal folds do not vibrate, is a complete silence in
terms of acoustics, and it is a time to build up the pressure behind the constriction in the oral
cavity in terms of aerodynamics. The soft palate rises during this period to prevent the air
from escaping through the nasal cavity (Hayward, 2014). Building up the pressure leads to the
release phase whereby the hold phase ends and is followed by a burst of noise that differs in
its duration and intensity based on the place of the constriction and the timing of the voicing
onset of the following vowel. Understanding the physical mechanism of voicing and
aspiration production is key for the investigation of the acoustic properties of voicing. The
importance of the articulatory and aerodynamic conditions for voicing initiation and
sustainability stems from the fact that they provide the basic explanation behind the variations
in the acoustic quality and quantity of voicing (Stevens, 2000; Jansen, 2004). Vocal fold

vibration is the main articulatory
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event in the production of voicing. The manipulation of this event has important
consequences in the production of VVoiced and Voiceless stops in terms of aerodynamics,
articulation, and hence acoustics. The vocal folds are contained within the larynx, which is
basically formed of two cartilage structures: the cricoid and the thyroid (figure 2.4). Many
studies have offered varied explanations for when, and to what extent, the vocal folds are
likely to vibrate and thus satisfy the required aerodynamic and articulatory conditions for
initiating voicing during the hold phase of a stop (van den Berg, 1958; Westbury, 1983;
Ohala, 1997; Westbury and Keating, 1986). For voicing to be initiated, there must be a degree
of tension in the vocal folds and a difference, about twice as large, between subglottal and
supraglottal air pressure (Baer, 1975). Such a difference allows the air coming from the lungs
to flow through the vocal folds, causing the vibration to occur.

The challenging part, however, is maintaining the vibration in the production of
Voiced stops since the air pressure difference will be reduced due to the closure of the oral
cavity and the increased air pressure above the glottis. Cavity enlargement is the main
solution to maintain the transglottal air pressure difference, and thus facilitates voicing.
Various articulatory mechanisms for cavity enlargement have been described in the literature
including tongue root advancement, larynx lowering, soft palate raising, and pharyngeal
expansion (Perkell, 1969; Westbury, 1983; Keating, 1984; Ohala, 2011; Sole, 2011).
Differences in the articulatory nature of voicing initiation and maintenance mechanisms result
in variations in the acoustic signals, and hence the voicing contrast patterns among languages
occur.

In terms of aspiration, Lisker and Abramson (1964) defined aspiration as a delay in
the onset of voicing for a following vowel. Kim (1970) proposed a different definition of
aspiration and mentioned that it is associated with a spread glottis configuration in the larynx,
resulting from a glottal opening. Simply put, after the stop’s release, during the movement of
vocal folds beginning to come together for the production of voicing of the following vowel,
the air that is passing through the vocal folds prior to the glottal tension is perceived by the
listener as aspiration (lverson and Salmons, 1995). Kim (1970) states that “it seems to be safe
to assume that aspiration is nothing but a function of the glottal opening at the time of release.
This is to say that if a stop is n degree aspirated, it must have an n degree glottal opening at
the time of release of the oral closure” (Kim 1970, p. 111). Later, various studies showed that
aspiration is not only a consequence of a delay of voice onset (Cho and Ladefoged, 1999), but
that it is a correlate contributing to the categorisation of voicing contrast among languages
(Ladd and Schmid, 2018). Regarding another related issue, Kingston and Diehl (1995)

emphasized the effect of word position and stress on the glottal opening in English. They state
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that “Glottal opening is simply smaller inter-vocalically than initially and before unstressed
than before stressed vowels, and this smaller opening leads to shorter voicing lags (VOTs)
and thus less aspiration” (Kingston and Diehl, 1995, p. 431). Thus, it could be assumed that
[spread glottis] is active in the phonological system of English but only fully implemented in

foot-initial position (Iverson and Salmons, 1995).

Thyroid cartilage
Cricothyroid
muscle

FRONT
Vocal folds

Cricoid Glottis

cartilage

Trachea

Figure 2.4. The structure of the larynx and the vocal folds (from Ashby and Maidment, 2005,
p. 23)

An argument for the differentiation of languages with voice lead/short lag distinction
and languages with short/long lag distinction is that voicing and aspiration have different
articulatory mechanisms (Keating, 1990). This supports [spread glottis] as a feature
specifying the laryngeal contrast in aspirating languages. It is worth mentioning that voicing
is an extra event that in addition to the stop’s closure which requires more articulatory
adjustments. The differences between VOT patterning across phonetic contexts are based on
the articulation and aerodynamic processes and how the stop maintains its characteristics. In
initial and final positions, the required air pressure difference for vocal fold vibration
diminishes early before the release in case of initial stops, and quickly after the onset of the
closure in case of final stops (Westbury and Keating, 1986). The extra effort to maintain
voicing in initial and final positions gives a robust indication of the behaviour of the language

in terms of its classification as voicing or aspirating language.

2.4. Acoustic correlates of the voicing contrast
Previous studies focusing on the empirical basis of phonological features have documented

that each phonemic contrast has several acoustic correlates. Perceptual studies, using
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synthetic stimuli, have shown that listeners’ judgments vary as a result of manipulating these
correlates (Abramson and Lisker, 1970; Williams, 1977; Flege and Hillenbrand, 1987; Chen,
1970). These studies also demonstrate the effectiveness of gradient data in enhancing our
understanding of the voicing contrast (Kohler, 1984; Keating, 1984; Kingston and Diehl,
1995; Iverson and Salmons, 1995; Jessen, 2001). This section revisits the acoustic correlates
of voicing contrast in stops across aspirating and voicing languages and discusses the
association between these correlates and their phonological representations. Upon inspection
of the theoretical models of voicing, Jessen’s model (2001) provides a detailed acoustic
description of the correlates that are expected to signal the distinction between Voiceless and
Voiced stops in aspirating and voicing languages. This study adopts Jessen’s model but also
expands the scope to additional correlates proposed in the literature, to account for the
contrast in various positions within the word and the utterance in Najdi Arabic. The very few
previous accounts of Najdi Arabic discussed the presence of both prevoicing and aspiration in
initial position but did not examine other contexts and processes. The participation of the
privative features [voice] and [spread glottis] the phonological processes, along with their
acoustic signal associations across various contexts, form the basic experimental analysis
upon which the present study is built.

In the acoustic literature, the opposition between Voiced and Voiceless stops is cued
by multiple temporal and spectral correlates. Some of the acoustic properties are found in the
stop itself and some in the preceding or following vowels. Temporal correlates include Voice
Onset Time (VOT), closure duration, voicing in the closure, preceding vowel duration,
following vowel duration, and release burst duration. Spectral correlates include fundamental
frequency (f0) and the frequency of the first formant (F1) at the onset of the following vowel
and at the offset of the preceding vowel, the amplitude of the first and second harmonics (H1-

H2) of the preceding vowel, and release burst intensity.

2.4.1. VOT and laryngeal features with respect to positional variations

VOT, defined as the time between the release of a stop and the onset of the laryngeal
vibration, has been found to be a crucial correlate to distinguish Voiced and Voiceless stops in
voicing and aspirating languages (Lisker and Abramson, 1964). Lisker and Abramson
investigated stops in prevocalic utterance-initial position in eleven languages and concluded
that VOT could be grouped into three categories: prevoiced stops produced with voicing lead
(voicing begins before the release, negative VOT: -100 ms), unaspirated voiceless stops
produced with short lag (voicing starts immediately after the release: 0-25 ms), and aspirated

stops produced with long lag (voicing begins after the release, positive VOT: above 60). In
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their study, they found that languages could be grouped into three categories: 1) languages
with a two-way contrast have prevoiced stops and unaspirated voiceless stops, as exemplified
in voicing languages, such as Tamil and Spanish; 2) languages with a two-way contrast have
unaspirated voiceless stops and aspirated stops, as noted in aspirating languages, such as
American English and Cantonese; and 3) languages with a three-way contrast have the three
VOT categories, such as in Thai and Eastern Armenian. Numerous studies have followed
Lisker and Abramson’s proposal investigating the VOT dimension and its usefulness in
differentiating stop categories. The reason behind such focus on VOT in the previous research
is to precisely address the phonetic characteristics of voicing contrast across languages and
how they are represented in the laryngeal system. Lisker and Abramson’s VOT categories
were effective in addressing the contrast in many languages. For example, most Germanic
languages contrast Voiceless unaspirated stops with aspirated stops (English: Flege, 1982;
Smith 1978; German: Jessen, 1998), while many Romance and Slavic languages contrast
prevoiced stops with unaspirated voiceless stops (Spanish: William, 1977; Portuguese: Jesus
and Hall, 2010).

However, a growing number of studies have shown that VOT-patterns in some
languages flout the traditional VOT typology. For example, it has been found that word-initial
stops in sentence-medial position are realised with prevoicing in some aspirating languages
(English: Docherty, 1992; Flege, 1982; Davidson, 2016) and Voiceless stops are produced in
initial position with aspiration in some voicing languages (Najdi Arabic: Flege and Port,
1981; Al-Gamdi et al., 2019; Qatari Arabic: Kulikov, 2020; Turkish: Feizollahi, 2010;
Norwegian: Ringen and Dommelen, 2013). Other studies have shown that Voiced stops in
aspirating languages in medial position were realised with voicing in the hold phase
(Beckman et al., 2013; Jessen 2001). Table 2.3 below presents mean VOT values for
utterance-initial stops in aspirating languages, voicing languages, and asp-voice languages

(show prevoicing and long lag aspiration).
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Mean of Mean of

Language type language o o Reference
aspiration  prevoicing
Aspirating German 75 21 Jessen (1998)
English 107 14 Kessinger and Blumstein
(1997)
Voicing Russian 20 -74 Ringen and Kulikov (2012)
Dutch 19 =77 Van Alphen and Smits (2004)
Spanish 14 -94 Dmitrieva et al. (2015)
Asp-voice Swedish 75 -108 Beckman et al. (2011)
Qatari 55 -76 Kulikov (2020)
Turkish 41 77 Unal-Logacev et al. (2018)

Table 2.3. Mean VOT values for utterance-initial stops in some aspirating, voicing, and asp-
voice languages.

To address such complexity, it is crucial to discuss the positional variation of VOT
considering phonologically motivated voicing (active) and the phonetically motivated voicing
(passive) and how these are implemented with respect to laryngeal feature specification. As
noted earlier in chapter 1, two different views have been postulated about the laryngeal
features that describe voicing contrast across languages. Some studies have argued that the
voicing contrast is specified by the binary feature [+voice] in both aspirating and true voice
languages (Keating, 1984, Kingston and Diehl, 1995; Wetzels and Mascaro, 2001). However,
in privative models (Iverson and Salmons, 1995; Honeybone, 2005; Beckman et al., 2013;
Jessen and Ringen, 2002), the binary feature [£voice] is argued to not sufficiently describe the
voicing contrast in aspirating languages. The motivation behind this view is the assumption
that the presence of active voicing (voicing lead) indicates the presence of the feature [voice],
while the presence of active devoicing (long lag), indicates the presence of the feature [spread
glottis]. Accordingly, in aspirating languages such as English and German, Voiceless stops
are specified with the feature [spread glottis], while Voiced stops are unspecified [@]. On the
other hand, in voicing languages such as Russian and Spanish, Voiced stops are specified with
the feature [voice], while Voiceless stops are unspecified [@D]. This pattern of laryngeal
feature specification seems straightforward in utterance-initial position.

Voicing in intervocalic position is assumed to be complicated but still informative for
determining what features are active in the laryngeal system. A number of studies have
examined the acoustic features of VOT in intervocalic stops in aspirating and voicing
languages. It has been found that Voiced stops (short lag) in aspirating languages were

realised with passive voicing during the closure in intervocalic position (Keating, 1984;
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Lisker, 1986; Beckman et al., 2013; Ringen and Kulikov, 2012; Jansen, 2004). However, the
quality of the passive voicing is not acoustically equal to that of the active voicing which
occurs in intervocalic Voiced stops in voicing languages in which the former, unlike the latter,
shows an amplitude drop during the hold phase (Beckman et al., 2013; Ringen and Kulikov,
2012). These findings support the usefulness of privative models of features in describing the
voicing contrast in aspirating and voicing languages. The primary observation, that in
aspirating languages, intervocalic Voiced stops are passively voiced, has led to the conclusion
that stops with no laryngeal specification are prone to phonetically motivated processes.
Accordingly, Voiceless stops in voicing languages should analogously exhibit passive voicing
in intervocalic position. Yet interestingly, it has been found that Voiceless stops (short lag) in
some voicing languages, which are meant to be unspecified, do not always have passive
voicing in this position such as Russian (Ringen and Kulikov, 2012; Beckman et al., 2013). It
has also been found that unspecified stops in some aspirating languages like Mandarin and
Danish (Jessen, 2001) do not undergo passive voicing inter-vocalically (Deterding and Nolan,
2007).

To counter these arguments, Beckman et al. (2013) proposed a numerical specification
in which laryngeal features are assigned different numerical values (1 means inactive, 9
means highly active); these values are language-specific (see table 2.4). In their analysis,
Beckman et al. note that, in voicing languages, the phonologically specified stops (Voiced)
receive a high numerical value [9voice] whereby the phonologically unspecified stops
(Voiceless) become [1voice]. Similarly, for aspirating languages, the Voiceless stops (long
lag) will be specified with the feature [9spread glottis], whereby the phonologically
unspecified Voiced stops (short lag) become [1spread glottis]. In this analysis, passive voicing
is a phonetic process, and “such phonetic processes cannot change a numerically specified
phonological feature” (Beckman et al., 2013, p. 280). Therefore, for passive voicing to occur
in a stop, 1) the stop should lack a [voice] value and, 2) it should not receive a high numerical
value of [spread glottis]. Accordingly, intervocalic Voiceless stops in Russian do not undergo
passive voicing because of the [1voice] value. Similarly, they do not exhibit passive voicing
in Icelandic due to the relatively high numerical value of the [Sspread glottis], resulting from

a language-specific feature (great glottal width).
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Aspirating languages

German type
Fortis [9sg] [ voice] Passive voice cannot apply, glottal width too great

Lenis [1sg] [@ voice] Passive voice applies, small glottal width, no
numerical specification for [voice]

Icelandic type
Fortis [9sg] [@ voice] Passive voice cannot apply, glottal width too great

Lenis [5sg] [© voice] Passive voice cannot apply, glottal width too great

True voice languages

Russian
Fortis [1voice] [@ sg] Passive voice cannot apply; phonetic rules do not
change numerical specifications
Lenis [9voice] [ sg] Active voice

Table 2.4. Numerical values of laryngeal features (adopted from Beckman et al., 2013, p. 281)

The previous paragraphs provide a brief review of the laryngeal contrast in voicing
and aspirating languages in utterance-initial and intervocalic stops, and it is seen that the
distinction between voicing and aspirating languages is maintained in these two positions.
The challenge is to establish how this distinction is applied in utterance-final stops, a
phenomenon which receives little attention in the preceding literature (Jansen, 2004; Iverson
and Salmons, 2011). Operating under the assumption there should be some degree of
consistency across phonetic contexts in terms of voicing contrast in a language, that is, if
Voiced stops in a voicing language are prevoiced in initial position and actively Voiced in
intervocalic position, it could be further assumed that they would be actively Voiced in final
position, as well. However, due to the possibility of laryngeal neutralisation or final devoicing
processes, it has been found that stops in final position behave differently in voicing and
aspirating languages. Furthermore, it has been shown that voicing and aspirating languages
use other acoustic correlates instead of, or in addition to, VOT (e.g. French: release burst
properties, English: preceding vowel duration) to mark the laryngeal contrast in final position
(Flege and Hillenbrand, 1987; Mack, 1982).

Views on the behaviour of voicing and aspirating languages in marking the laryngeal
contrast in final position raise important points. It seems reasonable and possible to use the
numerical specification approach proposed by Beckman et al. (2013) to address the acoustic
variation in VOT in stops across the phonetic context. That is, stops in initial position in
stressed syllables will receive a higher numerical value than stops in unstressed syllables or
final position. Hence, VOT in stops with low numerical value could be affected by the
devoicing process. In such cases, other correlates would be used to signal the voicing

distinction besides, or as alternatives to, VOT.
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2.4.2 Languages with prevoicing and aspiration and their phonological specification

As highlighted in the previous section, some languages contrast prevoiced with aspirated
stops in initial position. This unusual pattern has been found in a number of languages that are
generally proposed to be either voicing or aspirating languages (Najdi Arabic: Flege and Port,
1981; Al-Gamdi et al., 2019; Swedish: Beckman et al., 2011; Qatari Arabic: Kulikov, 2020;
Turkish: Unal-Logacev et al., 2018; Norwegian: Ringen and Dommelen, 2013). The VOT
pattern in these languages posits a challenge to the VOT categorisation of voiceless stops to
short and long lag (Lisker and Abramson, 1964; Keating, 1984). This led some researchers to
propose the possibility of intermediate VOT categories that take a middle position between
short and long lag aspiration (Cho and Ladefoged, 1999). Cho and Ladefoged (1999)
presented VOT values for a number of languages which show intermediate level and argued
against the discreteness of VOT categories proposed in Keating’ model (1984). Moreover,
researchers differ in terms of determining the values of the intermediate VOT category. Some
researchers followed the original categorisation of Lisker and Abramson (1964) and set the
values of intermediate VOT between 25-60 ms such as Riney et al. (2007). Rafael et al.
(1995) considered 30-50 ms to be the range of intermediate VOT. Keating (1984) proposed
the {vl.unasp} stops to be 0-35 ms.

Most of the previous studies that looked at languages with two-way contrast which
show prevoicing and aspiration focused only on initial stops and did not go further by looking
at the manifestation of VOT in various contexts nor account for the behaviour of stops in
phonological processes. In the following paragraphs, I present three studies that did expand
the scope of the investigation of languages with such a pattern by considering various
contexts or examining a phonological process.

Ringen and Dommelen (2013) investigated prevoicing and aspiration in Voiced and
Voiceless stops in Norwegian in three contexts: utterance-initial, intervocalic, and utterance-
final considering different places of articulation and different vowel contexts. The results for
utterance initial stops showed that 63% of Voiceless stops were produced with long lag
aspiration around 52 ms whereas 37% of Voiced stops were produced with prevoicing around
-75 and 63% were produced with short lag aspiration 17 ms. The results for intervocalic stops
showed that the majority of VVoiced stops were produced with 93% voicing in the closure
while the voiceless stops were produced with short lag aspiration 17 ms. For utterance-final,
the results showed that the majority of VVoiced stops were produced with 86% voicing in the
closure and with release duration around 106 ms. For Voiceless stops, they were produced
with aspiration around 173 ms. Based on the acoustic results, Ringen and Dommelen

proposed that the voicing system of Norwegian showed features of both aspirating and
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voicing languages. The occurrence of long lag aspiration in initial position indicates the
presence of [spread glottis] whereas the presence of robust voicing in intervocalic and final
stops indicate the presence of [voice]. They also proposed that there is maybe an ongoing
change in Norwegian’s voicing system moving towards the aspirating languages because of
the high percentage of devoicing in the Voiced stops in initial position.

Beckman et al. (2011) investigated the manifestation of prevoicing and aspiration in
Swedish and draw some phonological conclusions based on speech rate effects. The target
words included stops in initial position with different places of articulation and different
vocalic contexts. They were produced at different rates (isolation, slow, fast). VVoiced stops
were produced with prevoicing: around -79 ms in fast rate and -107 in slow rate. The labial
stops showed higher values of prevoicing than coronals and velars. As for Voiceless stops,
they were realised with aspiration: around 56 ms in fast speech and 74.5 ms in slow speech.
Stops in all places of articulation were produced with aspiration while the velars showed the
highest values. A similar study that looked at prevoicing and aspiration in word-initial
position in Qatari Arabic was carried out by Kulikov (2020). The results revealed that VVoiced
stops were realised with prevoicing and Voiceless stops with long lag aspiration; both were
lengthened in response to slowing the speech rate (Kulikov’s study is reviewed in Chapter 3
when discussing the modern dialects of Arabic). The study of Swedish (Beckman et al., 2011)
and Qatari Arabic (Kulikov, 2020) are important for the present study because they looked at
the speech rate effect as a tool to draw phonological implications. The VOT means for

Swedish and Qatari stops are presented below.

Voiceless Voiced

slow fast slow fast
Qatari 55 66 -76 -63
Swedish  74.5 55.8 -107.9 -78.5

Table 2.5 Mean VOT for Voiceless and Voiced stops in Qatari and Swedish in slow/fast
speech rates.

The results of the aforementioned analysis of Norwegian, Swedish, and Qatari are
very important for the present study. The study of Ringen and Dommelen showed VOT
manifestation in various contexts which allow for proposing more accurate phonological
analysis. The studies of Beckman et al. (2011) and Kulikov (2020) employed speech rate
effect as a tool to test the phonological specification in prevoiced and aspirated stops.

The acoustic manifestation of VOT in languages that contrast prevoiced and aspirated
stops is at the core of the phonetic and phonological analysis of the current study. The

examination of this pattern might provide crucial findings for the interactions between
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distinctive features and phonetic reality. Most of the accounts for this pattern in the previous
literature did not go beyond the acoustic measurement of prevoicing and aspiration in certain
contexts. Little attention was paid to applying more in-depth analysis by looking at the
behaviour of stops in various contexts in different phonological processes and interpreting the
results in the light of the phonological specification. To examine specification in a laryngeal
system, Jessen (1998, 2001) proposed the concept of contextual stability or relational
invariance which emphasizes the consistency of robust voicing or long lag aspiration in the
majority of contexts to be indicative of the presence of [voice] and [tense] (or [spread
glottis]), respectively. Keating (1984) and Kohler (1984) proposed the rarity of such a pattern
in languages with two-way contrast. Halle and Stevens (1971) discussed moderate aspiration
only in languages with three-way contrast such as Korean. In this study, I aim to analyse
prevoicing and aspiration in Najdi Arabic with a detailed acoustic and statistical investigation

across different sources of variability taking into account various phonological processes.

2.4.3 VOT interactions with linguistic factors

It is well established that VOT is sensitive to various linguistic factors which are implemented
because of language-specific characteristics (Docherty, 1992; Cho and Ladefoged, 1999). The
place of articulation is one of the factors that evidently affects VOT cross-linguistically (Cho
and Ladefoged, 1999).

In Voiceless stops, it has been found that there is a tendency for velar stops to have
longer VOT (aspiration). Generally, the VOT increases as the place goes back in the mouth.
These results have been found with some variability in aspirated stops in aspirating languages
such as English (Caramazza et al., 1973; Klatt, 1975; Suomi, 1980; Docherty, 1992; Nearey
and Rochet, 1994; Yao, 2009), and German (Jessen, 1998). It has also been found in voicing
languages such as French (Abdelli-Beruh, 2009), Spanish (Rosner et al., 2000), Portuguese
(Lousada et al., 2010), and Arabic (Yeni-Komsh et al., 1977). This pattern is also found in
Swedish which is proposed to have prevoicing and aspiration (Helgason and Ringen, 2008).
For Voiced stops, if they are realised with aspiration in aspirating languages, they follow the
same pattern found in aspirated stops in which the duration of VOT increases as the place
goes back in the mouth. Such a result has been found in English (Klatt, 1975; Zue, 1976;
Docherty, 1992), and German (Jessen, 1998). In terms of prevoicing in voicing languages, the
duration of pre-voicing, unlike aspiration, decreases as the place goes back in the mouth. Such
a result is found in French (Jacques, 1984), Polish (Rojczyk, 2009), and Spanish (Lisker and
Abramson, 1964).
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Several proposals have been put forward in the literature to explain the reasons behind
the impact of place of articulation on the duration of pre-voicing and aspiration. For
aspiration, the size of the front cavity in case of /k/ leads to more air pressure behind the
constriction which consequently means more time for the decreasing of the trans-glottal
pressure necessary to initiate voicing for the following vowel (Cho and Ladefoged, 1999). For
prevoicing, however, Ohala (1983) claimed that the expansion of the vocal tract needed to
maintain the pressure difference between subglottal and supraglottal air is the main reason for
longer prevoicing in bilabial stops than in alveolar and velar stops. That is, /b/ has more
forward place of articulation hence a bigger oral cavity which leads to a greater chance of
maintaining voicing through expansion of vocal tract. Such a claim has been found to be the
case in both initial and intervocalic stops (Keating, 1984).

One of the contextual factors that affect VOT or the duration of pre-voicing and
aspiration is the quality of the following vowel. Some early studies that focused on VOT
concluded that there was no interaction between VOT and the quality of the following vowel
(Lisker and Abramson, 1967). However, later, many studies showed a robust interaction
between VOT and the quality of the following vowel (Klatt, 1975; Smith, 1978; Port and
Rotunno, 1979; Weismer, 1979; Flege et al., 1998) in which that VOT is longer before high
and tense vowels than before low vowels; this is found in Voiced and Voiceless stops in
aspirating languages such as English (Docherty, 1992; Smith, 1987; Klatt, 1975) and German
(Jessen, 1998). A similar vowel impact on VOT was found in some voicing languages
including Arabic (Yeni-Komshian et al., 1977) and Italian (Esposito, 2002). This interaction
is explained in the literature in terms of aerodynamics and physiology. It has been proposed
that high vowels are articulatorily associated with a larger oral cavity, which is not the case
for low vowels. Accordingly, for the voicing to be initiated, more time is needed for the
supra-glottal air pressure to drop in the case of high vowels, which leads to more time for
VOT. (Smith, 1978; Ohala 1983).

There are several other linguistic factors that were found to have an impact on VOT.
The syllable structure is found to play a role in VOT variations such that VOT is longer in a
monosyllabic word than in bi-syllabic words (Lisker and Abramson, 1967; Klatt, 1975; Flege
et al., 1998). The speaking style in which the target words are produced has an impact on
VOT values. The speaking style includes words in isolation, in a sentence, and in
spontaneous speech. It has been found that the VOT of stops produced in isolated words is
longer than those produced in a sentence context (Lisker and Abramson, 1967). Moreover,
stops produced in words in spontaneous speech have shorter VOT than the ones produced in

isolation (Theodore et al., 2009; Gosy, 2001). One of the factors that might affect VOT values
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is stress. It has been claimed that stops produced in a stressed syllable have longer VOT than
those produced in an unstressed syllable for both Voiced and Voiceless stops (Klatt, 1975;
Jacques, 1987; Kahn, 1976; Lavoie, 2001; Al-Tamimi and Khattab, 2018).

2.4.4. Other acoustic correlates of voicing contrast

Various studies focusing on the voicing contrast in stops across and within languages have
shown that multiple acoustic correlates are employed to mark this contrast in aspirating and
voicing languages. (Slis and Cohen, 1969; Ohde, 1984; Kingston and Diehl, 1995; Jessen,
2011). It has also been found that there is a trade-off relationship between some of these
correlates whereby the weakness of a correlate is a by-product of the strength of the other and
vice versa (Haggard et al., 1970; Coetzee et al., 2018). It is worth mentioning, too, that these
correlates differ across phonetic contexts (Jessen, 2001; Lousada et al., 2010). Considering
the aforementioned points, the following paragraphs offer a brief discussion of other acoustic
correlates associated with the voicing contrast in the previous literature and how they
mutually enhance the laryngeal contrast in aspirating and voicing languages.

Voiced stops are realised with weaker release burst than Voiceless stops in both
aspirating and voicing languages (Halle et al., 1957; Zue, 1976). It has also been found that
release burst duration is affected by phonetic context in that both Voiced and Voiceless stops
have longer burst duration word-initially than in medial and final positions (Lousada et al.,
2010; Lavoie, 2001). Among perceptual studies, it has been proposed that the role of the
release burst is crucial in signalling the distinction between Voiced and Voiceless stops in
final position, and some studies have shown a distinction between aspirating and voicing
languages in that regard. For example, French listeners (a voicing language) rely on the
release burst in their judgement of final stop voicing, whereas English listeners (an aspirating
language) use the duration of the preceding vowel to signal the contrast. Different
interpretations have been proposed to clarify the relationship between the voicing contrast and
the release burst. It has been demonstrated that the strong and long release burst in Voiceless
stops is a by-product of the relatively high pressure in articulating the constrictions (van
Alphen and Smits, 2004).

The preceding vowel duration has been proposed in the literature as a correlate for
voicing contrast in postvocalic and intervocalic stops whereby vowels before Voiced stops
tend to be longer than vowels before Voiceless stops (Chen, 1970; Alghamdi, 1990; Kluender
et al., 1988; Luce and Charles Luce, 1985). It has been found that this difference is not
universal and some languages such as Arabic showed no significant effect of voicing on the

preceding vowel duration (Mitleb, 1984; Munro, 1993; De Jong and Zawaydeh, 2002; Al-
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Gamdi, 2013). De Jong and Zawaydeh (2002) posited that vowels in Arabic is different from
English in that the vowel contrast in the former robustly depends on duration. Accordingly,
they concluded that voicing effect is inhibited to retain the quantity contrast.

Some studies have shown that preceding vowel duration is opaque for several reasons.
The correlation between closure duration and the duration of the preceding vowel shows an
inverse relation in that if the former is long the latter is short, and vice versa (Kohler, 1984;
Kluender et al., 1988). Thus, it could be suggested that the preceding vowel duration is
dependent on the closure duration and, consequently, is not an important correlate for
marking the voicing contrast if operating under the assumption that the duration of the closure
is language-specific (Lehiste, 1970). However, the study of French and English final stops by
Flege and Hillenbrand (1987), as cited above, found that English speakers, unlike French
speakers, employ preceding vowel duration as a cue in their judgments, which is an indication
that speakers of aspirating languages use temporal cues more than speakers of voicing
languages (Jansen, 2004). On the other hand, it could be proposed that speakers of voicing
languages employ spectral cues relatively more than speakers of aspirating languages, and
there is reason to assume this is the case, specifically where other spectral correlates, such as
voicing in the closure, are typically used by speakers of voicing languages but not by
speakers of aspirating languages.

Closure duration has been found to mark the distinction between Voiceless and
Voiced stops in aspirating and Voicing languages in which closure duration for Voiceless is
longer than for Voiced stops. (Lisker, 1957; Kohler, 1984; Jacques, 1980). The results of
various studies showed variation depending on the speaking style. The difference is relatively
larger in isolated words than in words produced in sentences (Chen, 1970). It has also been
proposed that the difference in closure duration is salient and can be perceived by listeners in
perception studies (Slis and Cohen, 1969). Jessen (1998), however, found the opposite pattern
for German in word-medial stops in which closure duration for Voiced was significantly
longer than for Voiceless. This led Jessen to postulate that closure duration is an ambiguous
correlate in aspirating languages due to the possibility of interaction between closure duration
and aspiration duration. That is, closure duration might be reduced as an enhancement for the
perception of aspiration duration (Jessen, 2001). This pattern has been found in Danish in
which closure duration for Voiced is longer than for Voiceless stops (Hutters, 1985). Based
on these results, it can be postulated that closure duration difference in voicing languages is
more stable than in aspirating languages because of the lack of aspiration in the former and its

presence in the latter (Jessen, 2001).
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The following vowel duration has been considered in the literature as a correlate for
the distinction between Voiced and Voiceless stops in prevocalic and intervocalic positions. It
has been found that vowels after Voiced stops are longer than vowels after Voiceless stops in
both aspirating and voicing languages. This distinction has been found in English (Allen and
Miller, 1999), in French (Fischer-Jorgensen, 1968), in Ghamidi Arabic (Alghamdi, 1990), and
in Lebanese Arabic (Al-Tamimi and Khattab, 2018). The explanation of this correlate is
straightforward in terms of the trade-off relationships between correlates, as noted earlier.
That is, it is expected that aspiration, in aspirated stops, causes reduction of the following
vowel duration, which is not the case in Voiced stops where the release phase is shorter and
weaker. Such a difference could be interpreted with respect to saliency and perceptibility in
that the shortness of the following vowel duration makes aspiration more perceptible by the
listener (Jessen, 2001). By proposing an interaction between aspiration and the following
vowel duration, it is problematic to assume the same pattern to occur in voicing languages in
which Voiceless stops are unaspirated. It could be assumed that in the case of voicing
languages, the effect on the duration of the following vowel is not as evident as in aspirating
languages. Such an assumption is supported by some studies such as the work of Iwata and
Hirose (1976) on Mandarin.

It has been proposed for decades that voicing contrast in many languages is cued by a
difference in the fundamental frequency (F0) of a following vowel (House and Fairbanks,
1953; Lehiste and Peterson, 1961). The distinction can generally be identified as the
fundamental frequency being higher after Voiceless stops than after Voiced stops. This
distinction has also been reported in the vowel preceding the stop but to a lesser extent
(Jansen, 2004; Kingston and Diehl, 1995). The difference in FO in response to voicing in most
studies does not exceed 30 Hz for female speakers (Jansen, 2004). The connection between
FO and aspiration is proposed based on an aerodynamic explanation. It has been assumed that
aspiration triggers the rise of FO in the onset of the following vowel in which the high airflow
associated with aspiration and glottal opening induces increased FO values (Ohala, 1983;
Stevens, 2000). This distinction is found in aspirating languages such as German (Jessen,
1998), Cantonese (Zee, 1980), English (Kingston and Diehl, 1995). It has been found also in
languages with a three-way stop system such as Korean (Bang et al., 2018) and Madurese
(Misnadin et al., 2015). Moreover, some studies show a connection between closure voicing
and the lowering of FO in the onset of the following vowel, as explained through the
progressive impact of vocal folds’ tension (during closure voicing production) on the FO
(Halle and Stevens, 1971; Hombert et al., 1979). Some other recent studies proposed that the

lowering or raising of FO is an active gesture and not a product of closure voicing or
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aspiration, respectively (Jessen and Roux, 2002; Chen, 2011). That is, the lowering/raising of
FO might be phonologically motivated. Kirby and Ladd (2016) investigated CFO (consonant-
induced FO0) in two voicing languages: French and Italian. The results revealed that FO was
lowered following Voiced stops but was raised after Voiceless stops. This finding contradicts
the prediction of laryngeal realism in which unspecified stops should not show any active
gestures including FO raising. Kirby and Ladd (2016) further argue that FO lowering/raising
should not be linked to the presence or absence of phonological specification and should be
considered as a phonetic enhancement and a language-specific approach.

However, operating under the assumption of laryngeal realism, it could be inferred
that the raising of FO after aspirated stops is a by-product of aspiration (aspirating languages)
whereas the lowering of FO after prevoiced stops is a by-product of closure voicing. In terms
of languages that are proposed to contrast prevoiced and aspirated stops such as Swedish
(Beckman et al., 2011), Najdi Arabic (Flege and Port, 1981; Al-Gamdi et al., 2019), and
Qatari Arabic (Kulikov, 2020), it could be suggested that the difference in FO value might be
greater (due to having both aspiration and closure voicing which are assumed to be the
reasons for FO raising and FO lowering based on the articulatory justification, respectively) in
comparison to aspirating languages (unaspirated/aspirated distinction) and to voicing
languages (prevoiced/unaspirated distinction).

F1 frequency at the onset of the following vowel and the offset of the preceding
vowel is another spectral parameter closely similar to F0, as a cue for the distinction between
Voiced and Voiceless stops. Roughly speaking, F1 is also higher after aspirated stops than
after unaspirated or Voiced stops (House and Fairbanks, 1953; Ohde, 1984; Kingston and
Diehl, 1995; Jessen, 1998). The associations between F0/F1 frequencies and closure voicing
are that they share the same function as low-frequency events (Kingston and Diehl, 1995;
Jansen, 2004). In fact, it has been proposed that low frequency events (FO/F1 frequencies and
closure voicing) robustly signal the voicing contrast in word-initial position more than in
medial position (Kingston et al., 2008). Despite the fact the FO/F1 differentiation signalling
voicing distinction is relatively small across many studies, they contribute to the identification
of stops as Voiced or Voiceless in perception studies (Haggard et al., 1970; Kingston and
Diehl, 1995). It is also noteworthy that the impact has been found to be much more noticeable
in the onset of the following vowel than in the offset of the preceding vowel (Jansen, 2004).
As for F1 lowering, this has been considered as a correlate for active [voice] in that the
articulatory adjustments to maintain voicing, such as larynx lowering and vocal tract

expansion, result in F1 onset lowering (Jessen, 2001).
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One of the correlates that captures the voicing contrast in stops is a difference between
the amplitude of the first and second harmonic (H1-H2). It is found that H1-H2 is higher after
Voiceless stops than after Voiced stops (Jessen, 2001). The high value of HI-H2 is a
consequence of breathy voice (Stevens and Hanson, 1995; Klatt and Klatt, 1990). It also has
been proposed that there is a robust connection between aspiration and the rise of H1-H2
value as both are associated with the same gesture which is glottal opening (Jessen, 2001).
This correlate has been found in aspirating languages such as English (Chapin Ringo, 1988)
and German (Jessen, 1998). Surprisingly, some studies showed that H1-H2 is higher after
Voiceless stops in voicing languages as well. This distinction has been found in Italian and
French (Ni Chasaide and Gobl, 1993). However, the difference was much smaller than the
difference found in German and English, suggesting that low H1-H2 is associated with
[voice] in case of voicing languages and high H1-H2 is associated with [spread glottis] in case
of aspirating languages.

This section provides a brief review of the temporal and spectral acoustic correlates
that signal the distinction between Voiced and Voiceless stops with special focus on the
difference between aspirating and voicing languages. The nature of the variation in acoustic
correlates (continuous data) and their interactions with the phonetic contexts (positional and
prosodic variation) might cause ambiguity in terms of characterising the laryngeal systems
among languages. Accordingly, many attempts have been made to describe the acoustic
correlates in voicing and aspirating languages by taking into consideration the phonological
features that specify voicing contrast and how the interactions between the phonological
representations and the acoustic signal shape the laryngeal systems among languages. One of
the most important findings that has enhanced the usefulness of the acoustic correlates in
identifying the phonetic and phonological aspects of voicing contrast is the mutuality of the
acoustic correlates in marking the distinction (Kingston and Diehl, 1995; Jessen, 2001). The
trade-off relationships between the correlates means that a specific correlate is stronger in a
phonetic context than in any other correlate. The strength of the correlate is determined by
whether it is a consequence of an active articulatory event which implies the presence of an
active phonological feature (Jansen, 2004). Mutual enhancement means that non-basic
correlates simultaneously strengthen the distinction in case the basic correlate is weak due to
co-articulation or aerodynamic or articulatory factors (Kingston and Diehl, 1995; Jessen,
2001).

The importance of the non-basic correlates in terms of their role in signalling the
phonological opposition between Voiced and Voiceless stops is that they enhance the

distinction which accordingly means they are parts of the phonetic manifestation of the
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distinctive features specifying the contrast (Jessen, 2001; Kingston and Diehl, 1995).
Therefore, acoustic correlates have been linked to the phonological features because they
provide the information needed to confirm whether the stop is phonologically specified or not.
Perception experiments have confirmed this claim by emphasizing the impact of the acoustic

correlates on listeners’ judgments.

2.5 Conclusion
In this chapter, I reviewed the literature on the phonetic and phonological aspects of voicing
contrast. The theoretical models of voicing were presented, and their theoretical assumptions
were discussed in the light of the key aspects of the current study. Phonological processes that
involve voicing contrast were discussed, as well, including speech rate effect, final devoicing,
and regressive voicing assimilation. The articulation process and the acoustic correlates that
signal the distinction between Voiced and Voiceless stops were presented with a special focus
on the phonetic manifestations and the phonological specifications of such a contrast among
languages.

The modern dialects of Arabic show variation in their phonetic and phonological
aspects of voicing contrast. This raises questions about the similarities and the differences
between these dialects and what this variability means with regard to their laryngeal systems.

The next chapter sheds light on the voicing contrast in stops in the modern dialects of Arabic.

58



Chapter 3. Voicing contrast among modern Arabic dialects

This chapter provides a concise description of voicing contrast in stops in modern dialects of
Arabic, which share the same origin of Najdi Arabic, the target dialect of the present analysis.
The importance of showing some aspects of voicing contrast in stops in modern Arabic
dialects is associated with presenting how voicing contrast in Najdi is similar to or different
from other dialects in terms of phonetic cues and phonological features. Despite expected
variation in the findings of the wide range of studies that investigate voicing in Arabic with
different methodologies, it is still possible to find relatively similar results. There are
relatively few studies that focused on voicing contrast in the modern dialects of Arabic in
comparison to other languages. Generally, most of these studies that looked at voicing
contrast focused on the phonetic aspects only without discussing the implications for the
phonology. Until recently, it had been proposed that Arabic shows a voicing language pattern
by contrasting prevoiced and unaspirated voiceless stops (Yeni-Komshian et al., 1977;
Khattab, 2002). Yet, a number of studies that focused on some modern Arabic dialects
revealed a different pattern in which Voiced stops were realised with prevoicing while
Voiceless stops were realised with aspiration that falls within the long lag range (Al-Gamdi et
al., 2019; Alanazi, 2018; Kulikov, 2020). These findings raise questions about the phonetic
and phonological aspects of voicing contrast in the modern dialects of Arabic. The structure
of this chapter is as follows:

Section 3.1 reviews studies that investigated some of the phonetic aspects of voicing
contrast in Arabic. Section 3.2 describes studies that adopted the laryngeal realism approach
and explored the acoustic properties of voicing contrast and discusses their implications for
the phonological representation. Section 3.3 reviews the status of emphatics in the discussions
of specification and the type of voicing contrast (two-way vs three-way contrast). Section 3.4
presents Najdi Arabic with a special focus on its phonetic and phonological aspects as shown
in the previous studies. Section 3.4, finally, sorts out the motivation and rationale for
experimentally investigating voicing contrast in Najdi Arabic and how such an acoustic

analysis reflects on theory.
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3.1 Phonetic aspects of voicing contrast in modern Arabic dialects

Yeni-Komshian et al. (1977) investigated VOT in word-initial Voiced and Voiceless stops in
modern Standard Arabic produced by native Lebanese Arabic speakers. The stops
investigated include: /b/, /d/, /t/, /k/ (/g/ is not found in standard Arabic), followed by the three
vowels that exist in modern standard Arabic (a, i, u). The results revealed that the stops
showed a two-way voicing system with an opposition between prevoiced and unaspirated
stops in the examined places of articulation. The mean VOT values for Voiced stops were -65
for /b/ and -56 of /d/ whereas in Voiceless stops they were 25 ms for /t/ and 28 ms for /k/.
Regarding the effect of the following vowel on VOT, the results showed that prevoicing is
shorter before /i/ than before /a/ and /u/. Aspiration (short-lag), on the other hand, is slightly
longer before /i/ than before /a/ and /u/. Similar findings, with subtle differences, have been
reported for Syrian Arabic which showed a word-initial position contrast between prevoiced
and unaspirated voiceless stops (Radwan, 1996; Jesry, 1996). The work of Khattab (2002),
later, unlike the aforementioned studies, investigated colloquial Lebanese Arabic but again
found that, in the word-initial context, there was a contrast between prevoiced and unaspirated
stops which is the pattern found in voicing languages. Mitleb (2001), however, found that in
Jordanian Arabic the Voiced stop /d/ was realised as unaspirated voiceless stops with mean
VOT around 10 ms whereas /t/ was realised with a longer aspiration but within the range of
short lag as well /t/ = 37 ms. The results showed that VOT was affected by the quality of the
following vowel (VOT is shorter before short vowels than before long vowels).

There are noticeable variations between the results of these studies and there are some
issues, as well. One of the obvious issues is that the participants in some of these studies
(Yeni-Komshian et al., 1977; Radwan, 1996; Jesry, 1996) produced the target words or
sentences using Standard Arabic not their colloquial dialect although the results were
generalised as phonetic aspects of the colloquial dialect. This is problematic considering that
there might be differences between standard Arabic, which is only used in formal contexts,
and colloquial varieties spoken in daily life. There are other issues related to the participants
chosen for the investigation. For instance, the participants in Mitleb’s study (2001) were
university students in an English department which increased the possibility of second
language effects. Another issue regarding the previous studies is that the number of
participants was relatively not sufficient.

Giving that the studies of voicing contrast in modern dialects of Arabic are even fewer
than other languages, studies that discuss VOT in Saudi Arabic are fewer and rare. Alghamdi

(1999) investigated the durational correlates that signal the distinction between Voiced and
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Voiceless stops in Ghamidi dialect, a dialect spoken in the southwestern region of Saudi
Arabia. The stops were investigated in initial, intervocalic, and final positions within the
word. The test words were real words, embedded in a phrase, and were produced by the
participants in their colloquial dialect. The results showed that Voiceless stops in word-initial
position were produced slightly aspirated, but longer than the short-lag range found in voicing
languages (/t/: 38 ms, /k/: 50 ms), and they were unaspirated in intervocalic (/t/: 21 ms, /k/: 25
ms) and word-final (/t/: 26 ms, /k/: 27 ms) positions. For Voiced stops, the results showed that
they were produced with full voicing during the closure in all contexts (98% of initial stops,
100% in intervocalic stops, 92 % of final stops). The results of Alghamdi’s study, unlike other
studies, found aspiration in case of word-initial stops. The inclusion of intervocalic and final
positions is another strength in Alghamdi’s work so that the results might give general
indications about the laryngeal system in Ghamidi dialect. There are some issues in the study
however. The notion of passive and active voicing was not considered in the analysis despite
the possibility of them occurring due to the phonetic context. That is, the initial stops were
preceded by a vowel /a/ and the final stops were followed by a glide /w/ in the carrier phrase
(Pamla ...... wasakat) ‘he dictated’” which make them prone to passive voicing. Also, the study
focused only on temporal correlates.

Another Saudi dialect investigated by Flege and Port (1981) is the Najdi dialect. They
investigated Voiced and Voiceless stops in initial and final positions in the context of /a/
vowel, and the test words were embedded in a carrier phrase. The results showed that
Voiceless stops were slightly aspirated in word-initial position (/t/: 37 ms, /k/: 52 ms), but no
results were presented regarding stops in final contexts. Voiced stops were produced with
prevoicing (fully Voiced) in word-initial position (/b/: 85 ms, /d/: 82 ms, /g/: 75 ms) and with
voicing in the hold phase that covered half of the closure duration. Flege and Port’s study was
the first that focused on voicing contrast in Najdi Arabic. The occurrence of aspiration in the
production of the participants’ speech could be a result of the effect of their English
background (they were university students in USA at the time of participation).

More recently, Alanazi (2018) investigated the voicing contrast in North Saudi Arabic
in word initial stops. The initial stops were investigated at three places of articulation in the
context of /a/, /i/, and /u/, and the test words were embedded in a carrier phrase (?na ?gu:l .....
wa ?ru:h elbe:t) ‘I say ..... and go home’. The results for the monolingual speakers of North
Saudi Arabic showed that they contrasted prevoiced stops with aspirated stops (/t/: 58 ms, /k/:
72 ms, /b/: -77 ms, /d/: -81 ms, /g/: -78 ms). It could be noticed that the presence of aspiration

and prevoicing has been found in several Saudi dialects including Najdi Arabic (Flege and
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Port, 1981; AL-Gamdi et al., 2019), Ghamidi dialect (Alghamdi, 1999), and North Saudi
dialect (Alanazi, 2018).

The observed variation among Arabic dialects in terms of voicing contrast are worthy
of further investigation to consider all interactions at the phonetic level as well as their
implications for phonological representations. One of the obvious issues in the studies that
looked at voicing contrast in Arabic dialects is that more attention has been paid to VOT,
rather than other spectral and temporal acoustic correlates which may enhance the distinction
between Voiced and Voiceless stops. The next section discusses other acoustic correlates
besides VOT found and discussed in the previous studies of Arabic dialects.

The majority of the previous studies of voicing contrast in stops in Arabic dialects
focused on the durational acoustic correlates including VOT, preceding vowel duration,
following vowel duration, and closure duration. Flege and Port (1981) in their work on Najdi
dialect found that preceding vowel duration did not significantly mark the distinction
between Voiced and Voiceless stops. The closure duration, however, did slightly differ with
10 ms more for Voiceless stops. Alghamdi (1990) found that the preceding vowel duration
is significantly longer before Voiced stops than before Voiceless stops in intervocalic and
final positions. He also found that the following vowel duration was significantly longer after
Voiced stops than after Voiceless stops in initial and final positions. Mitleb (1984), however,
found no significant effect of voicing on the preceding vowel duration in Jordanian Arabic.
De Jong and Zawaydeh (2002), with more in-depth analysis, investigated the intrinsic and
extrinsic factors that affect the durations of vowels in Arabic. They concluded that the
duration of vowels in Arabic before Voiced and Voiceless stops, unlike English, is associated

to the phonemic length and not affected by voicing.

3.2 The Laryngeal Realism approach in modern Arabic dialects

The Laryngeal Realism approach highlights the importance of the phonetic reality in
exploring the phonological representation. A growing number of studies started to examine
the theoretical proposals of laryngeal realism in various languages with different phonetic
patterns. Arabic dialects received little attention so far in the literature investigating the
manifestation of voicing contrast with respect to the diagnostics proposed in laryngeal
realism. In the following paragraphs, I present three studies that investigated voicing contrast
in stops in three different Arabic dialects by adopting the laryngeal realism approach; they
are: Lebanese Arabic (Al-Tamimi and Khattab, 2018), Najdi Arabic (Al-Gamdi et al., 2019),
and Qatari Arabic (Kulikov, 2020).

62



A study that focused on both the temporal and spectral acoustic correlates and their
phonological implications was conducted very recently by Al-Tamimi and Khattab (2018).
They examined the interaction between two types of contrast in Lebanese Arabic: singleton-
geminate contrast and voicing contrast in order to test voicing patterns crossed with
phonological length in word-medial intervocalic position. The temporal correlates included
voicing in the closure, closure duration, the preceding and following vowel duration, the
release burst duration, and aspiration duration. The spectral acoustic correlates included FO
and F1 at the onset of the following vowel and the offset of the preceding vowel, and the
difference between the first and second harmonics (H1-H2) in the offset of the preceding
vowel and the onset of the following vowel. The results revealed that VOT in Lebanese
Arabic falls within the voicing languages category by contrasting prevoiced stops and
unaspirated voiceless stops in both singleton and geminate stops. The results surprisingly
showed that closure duration is the most important correlate that marks the distinction in the
four-way contrast in both voicing and gemination. The correlates found to be significant in
the distinction between Voiced and Voiceless singleton stops included voicing in the hold
phase and the preceding and following vowel duration. The results also revealed a tendency to
decrease for FO/F1 at the onset of the following vowel and at the offset of the preceding
vowel, and also the difference in the amplitude between the first and second harmonics (H1-
H2), in the context of Voiced stops.

As for the phonological implications, the authors adopted the numerical values of
phonetic distinctive features and the privativity of the representational system proposed in the
work of Beckman et al. (2013). The patterns of voicing in the closure of singleton and
geminate stops showed variation in which Voiced stops showed passive devoicing in the two
categories while Voiceless stops showed a moderate degree of passive voicing. For the release
phase the geminate stops in both voicing categories showed a minor feature of spread glottis
compared to the singleton stops. Based on these findings, the authors concluded that
Voiceless singletons are associated with [3 voice], [D] [2tense], Voiced singletons are
associated with [8 voice], [(] [Otense], Voiceless geminates are associated with [1 voice], [@
spread glottis] [4tense], and Voiced geminates are associated with [6 voice], [0 spread glottis]
[3tense].

Al-Tamimi and Khattab’s work is a pioneer attempt in applying the laryngeal realism
approach to modern Arabic dialects. One of the main contributions of this study is to
investigate passive and active voicing in intervocalic singleton and geminate stops and discuss
their acoustic details in the light of phonological specification. It can be noticed that in

Lebanese Arabic Voiceless stops acted as unspecified segments by showing passive voicing
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in their closure and by being unaspirated, in contrast to VVoiced stops which showed robust
voicing but with various degrees of passive devoicing during their closure. Although the
numeric values of the features seem somehow impressionistic, they allow for hierarchical
differentiations within voicing languages in terms of the robustness of voicing in the closure.
Some voicing languages such as Russian showed robust voicing in the closure in almost all
tokens as reported in various studies (Ringen and Kulikov, 2012; Kulikov, 2012; Beckman et
al., 2013).

Another study that adopted the laryngeal realism approach was conducted by Al-
Gamdi et al., (2019). They investigated the acoustic properties of voicing contrast in Najdi
Arabic word-initial stops. Temporal and spectral correlates have been investigated in stops in
different places of articulation /b, d, g, t, k/ followed by the eight vowels that exist in Najdi
Arabic (/a:/, lal, Ii:l, lil, lu:l, lul, le:l, lo:]). The test words were produced in a carrier phrase
[?ana ?agu:l ...../ ‘I say.....". The results showed that Voiceless stops were realised with
heavy aspiration whereas Voiced stops were realised with prevoicing. Mean aspiration for
Voiceless stops was 76.2 ms and -75.1 ms for prevoicing in VVoiced stops. In terms of the
effect of place of articulation, /b/ showed the highest value for prevoicing with -82.2 ms while
/k/ showed the highest value for aspiration with 83.9 ms. For closure duration, the results
showed that closure duration in Voiceless stops tended to be longer than for VVoiced stops
with overlap between the two categories. The results showed that FO onset was a robust
acoustic correlate with 25 Hz difference between the two categories: 140 Hz for Voiced and
165 Hz for Voiceless. Based on the acoustic results, the authors proposed that Najdi Arabic
shows features of both voicing and aspirating languages which implies that the distinction is
overspecified with two features [spread glottis] and [voice].

Al-Gamdi et al.’s work was the starting point for the current study. The findings
revealed that both aspiration and prevoicing were employed by Najdi Arabic speakers to mark
the phonological opposition between Voiced and Voiceless stops. The present study aims to
identify the manifestations of prevoicing and aspiration across various sources of variability
to test the contextual stability of these properties following the model of Jessen (1998, 2001).
Furthermore, the current work goes further by examining the behaviour of stops in
phonological processes which will form the basic foundation for determining the features that
specify voicing contrast in Najdi Arabic.

One of the studies that considered the interaction and tightness between phonetic cues
and phonological laryngeal features is Kulikov (2020), which focused on voicing contrast in
Qatari Arabic in word-initial position. The test words were embedded in a carrier phrase and

produced by the participants at slow and fast speech rates. The reason for testing the speech
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rate effect is to evaluate VOT behaviour in these two conditions and what it implies for
phonological specifications. The results showed that Qatari Arabic contrast prevoiced and
aspirated stops and that VOT in both categories was affected by speech rate. Accordingly,
Kulikov concluded that there is overspecification with two phonological features [voice] and
[spread glottis] that specify the distinction. Additionally, several spectral cues have been
investigated, including spectral centre of gravity (SCG) of the burst, the fundamental
frequency FO at the onset of the following vowel, and the F1 frequency at the onset of the
following vowel. The results showed significantly low values of all the examined spectral
cues in the context of Voiced stops and high values in the context of Voiceless stops.

Kulikov’s study revealed crucial findings that reflect on the theoretical debate in terms
of the interactions between phonetics and phonology. It is also worth mentioning that the
origins of the Qatari population go back to some tribes that arrived to Qatar from Saudi
Arabia (Alsudairi and Abusharaf, 2015) which might indicate that Saudi Arabic and Gulf
Arabic, in general, differ from the rest of the dialects in terms of the phonetic manifestations
and the phonological features describing voicing contrast. This is also supported by the results
of voicing contrast in the other Saudi dialects including Najdi Arabic (Al-Gamdi et al. 2019),
North Saudi dialect (Alanazi, 2018), and Ghamidi dialect (Alghamdi, 1999). Although
Kulikov’s work adopted the laryngeal realism approach, the only type of evidence used in the
study is speech rate effect and in word-initial stops only. Various types of evidence have been
proposed in the literature of laryngeal realism that could be used to evaluate the laryngeal
systems in order to address the phonological specifications and their correspondent phonetic
cues. This gap will be filled in the present analysis by considering all types of evidence that
have been employed in the literature of laryngeal realism.

The previous two sections (3.1 and 3.2) provide a description of the acoustic correlates
reported in the literature regarding voicing contrast in modern Arabic dialects and the
phonological aspects that based on the laryngeal realism approach. The temporal and spectral
acoustic correlates have been discussed with more attention to temporal correlates, due to the
rarity of studies that focus on spectral correlates. More research on the laryngeal system of
Arabic dialect is crucial for various reasons. The small number of studies is an obvious
reason. More importantly, variation in acoustic correlates across modern Arabic dialects
entails questions about the phonological features active in the phonological systems of each
dialect. In fact, to accurately investigate the laryngeal system of a language, it is important to
consider both the phonetic cues and the phonological representations by looking at the
parallelism between the two levels in various contexts with a focus on phonological processes

of laryngeal features. This is the approach that the present analysis attempts to pursue.
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One of the topics related to the phonological features that specify voicing contrast in
the modern Arabic dialects is whether their voicing systems show two-way or three-way

contrast. This issue is discussed in the next section.

3.3 Two-way vs three-way contrast

It is well-known that most, if not all, dialects of Arabic have an emphatic / plain consonant
distinction. In terms of stops, some researchers discuss the distinction between emphatic and
plain stops separately from the discussion of voicing contrast, considering that VOT is not the
primary correlate for this contrast (Al-Masri and Jongman, 2004; Khattab et., al 2006;
Zawaydeh and de Jong 2011, Heselwood and Maghrabi, 2015; Al-Tamimi, 2017). Other
studies consider VOT as correlate that differentiate between Voiceless stops, Voiced stops,
and emphatics leading to the conclusion that Arabic dialects can be divided into two types: 1)
dialects with two-way contrast (unaspirated voiceless stops including both plain and
emphatics with short lag vs prevoiced stops), 2) dialects with three-way contrast (unaspirated
Voiceless stops which include emphatics only vs aspirated Voiceless stops vs prevoiced
Voiced stops) (Bellem, 2014). When accounting for the specification and the features in the
phonological representation, there are two options: the single feature [voice] specifies the
contrast in case of the first type; and the two features [voice] and [spread glottis] specify the
voicing contrast in case of the second type. Based on this classification, Saudi Arabic might
fit the description of the first type in that it has three-way contrast between unaspirated
Voiceless, aspirated Voiceless, and Voiced stops (Bellem, 2014).

Other studies that looked into the acoustic correlates of emphatics in Arabic proposed
that VOT is not the primary acoustic correlate in the distinction between plain vs emphatic
stops, and consider the lowering of F2 in the adjacent vowels to be the main correlate for this
opposition (Al-Masri and Jongman, 2004; Khattab et., al 2006; Zawaydeh and de Jong 2011,
Al-Tamimi 2017). Accordingly, Arabic is different from languages which have three-way
contrast that is predicated only on the presence of prevoicing and aspiration such as Thai
(Kessinger and Blumstein 1997) and Eastern American (Lisker and Abramson 1964). Based
on this view, it is justifiable to propose that the voicing contrast in Arabic dialects that
contrast aspirated and prevoiced stops (such as Najdi Arabic: Al-Gamdi et al., 2019; Northern
Saudi: Alanazi, 2018) has a two-way contrast system. Moreover, the notable variation in the
values of VOT reported in studies that discussed acoustic correlates of emphatic stops raises

questions about the reliability of VOT as a correlate for emphatic/plain distinction.
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3.4 Najdi Arabic

Najdi Arabic is spoken in the middle region of Saudi Arabia, traditionally called “Najd
province” (Al-Sweel, 1987). Najdi Arabic is the best-known dialect in Saudi Arabia because
it is the dialect spoken in the capital city and used by the royal family. In fact, Najd, in terms
of geography, refers to a large region that extends from Yemen in the south to Jordan in the
north, and from Hijaz in the west to Ahsa to the east (Figure 3.1) (Abboud, 1979; Al-Sweel,
1987; Ingham, 1994). Ingham (1994) states that there are different sub-dialects distributed in
the Najd area. These sub-dialects, according to Ingham, differ in terms of morphology but are
highly similar in terms of phonology. These dialects were categorised in Ingham’s study as
the follows:

“1- Central Najdi. The dialects of Central Najd as described above and the central Bedouin
tribes also the 'Anizah of the Syrian desert.

2- Northern Najdi. The dialect of Jabal Shammar and of the Shammar tribes of Northern Najd
and the Jazirah.

4- Southern. The dialect of Najran and the Ghatan tribe of the south and of the A1 Murrah and
'Ajman tribes of the east” (Ingham, 1994, p. 5).

The main focus of this study is on the dialect spoken in Riyadh, which belongs to the
sedentary population in Central Najdi based on Ingham’s classification. It has been proposed
that all different dialects of Najdi Arabic are phonologically similar, but they differ in terms
of morphology (Ingham 1994).

Najdi Arabic has voicing contrast in stops and fricatives and it occurs in word-initial,
word-medial and word-final contexts. The contrast occurs in alveolar and velar stops but not
in bilabial stops because of the absence of /p/ in the Najdi Arabic inventory. Najdi Arabic has
some features and phonemes that do not exist in Classical Arabic such as the voiced velar stop
/gl, the voiceless affricate /ts/, the mid front vowel /e:/, and the mid back vowel /o:/ (Ingham,
1994). Initial consonant clusters are another feature found in Najdi that is not found in
Classical Arabic (Alghmaiz, 2013). Tables 3.1 below shows the inventory of consonants of
Najdi Arabic as presented in the work of Ingham (1994). Najdi Arabic has five vowels: /i/,
le:l, Ial, lul, lo:/. The vowels /i/, /a/, and /u/ have a phonemic length contrast.
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Figure 3.1. The map of Najd and surrounding regions (Adopted from Ingham, 1994, p.
XVii).

Bilabial | labiodental | Dental | Alveolar | postalveolar | palatal | Velar | Uvular | Pharyngeal | Glottal
stop b tdt kg ?
Nasal m n
Affricate d3
Fricative f oo szs |[ Xy h ¢ h
Approximant r j
Lateral 1
approximant
Glide W

Table 3.1. The phonemic inventory of consonants in Najdi Arabic.

Previous research on Najdi focused on various aspects including affrication and
syllable structure (Johnstone, 1967; Ingham, 1994), vowel quality (Lehn, 1967; Asweel,
1990), the stress pattern in verbs (Abboud, 1979; Prochazka, 1988), syllable structure
(Alezetes, 2007) and initial consonant clusters (Alghmaiz, 2013). The studies that focused on
voicing contrast were carried out by Flege and Port (1981) in the field of second language
acquisition and Al-Gamdi et al. (2019) which looked at temporal and spectral acoustic
correlates in word-initial stops. As for other acoustic features, and the interaction between
phonetics and phonology, it is evident that Najdi Arabic received little attention in the

previous literature despite the dialect showing some features that are important to look at.
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3.4 The rationale of the current study.

The present study, building on the work of Al-Gamdi et al. (2019), marks the first attempt to
examine the phonetic and phonological aspects of voicing contrast in Najdi Arabic, so its
importance is implicit. The present study investigates voicing contrast in stops in Najdi
Arabic by taking into consideration various positions within the word and the sentence. Based
on what has been proposed in the pre-existing literature, the positions examined in the present
study include all the phonetic contexts expected to differentiate voicing and aspirating
languages. Furthermore, processes that involve the properties of voicing contrast and their
phonological representations are investigated in the present study, including speech rate
effect, passive and active voicing, final devoicing or final laryngeal neutralization, and
regressive voicing assimilation. The importance of these processes lies in the established
correlation determined in the previous literature in the laryngeal realism approach between
their phonetic aspects and the active phonological features in both aspirating and voicing
languages. Since it is assumed that stops in Najdi Arabic contrast between prevoicing and
aspiration and possess features of both voicing and aspirating languages, the outcomes of the
present study add crucial insights to the field of voicing contrast in stops among languages
and enrich the voicing models in the literature which have been predicated on a small number
of languages.

Within the literature that posits a relationship between phonetics and phonology, the
accuracy in characterising the nature of the interaction between phonetics, which is a physical
science, and phonology, an abstract one, remains opaque. Two major approaches have been
postulated in the literature. The first approach proposes the independence of the two domains
and argues for an interface component which converts phonological entities into phonetic
details (Keating, 1984). The second approach assumes integration between the two domains
whereby they interact with each other consistently (Kohler, 1984; Jessen, 1998). The present
study contributes to testing the effectiveness of acoustic correlates in explaining the empirical
and theoretical aspects of voicing contrast. The major line of inquiry in this study can be
described as follows: to what extent do the acoustic correlates of voicing contrast afford
indications of the activeness or specificity of the phonological features, and how are the
phonological features implemented in the acoustic signals? To pose a challenge for such
approaches, the target dialect chosen in the present study shows features of both voicing and
aspirating languages (Flege and Port, 1981; Al-Gamdi et al., 2019), and the designated
phonetic contexts to be investigated are various and expected to be markedly affected by
different factors. Therefore, delimiting the phonological representation and the phonetic

realisation of voicing contrast are expected to be problematic in these cases. By pursuing the
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aims of the present study, the approaches that characterise the interactions between phonetics
and phonology will be tested in a dialect that shows an uncommon phenomenon by
contrasting prevoiced and aspirated stops. Many studies attempted to build models and
systemize the interaction between phonological representation and the phonetic aspects of
voicing contrast, but they might limit the investigations to laryngeal systems that show a
typical pattern with regard to voicing/aspirating classification. While this is not a unworthy
approach and crucial in terms of identifying the typical patterns among the two categories
(voicing/aspirating), investigating languages that show features of both voicing and aspirating
languages might enrich the theory and afford insightful contributions into the connection
between phonetics and phonology. More focus is needed on different languages and dialects
which is the main contribution of the present study.

Laryngeal realism theory employs three types of evidence to address laryngeal
features and phonological specifications: 1) the phonetic cues of the segment, 2) speech rate
effect on prevoicing and aspiration, and 3) stop behaviour in phonological processes including
final devoicing and regressive voicing assimilation. Most of the previous studies discuss one
or two of these types. Given that all three types were proposed to be effective in various
studies, the present analysis uses the full range of available evidence and considers the
linguistic factors that affect the acoustic correlates. Conducting this investigation will enable a
clear description of the acoustic details of voicing contrast, including the temporal and
spectral correlates, in addition to their implications for phonological representations. In this
dissertation, | aim to answer the following questions:

1. What are the acoustic correlates of stop-voicing contrast in Najdi Arabic and how are
they implemented across the following phonetic contexts: utterance-initial, utterance-
medial intervocalic, utterance-final, and across-word-boundary clusters.

2. Employing the laryngeal realism approach, how does the voicing system of Najdi
Arabic behave in terms of the following processes: speech-rate effect on the acoustic
correlates of stops across the examined phonetic contexts, the acoustic activeness of
voicing/devoicing of stops across the examined phonetic contexts, and regressive
voicing assimilation in across-word-boundary clusters.

3. In light of the results derived from the preceding inquiry, is Najdi Arabic a voicing or
an aspirating language? What does that mean in terms of the phonological
representation/specification?

The present study starts with the following primary predictions of voicing contrast in Najdi
Arabic:
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f)

In utterance-initial position, VVoiced stops will be realised with prevoicing (voicing
lead), while Voiceless stops will be realised with aspiration (long lag).

The distinction between stop categories will be extended to intervocalic stops. VVoiced
stops will be realised with strong active voicing throughout the hold phase. Voiceless
stops, on the other hand, will not exhibit passive voicing.

In utterance-final position, the closure phase in VVoiced stops will be devoiced due to
the process of final devoicing.

Other acoustic correlates will be employed to signal the voicing contrast besides, or as
alternatives to, VOT in utterance final position.

The speaking rate will affect the duration of prevoicing and aspiration in VVoiced and
Voiceless stops, respectively, in that they will be shortened under fast speech rate
condition.

In terms of regressive voicing assimilation, the voicing of C1 will be affected by the

voicing of C2 in both Voiced and Voiceless stops.
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Chapter 4. Methods

4.1 Participants

The participants involved in the study were 40 monolingual native speakers of the central
Najdi dialect (20 females, 20 males), aged between 19- 25. The participants were university
students at King Saud University in Riyadh, who shared a similar socio-economic
background, who lived in Riyadh, and who originated from an urban and sedentary
population.

None of the participants reported any speech or hearing problems. The researcher
ensured the students were born and raised in Riyadh and did not continue foreign language
learning since they had graduated from high school. Each participant was asked to fill in a
form to confirm the aforementioned information. (Demographic survey provided in Appendix

A).

4.2 Stimuli

The stimuli of the present study consisted of words and phrases that include Voiced and
Voiceless stops /t, k, b, d, g/ in the following contexts: utterance-initial, word-medial
intervocalic, utterance-final, and stop-stop clusters at words boundaries. All the words and
phrases were embedded in natural sentences: they were placed at the beginning of the
sentence in case of utterance-initial, word-medial intervocalic, and stop-stop cluster across
word boundaries, and they were placed at the end in case of utterance-final stops. The stimuli
consisted of a hundred and five natural sentences that share similar length (3 to 4 words for
each). For instance, the word bu.K ‘your father’ was embedded in the sentence gid ga.balt
bu:K ‘I’ve met your father’ to examine K in utterance-final context; and the word ti:n ‘figs’
was embedded in the sentence ti.n abha na d%i.f *Abha’s figs are clean’ to examine t in
utterance-initial context. The sentences were revised by three native speakers of Najdi Arabic
to ensure the target words were familiar and frequently used by Najdi speakers. The stimuli
were divided into three parts: 1) utterance-initial stops, 2) utterance-medial stops (word-
medial intervocalic), 3) utterance-final stops, and 4) stop-stop clusters at the word boundaries.
The full list of the test words is included in the Appendix (Appendix B). The following

sections present the structure of the test words in every context.

4.2.1Uterance-initial stops
The list included twenty-five words embedded in natural sentences with VVoiced and Voiceless

stops /t, k, b, d, g/ at three places of articulation: bilabial (Voiced only), alveolar, and velar.
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The words were monosyllabic CV:C and they included long vowels that differed in height

and backness [i:, e, a:, o, u:]: e.g. ba:t ‘slept’, ti:n ‘figs’, du.d ‘worms’, ko:m ‘group of’.

4.2.2 Word-medial intervocalic stops

The list included forty-five words embedded in natural sentences with VVoiced and Voiceless
stops /t, k, b, d, g/ at three places of articulation: bilabial (Voiced only), alveolar, and velar.
The test words were disyllabic with trochaic (word-initial stress) and iambic (word-medial
stress) stress patterns. In iambic stress, (CV1'CV:2C), V1 was controlled (/a/) while V:2
included long vowels differ in height and backness [i:, a:, u:]: e.g. fa 'ba:b ‘youth’, dza ‘di.d
‘new’, ka turm ‘secretive’. In trochaic stress ('CV:1CV2C), V2 was controlled (/a/) while V:1
included long vowels that differed in height and backness [i:, a:, u:]: e.g. 'bi.gat ‘stolen’,

‘du:dah ‘worm’.

4.2.3 Utterance-final postvocalic stops

The list included twenty-five words embedded in natural sentences with Voiced and Voiceless
stops /t, k, b, d, g/ at three places of articulation: bilabial (Voiced only), alveolar, and velar.
The words were monosyllabic CV:C and they included long vowels that differed in height
and backness [i:, e, a:, o, u:]: €.g. ba:b ‘door’, fi:k ‘in you’, fo:g ‘up’. Short vowels were not
included to avoid having final position geminate stops because of the bimoraicity of syllable
structure in Arabic (Kiparsky, 2003).

4.2.4 Stop-stop clusters at the word boundaries

The list of phrases included five pairs of words (ten tokens) embedded in natural sentences
with Voiced and Voiceless C1-C2 clusters at the word boundaries. C1 was a postvocalic stop
in word-final position (CV:1C1), while C2 was a prevocalic stop in word-initial position
(C2V:2C). V1 and V2 were controlled (V1: e:, V2: a:). The clusters examined included Kb,
tg, bk, gt, dg in the following real words: be.t ga:sim ‘Gasim’s house’, ge.d ga:sim ‘gasim’s
handcuft’, fe.b Ka:mil ‘full grey hair’, fe:K ba:sim, and swe.g ta:mir ‘Tamir’s market’. The
baseline context for C1 was the same stop in utterance-final position whereas the baseline
context for C2 was the same stop in utterance-initial position (same vocalic environments as
well: /e:/ preceding C1, /a:/ following C2). The words for the baseline context were selected
from the stimuli for utterance-initial and utterance-final stops in the present study. Table 4.1

below presents the baseline contexts for C1 and C2 for each cluster.
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Cluster context C1 base (utterance-final stop)  C2 base (utterance-initial stop)

bk Jfe:b ka:mil Je:b Ka:l
kb JeK ba:sim bre:K ba:t
dg ge.d ga:sim ke:d ga:m
tg be:t ga:sim be:t ga:m
gt SWe.g ta.mir bge.g ta:b

Table 4.1 The clusters and the baseline contexts for C1 and C2.

4.3 Procedures

Data were recorded in a soundproof recording studio at King Saud University in Riyadh. The
participants were asked to read the sentences (presented in colloquial form) from a computer
screen one by one. In the first experiment, they were asked to read the sentences naturally in
their normal tone (normal speaking rate). In the second experiment, they were asked to read
the sentence as fast as they could without sacrificing comprehensibility (fast speaking rate).
The advantage of this simple way in testing the speech rate effect is to keep the participants’
production as natural and real as possible. The stimuli for stop-stop clusters were not included
in the second experiment. Each sentence was repeated three times in each experiment. The
sentences and repetitions were randomised so that the same word did not appear
consecutively. The total number of tokens was 24000 tokens (first experiment = 105 x 3
repetitions = 315/ second experiment = 95 x 3 repetitions = 285; 315 + 285 = 600/ 600 x 40
speakers = 24000 tokens).

A special instruction asked the participants to read the sentences in their native dialect
and allowed them to correct themselves if they mispronounced the test words or pronounced
the sentences in Standard Arabic. To ensure that the participants read the sentences in the
colloquial form, the writing style of the sentences was not following the syntactic rules of
Standard Arabic ‘fusha’. For example, the sentence & <bld 4 [gid ga:balt bu:k/ ‘1 have met
your father’ is written in the colloquial style. In Standard Arabic, it should be written as
follows: &b/ &Lld 85/ gad qa:baltu aba:k/.

The production was recorded using a Zoom H6 Handy Recorder which was placed 15
cm away of the mouth. The recording was made at a sampling frequency of 44,100 Hz, 16-bit
guantisation in mono-channel. The recording session lasted approximately 30 minutes for
each speaker. The participants were given a break for 10 minutes before the fast speech

experiment to achieve the experiment with the required accuracy and fluency.

4.4 Acoustic analysis
The software PRAAT (Boersma and Weenink, 2016) was used to perform the acoustic

analysis. All tokens of the target words were manually transcribed and segmented in
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Textgrids with reference to waveforms and spectrograms. In the present study, | follow what
has been proposed in Turk et al. (2006) which emphasises the role of constriction in
segmenting the sounds. However, | did not consider aspiration to be part of the following
vowel. To obtain accurate acoustic measurements, automatic procedures (Praat scripts)
adopted from Al-Tamimi and Khattab (2018) were used for two purposes: the adjustment of
measurement points and quantifying the degree of voicing in stops across phonetic contexts.
The first script employs FO computation of the intensity within the glottal cycle to precisely
adjust onset/mid/offset positions for each segment, a step that reduces errors resulting from
the automatic extraction (Al-Tamimi and Khattab, 2018). The second script was the Praat
voicing detection algorithm (VUV function) which creates a new tier with boundaries
determining the voicing portions in each sound file. This measure helps in distinguishing true
voice portions which are strong in their amplitude from passive voice which are not.

The manual and automatic segmentation, clarified above, yielded the following tiers and
intervals:

a) A segment tier which presents the segments of the target words transcribed phonetically.
b) An acoustic properties tier that shows the acoustic properties for the target stops, including
CD: for closure duration (intervocalic and final stops), it was determined from the end of the
preceding vowel till the onset of the first visible burst. B: for release burst, it was determined
as the beginning of the visible burst which appears in the spectrogram as vertical line. In case
of multiple bursts, the ones separated by less than 5 ms were measured together as the burst
(Al-Tamimi and Khattab, 2018). ASP: aspiration in VVoiceless stops (t,k), and A: for
aspiration in Voiced stops (b,d,g) were determined from the offset of the burst to the onset of
the following vowel for initial and medial stops and to the disappearance of the aspiration in
terms of utterance-final stops, respectively.

¢) VI and VE: for vowel utterance-initial and utterance-final stops, respectively. V1MI and
V2MI: for the preceding and following vowels in word-medial intervocalic stops (iambic).
V1MT and V2MT:: for the preceding and following vowels in word-medial intervocalic stops

(trochaic). They were measured from the onset till the offset of the vowel formants including
formant transitions (Turk et al., 2006).

d) A VUV tier which shows voiced V and unvoiced portions U in the acoustic properties. V
intervals in case of VVoiced stops were used to measure prevoicing in utterance-initial stops
and voicing in the closure in word-medial intervocalic and utterance-final stops. Prevoicing
was measured from the onset of the voicing cycle till the end of it at the onset of the release
burst (Lisker and Abramson, 1964).

e) A word tier which simply presents the target word.
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f) A position tier which shows the phonetic context for each stop, comprising initial: for
utterance-initial stops, final: for utterance-final stops, midT: for intervocalic stops in trochaic
foot, midl: for intervocalic stops in iambic foot, finalC: for the first member of the cluster,

and initialC: for the second member of the cluster.

0.376012 (2.659 /5)

o id

| QoS
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50108

ke:d

final

Figure 4.1. The segmentation of the word ke:d ‘conspiracy’ produced in utterance-final
position produced by S13 in normal speech rate.

Acoustic measurements were extracted using a PRAAT script that automatically takes the
measurements for the acoustic labels which had been manually checked. All the acoustic
correlates were measured in the chosen phonetic contexts in both speech rates conditions
(normal, fast). The target acoustic properties differed based on the phonetic context. For
utterance-initial stops, prevoicing, aspiration, and release burst duration and intensity were
measured. For the following vowels, the acoustic measurements included the difference
between the amplitude of the first and second harmonics (H1*-H2* onset), FO and F1 onsets,
in addition to the absolute duration. For word-medial intervocalic stops, the following features
were measured: prevoicing, aspiration, closure duration, voicing in the closure, release burst
duration and intensity, preceding and following vowel duration, F1 and FO at the offset of the
preceding vowel and at the onset of the following vowel, and H1*-H2* at the offset of the
preceding vowel and at the onset of the following vowel. For absolute final stops, voicing in
the closure, closure duration, release burst duration and intensity, the preceding and following
vowel duration were measured, F1 and FO at the offset of the preceding vowel, and H1*-H2*
at the offset of the preceding vowel. To test for voicing assimilation in stop-stop clusters at
word boundaries, the acoustic characteristics of C1 and C2 were investigated. For both C1
and C2, voicing duration the closure, burst intensity for C1 and C2, FO/F1 onset (following
C2), and FO/F1 offset (preceding C1). (See table 4.1 for a summary).
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Utterance-initial stops

Intervocalic-
word-medial stops

Utterance-final
stops

Stop-stops clusters

VOT

Release burst duration
and intensity

FO onset

F1 onset

H1-H?2 onset

FV duration

Closure duration

% voicing in the
closure

Release burst
duration and
intensity

PV duration

FV duration
FO onset (FV)
F1 onset (FV)

H1-H2 offset (PV)
H1-H2 onset (FV)

Closure duration

% voicing in the
closure

Release burst
duration and
intensity

PV duration

H1-H2 offset
(PV)

Voicing duration in
ClandC2

FO offset (before
Cl)

FO onset (after C2)

F1 offset (before
Cl)
F1 onset (after C2)

Burst intensity for
ClandC2

Table 4.2 The summary of the acoustic measurements for each phonetic context.

4.4.1 Characterisation of voicing, devoicing, and aspiration patterns.
This section presents the criteria for describing patterns as voicing, devoicing or aspiration in
the examined tokens under normal and fast speech rate conditions. It is important to identify
the terminology used in the results section for the acoustic description of prevoicing,
devoicing, and aspiration. Prevoicing refers to the duration of the voice bar that precedes the
onset of the release in utterance-initial VVoiced stops (the traditional voicing lead VOT). The
values for prevoicing are presented in positive not negative values following Jessen (1998) to
avoid confusion when presenting the change in response to speech rate (for instance, -67 is
mathematically higher in value than -80). It is also important to note that prevoicing results
are represented only for Voiced stops (no token was found for Voiceless stops showing
prevoicing). The results also do not account for closure duration in utterance-initial stops (it
was not possible to detect the closure onset in utterance-initial position). Voicing duration
refers to the absolute duration of voicing in the closure in utterance-medial intervocalic and
utterance-final VVoiced and Voiceless stops. The reason for measuring voicing duration in
Voiceless stops is to account for any possible passive voicing caused by the surrounding
context. The results for voicing duration are also presented without including the closure in
order to examine the effect of speech rate on the absolute duration of voicing. % voicing
refers to the percentage of voicing in the closure in utterance-medial intervocalic and
utterance-final VVoiced and Voiceless stops. Aspiration refers to the aperiodic noise that
follows the release burst in Voiced and Voiceless stops across the positions. The burst, which
is the observed transient, is not included in the aspiration following Klatt (1970) and Al-
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Tamimi and Khattab (2018). The term aspiration was used instead of VOT for two reasons:
1) aspiration was measured for all tokens of VVoiced stops regardless of their phonetic voicing
which contradicts the definition of VOT, 2) aspiration was measured in utterance-final stops
which is called by some researchers Voice Offset Time (Jansen 2004); so the term aspiration
was used instead of Voice Offset time to avoid ambiguity the correlates. The term short
aspiration was used to describe unaspirated stops (UASP: 0-34 ms), moderate aspiration for
stops with (MASP: 35-60 ms), and heavy aspiration for stops with (HASP: above 60 ms).

A special coding system was created to characterise the phonetic realisation of each
stop accurately in each context (see Figure 4.2). This coding aims to provide a more precise
description for the voicing and aspiration status of the examined stops. It is more
sophisticated for the description of the phonetic voicing than the common terms (fully
Voiced, partially VVoiced), at least for the purpose of this section. The present study departs
from what has been proposed in previous studies regarding the standards for considering a
stop a phonetically Voiced one, such as in Whalen and Abramson (2017) who consider 50%
to be the threshold for voicing characterisation. In the present study, if a Voiced stop in word-
medial intervocalic position gets the symbol V, it means the voicing percentage is 100%
whereas if it is V80, it means the percentage is within the range of 80%-99%. With regard to
aspiration, the proposed coding system enhances the accuracy of describing aspiration in
Najdi Arabic. Additionally, the classification of aspiration can be used to check the
interaction between FO and aspiration to test the phonetic and phonological implications of
this interaction. The categories for aspiration were determined following Keating (1984) and
Jansen (2004).

\oicing Voiced Voiceless
\% 100% 0%
V80 80-99% 1-20%
VP 50-79% 21-50%
UP 21-50% 50-79%
u80 1-20% 80-99%
U 0% 100%

Aspiration unaspirated aspirated

UASP 0-34 ms -
MASP - 35-60 ms
HASP - 61 and more

Figure 4.2 The coding symbols and their meaning for describing voicing, devoicing, and
aspiration in stops.



4.4.2 Token exclusion

The number of tokens expected at the initial stage of the research was 24,000 tokens (40
speakers x 600 sentences). However, the recordings of 5 male participants and 3 female
participants were excluded due to poor recording and noise in the background. The nature of
the acoustic signal requires accurateness in the quality of the recording, as well as the
performance of the speaker in order to segment the sound files and extract the correlates
without losing important details that might affect the results (Roettger, 2019). For stop-stop
clusters across word boundaries, tokens where the speakers paused between the two members
of the cluster were excluded due to the nature of the process tested in this phonetic context
(regressive voicing assimilation). After this exclusion, the number of tokens included in the
analysis were 19,200 tokens (32 speakers x 600 sentences).

4.5 Statistical analysis

To analyse the data of the current research, Ime4 package (Bates et al., 2014) was used in R
(R core team, 2014) to conduct a linear mixed-effect model (LMM) for each of the acoustic
correlates that differentiated VVoiced and Voiceless stops. The models were conducted first in
maximal form by including all the fixed effects, random intercepts for each of the random
effects, as well as random slopes for each of the fixed effects (Barr et al., 2013). All the
maximal models converged without any issues in the analysis. To get more accurate results,
contrast coding was applied on all the fixed effects by assigning each level in each fixed
effect an equal distance values between -0.5, 0.5. For instance, the levels in the place of
articulation were assigned values using the function mutate as follows: velar = 0.5, alveolar =
0, bilabial = -0.5, which yielded the centred fixed effect place_c. There were no interactions
between fixed effects added to the models for two reasons: 1) by using contrast coding on the
fixed effects and centring their levels, the results are generalised over all the interactions (Al-
Tamimi and Khattab, 2018), 2) including interactions did not improve the fit of some of the
tested models (AIC values increased with interactions). The parallel structure between the
models is a requirement in the present study to compare the performance of the acoustic
correlates across phonetic contexts. The LMM analysis was performed based on a predictive
modelling approach to visualise the predictions of each of the models (Kuhn and Johnson,
2013). After running the LMM model for each correlate, the function predict was used to get
the predicted values of the models. The predicted values, then, were presented through
boxplot figures and tables that show means and standard deviations for VVoiceless and Voiced
stops at normal and fast speech rates. To compare between the predicted values of the

acoustic correlates in each boxplot and table, a pairwise comparison was performed using

79



pairwise-t-test in R with FDR (False Discovery Rate) corrections. The pairwise-t-test was
performed on the fitted values presented in each graphic results. For example, if the table
presents the results for the predicted values of FO onset across voicing, speech rate, and place,
the pairwise-t-test is performed using the function pairwise.t.test as in the following code:
pairwise.t.test (Main data set $ predicted data set, Main data set: voicing, Main data set:

rate, Main Data set: place, p.adjust = “fdr”)

The structure of each model differs based on the phonetic context. The two subsections below

provide a detailed description of the models.

4.5.1 LMM for initial, medial, and final stops
The main objective of the LMM analysis in initial, medial, and final stops is to examine the
acoustic correlates in Voiced and Voiceless stops in Najdi Arabic across positions.
Accordingly, a linear mixed-effects model was built to test each acoustic correlate that is
expected to cue the phonological opposition between Voiced and Voiceless stops across
positions as a function of voicing, speech rate, place of articulation, vowel type, and gender.
The models were structured as follows:

acoustic correlate ~ voicing_c + place_c + rate_c + vowel_c + gender_c + (1 +

voicing_c + place_c + rate_c + vowel_c || speaker) + (1 + gender_c| word)

The models included the acoustic correlates as dependent variables, followed by (~) to
indicate “as a function of”. The fixed effects included voicing (levels: VVoiceless/VVoiced),
place (levels: bilabial/alveolar/velar), rate (levels: normal/fast), vowel (utterance-initial and
utterance-final contexts: levels: /i:/e:/a:/o:/u:/, word-medial intervocalic context: levels: /i:/,
la:/, lu:l), and gender (levels: male/female). Speaker and word were added as random effects.
The number ‘1’ next to word and speaker indicates the addition of by-word and by-speaker
random intercepts to the analysis. The model also included voicing, place of articulation, rate,

and vowel type as by-speaker random slopes and gender as by-word random slope.

4.5.2 LMM for stop-stop clusters

The acoustic correlates in stop-stop clusters across word boundaries were examined to check
for any changes that occur due to voicing assimilation in C1 and C2. The acoustic results for
C1 were compared to that of C1 in the baseline context, and the acoustic results for C2 were
compared to that of C2 in the baseline context. Accordingly, a linear mixed-effects model was

built to test each acoustic correlate in C1 as a function of voicing, place of articulation,
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cluster, context, and gender. On the other hand, a linear mixed-effects model was built to test
each acoustic correlate in C2 as a function of voicing, place of articulation, cluster, context,
and gender. The models were conducted as follows:

acoustic correlate ~ voicing_c + place_c + cluster_c + context_c + gender_c +(1 +

voicing_c + place_c + cluster_c + context_c | speaker) + (1 + gender_c| word).

The models included the acoustic correlate as a dependent variable, followed by (~) to
indicate “as a function of”. The fixed effects included voicing (levels: Voiceless/VVoiced),
place (levels: bilabial/alveolar/velar), cluster (levels: /bk/, /kb/, /tg/, /dg/, Igt/), context (for C1
models: levels: C1 cluster/ C1 baseline, for C2 models: levels: C2 cluster/ C2 baseline), and
gender (levels: male/female). Speaker and word were added as random effects. The number
‘1’ next to word and speaker indicates the addition of by-word and by-speaker random
intercepts to the analysis. The model also included voicing, place of articulation, cluster,

context as by-speaker random slopes and gender as by-word random slope.

4.6 Vowel duration as a proxy of speech rate

This section aims to examine vowel duration in the test words under normal/fast conditions
and use it as a proxy of speech rate to make sure that the participants performed the
experiments accurately and produced the required difference in the two speech rate
conditions. The vowels included in the analysis are the stressed vowels in the vicinity of the
target stops. An optimal linear mixed effect model was built considering vowel duration as an
independent variable in the function of voicing (Voiceless-Voiced), rate (normal-fast), place
(bilabial-alveolar-velar), vowel type (i:-e:-a:-0:-u:), and gender (male-female). Speaker and
word were added as random effects with random intercepts. Voicing, place of articulation,
rate, and vowel type as by-speaker random slopes and gender as by-word random slope.
Following the same procedures mentioned in 4.5 above, contrast coding, the predictive
approach, and the pairwise comparison were performed. The results are shown in table 4.3
and plotted in figure 4.3.
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Predictors  Estimates std. Error t p
(Intercept)  113.07 4.01 28.15 <0.0001

Vowel-c 4.97 5.71 0.86 0.38
Rate-c -30.38 1.98 -15.3  <0.0001
Place-c 21.12 2.46 8.56 <0.0001
Voicing-c -7.45 24 -3.09  0.002
Gender-c 4.58 541 0.84  0.403

Table 4.3. The results of the linear mixed effects model for vowel duration under normal/fast.

w
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Figure 4.3 Boxplots of the fitted values of vowel duration classified by voicing (vl =
Voiceless, vd = Voiced), and speech rate (FA = fast, Nr = Normal). The dashed line
represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 131 27.1 135 26.9
Fast 101 25.4 104 25.2

Table 4.4 Mean and standard deviation of the fitted values of aspiration for Voiceless and
Voiced utterance-initial stops grouped by voicing and speech rate.

The model output shows that speech rate is significantly affecting vowel duration in
that vowels in fast speech is shorter than in normal speech with an average of 30 ms
(p<0.0001). It also shows that the effect of gender and vowel type were not obtained. The
predicted values in figure (4.3) and table (4.4), generalised over all the interactions, confirm

the same difference in the context of both Voiceless and Voiced stops.
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4.7 The presentation of the results

The next four chapters present the results of the acoustic analysis for the patterns of voicing
and aspiration (chapter 5), the durational correlates (chapter 6), the spectral correlates
(chapter7), and regressive voicing assimilation in stop-stop clusters at word boundaries
(chapter 8). All the statistical output of LMM models and pairwise comparisons are presented
in Appendix C.

In chapter 5,6, and 7, the results of the acoustic analysis for each correlate in each
position are presented through figures and tables in two sections: 1) the values as a function of
voicing and rate, and 2) the values as a function of voicing, rate, and place of articulation. In
terms of the results as a function of vowel and gender, they are presented in Appendix C only
if they are significant in the LMM models. Each section ends with a short summary that gives
the main results and links them with the previous studies. At the end of each chapter, the
results are summarised in a table that shows the acoustic values (mean/standard deviation)

under normal and fast speech rate conditions.
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Chapter 5. Results for the patterns of voicing and aspiration

This chapter presents the results of the acoustic analysis of voicing and aspiration in the target
stops in the determined phonetic contexts under normal/fast speech rate conditions. As
previously noted, the present study focuses on two sides of voicing contrast in Najdi Arabic:
the phonetic realisation and the phonological representation. This chapter focuses on the
acoustic analysis of voicing and aspiration expected to signal the distinction between Voiced
and Voiceless stops in Najdi Arabic in utterance-initial, utterance-medial intervocalic, and
utterance-final positions. The acoustic correlates investigated in this chapter includes
aspiration, %voicing, prevoicing, and voicing duration. The results of the acoustic analysis of
voicing and aspiration are expected to provide the description required to form the foundation
for the phonological representation of voicing contrast in Najdi Arabic and the choice of
distinctive features specifying this contrast.

This chapter is divided into three main parts: 1) general results, focusing on the results
of instances of voicing, devoicing, aspiration following the coding system employed in the
present study to characterise these features; 2) the acoustic analysis, focusing on the patterns
of voicing and aspiration in VVoiced and Voiceless stops in utterance-initial CV:C, utterance-
medial CV:CV(C)/ CVCV:(C), and utterance-final CV:C; and 3) the summary of the results

for the examined correlates under normal/fast speech rate conditions.
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5.1 General results

This section presents the percentages of tokens categorised as instances of voicing, devoicing,
and aspiration under normal/fast speech rate conditions. For the purpose of this section, a
coding system was employed to characterise the phonetic realisation of each stop in each

context (see Figure 5.1, note: reproduced again here to be easier for the reader to follow).

Voicing Voiced Voiceless
\% 100% 0%
V80 80-99% 1-20%
VP 50-79% 21-50%
UP 21-50% 50-79%
u80 1-20% 80-99%
U 0% 100%

Aspiration unaspirated aspirated

UASP 0-34 ms -
MASP - 35-60 ms
HASP - 61 and more

Figure 5.1 The coding symbols and their meaning for categorising instances of voicing,
devoicing, and aspiration in stops.

The following figures and tables present general description of voicing, devoicing, and
aspiration in Najdi Arabic.

Burst

Aspiration
5000

5000

Frequency (Hz)
Frequency (Hz)

0 0.1 0.2 03 04132 0 0.1 0.2 03 03319
Time (s) Time (s)

0.1282 0.1469
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04132 0 03319
Time (s) Time (s)

Figure 5.2 Examples of utterance-initial stops produced by male speaker S01, Voiceless
aspirated stop on the left (kha:l ‘weigh’), prevoiced Voiced stop on the right (du:d ‘worms”).
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Voiced Voiceless

Prevoicing Aspiration

Normal Fast Normal Fast

V| (1358) [ 90.5% | (1235) | 86% | UASP | (94) | 10% | (413) | 43.6%
U

(142) | 95% | (201) | 14% | MASP | (614) | 64.3% | (503) | 53.1%

HASP | (246) | 25.7% | (31) | 3.3%

Total | 1500 1436 Total 954 947

Table 5.1 The percentage of voicing, devoicing, and aspiration for utterance-initial stops
(Voiced/Voiceless: phonological voicing. Numbers in parentheses refer to the number of
tokens.)

Frequency (Hz)
Frequency (Hz)

0.04907 0.04538

I . wumuuuuu“ o o "'r\w,
”’”l%w w4l po T “mf‘”

-0.05896
Time (s) Time (s)

-0.05472
0

0.383 0 03604

Figure 5.3 Examples of utterance-medial intervocalic stops produced by female speaker S13,
Voiceless aspirated stop on the left (kat'u.m ‘secretive’), prevoiced stop on the right (bi:gat
‘stolen’).

Voiced Voiceless
Voicing in CD Voicing in CD
Normal Fast Normal Fast

V| (794) | 98% | (749) | 98% U | (518) | 98% | (433) | 94%

VP (5) 1% | (11) | 14% | UP 2) | 037% | (11) | 2.41%

uP (5) 1% (3) | 06% | USD | (6) | 126% | (8) | 1.75%

Total 804 763 V (2) 0.37% 4 1.84%
Total 528 456
Aspiration
Normal Fast

UASP | (154) | 29.2% | (264) | 57.8%

MASP | (282) | 53.6% | (176) | 38.5%

HASP | (90) | 17.2% | (16) | 3.7%

Total 526 456

Table 5.2 The percentage of voicing, devoicing, and aspiration for utterance-medial stops
(iambic) (Voiced/Voiceless: phonological voicing. Numbers in parentheses refer to the
number of tokens.)
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Voiced Voiceless
Voicing in CD Voicing in CD
Normal Fast Normal Fast
V (1649) | 98% | (1583) | 97% U (1050) | 93% | (992) | 92%
VP (20) | 1.19% | (35) 2.14% UP (37) 3.2% (55) 5.1%
U] (8) 1% (8) 0.6% uso0 (31) 2.7% (14) 1.3%
V80 (1) 0.47% (1) 0.49% \Y/ (8) 0.7% (10) | 0.92%
uso (2) 0.34% (2) 0.37% | V80 0) 0% 1) 0.09%
Total | 1680 1629 VP (2) 0.17% 4) 0.59%
Total | 1128 1076
Aspiration
Normal Fast
UASP | (645) | 57.1% | (902) | 84.1%
MASP | (466) | 41.2% | (170) | 15.9%
HASP | (18) 1.7% (0) 0%
Total | 1129 1072

Table 5.3 The percentage of voicing, devoicing, and aspiration for utterance-medial stops
(trochaic) (Voiced/Voiceless: phonological voicing. Numbers in parentheses refer to the

number of tokens.)

Frequency (Hz)

0.1109

voiceless Devoiced
closure closure —
Burst Burst
Asp
‘, 5000
] ! \
' )
H. ’ é, m W
g | ‘
ol | b L |
0 0.1 02 03 oases 0 0.1 02 03 03918
Time (s) Time (s)
0.1977
| ""Wmﬁm- — o1t "
022294 04027
0 04863 0 0.3918

Time (s)

Time (s)

Figure 5.4 Examples of utterance-final stops produced by male speaker S06, VVoiceless
aspirated stop on the left (fo.¢" ‘kick’), Voiced stop on the right (fa:d ‘benefited’).
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Voiced Voiceless

Voicing in CD Voicing in CD

Normal Fast Normal Fast

v (32) | 24% | (77) | 71% | U | (888) | 99% | (778) | 97%

VP | (103) | 7.8% | (94) | 87% | UP (3) | 0.33% | (13) | 1.63%

V80 | (1) |007% | (12) | 1.1% | Us0 | (20 |022% | (1) | 0.21%

U | (782) | 59.2% | (678) | 63.2% | V (0) 0% 3) | 0.37%

UP | (292) | 22% | (176) | 16.4% | VP (1) | 045% | (0) 0%

USO | (109) | 82% | (35) | 3.2% | Total | 894 795

Total | 1319 1072 Aspiration

Normal Fast

UASP | (14) | 1.7% | (326) | 41%

MASP | (117) | 13% | (318) | 40%

HASP | (765) | 85.3% | (149) | 19%

Total 896 793

Table 5.4 The percentage of voicing, devoicing, and aspiration for utterance-final stops
(Voiced/Voiceless: phonological voicing. Numbers in parentheses refer to the number of
tokens.)

Tables (5.1-4) show the proportion of voicing, devoicing, and aspiration patterns
identified in the examined phonetic contexts. VVoiced stops were prevoiced in utterance-initial
position in the majority of tokens across speech rates (Nr = 90.5%, FA = 86%). The
percentage of devoicing is slightly higher in fast speech than in normal speech. VVoiceless
stops, on the other hand, were aspirated in utterance-initial position in the majority of tokens
across speech rates (Nr = 90%, FA = 56%). This result confirms the main expectation about
Najdi Arabic in that both prevoicing and aspiration exist in its voicing contrast system. In
utterance-medial position, Voiced stops were fully voiced in the majority of the tokens across
foot structure and speech rates. The devoicing percentage is slightly higher in the trochaic
than in the iambic contexts across speech rates. Voiceless stops, on the other hand, were
aspirated in the majority of tokens in the iambic context in the normal speech rate whereas in
the trochaic context the majority of tokens were unaspirated. Voiceless stops in utterance-
medial position showed a fully voiceless closure in the majority of the data across foot
structure and speech rates. In utterance-final position, Voiced stops were devoiced in the
majority of the tokens across speech rates (Nr = 59.2%, FA = 63.2%). VVoiceless stops were
aspirated in the majority of tokens across speech rates (Nr = 98.3%, FA = 59%).

These results suggest that Najdi Arabic has features from both voicing and aspirating
languages. At this stage, it is still difficult to describe the manifestation of voicing contrast in
Najdi Arabic in a precise manner. A more in-depth analysis of the phonetic aspects of voicing
contrast in this dialect will be presented in the coming sections starting with the acoustic
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correlates that are expected to cue the phonological opposition between Voiced and Voiceless

stops.

5.2 Acoustic analysis of the patterns of voicing and aspiration.

5.2.1 Aspiration (ms)

Aspiration is a crucial acoustic correlate that signals the distinction between Voiceless and
Voiced stops in aspirating languages. Voiceless stops are expected to be realised with long lag
aspiration while VVoiced stops are expected to be realised with short lag aspiration. The
presence of aspiration in Najdi Arabic reported in some studies in the literature (Flege and
Port, 1981; Al-Gamdi et al., 2019) raises questions about the nature of such an acoustic
correlate and its robustness taking into account various factors. Aspiration duration is
examined in this section in Voiceless and Voiced stops regardless of their phonetic voicing in

the closure.

5.2.1.1 Utterance-initial stops CV:C

Aspiration as a function of voicing and rate

MNr FA

60

40 1

Aspiration ms

20 1

veoicing
Figure 5.5 Boxplots of the fitted values of aspiration in utterance-initial stops classified by

voicing (vl = Voiceless, vd = Voiced), and speech rate (FA = fast, Nr = Normal) and over

place, vowel type and gender. The dashed line represents the mean.
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Voiceless Voiced

Mean SD Mean SD
Normal 47.6 7.19 11.9 3.92
Fast 41.2 7.31 5.65 3.42

Table 5.5 Mean and standard deviation of the fitted values of aspiration for Voiceless and
Voiced utterance-initial stops grouped by voicing and speech rate.

As we can see in figure and table 5.5, voicing category has a clear impact on aspiration across

speech rates. At normal speech rate, aspiration for the Voiceless was significantly longer than

for the Voiced stops by an average of 35.5 ms across speech rates (p<0.0001). Moving to

speech rate impact on aspiration, normal speech rate resulted in longer aspiration for both

Voiceless and Voiced stops. For Voiceless stops, there was a significant difference by 6.4 ms

in favour of normal speech (p<0.0001). A similar pattern was found for Voiced stops;

aspiration was significantly longer in normal speech by an average of 6.25 ms (p<0.0001).

Aspiration as a function of voicing, rate, and place of articulation
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Figure 5.6 Boxplots of the fitted values of aspiration in utterance-initial stops classified by
voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr = Normal) and place of
articulation. The dashed line represents the mean.
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Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 9.09 2.94 - - 3.15 2.06
Alveolar 45.8 6.69 10.6 2.46 39.3 6.8 4.17 1.91
Velar 49.5 7.22 15.5 2.98 43.1 7.31 8.93 2.72
Table 5.6. Mean and standard deviation of the fitted values of aspiration for Voiceless and

Voiced utterance-initial stops grouped by speech rate and place of articulation.

With respect to the impact of place of articulation on aspiration, figure and table 5.6 show that
the pattern appeared to be in the order velar > alveolar > bilabial across voicing categories
and speech rates. For Voiceless stops, aspiration in velar stops was statistically longer than
inalveolar ones by an average of 3.7 ms in both normal and fast speech rates (p<0.0001).
Within velar vs alveolar for VVoiced stops, aspiration was on average about 4.8 ms longer in
velar than in alveolar stops in both normal and fast speech rates (p<0.0001). The results also
showed that aspiration for velar stops were significantly longer than for bilabial stops by an
average of 6.41 ms in normal speech (p<0.0001), and by an average of 5.78 in fast
speech(p<0.0001). Within alveolar vs bilabial for Voiced stops, aspiration in alveolar was
longer by an average of 1.51 ms in normal speech (p<0.0005), and by an average of 1.02 ms
(p<0.008) in fast speech.

5.2.1.2 Utterance-medial stops CV:CVC (Trochaic)

Aspiration as a function of voicing and rate

Nr FA

w
o

Aspiration ms
"

voicing
Figure 5.7. Boxplots of the fitted values of aspiration in utterance-medial stops (Trochaic)

classified by voicing (vl = Voiceless, vd = VVoiced), and speech rate (FA = fast, Nr = Normal).
The dashed line represents the mean.
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Voiceless Voiced

Mean SD Mean SD
Normal 324 5.68 9.59 3.38
Fast 28.7 5.62 6.19 3.05

Table 5.7. Mean and standard deviation of the fitted values of aspiration for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.

As figure and table 5.7 show, there is a clear separation between aspiration values for Voiced
and Voiceless stops. Starting with normal speech, aspiration in VVoiceless was significantly
longer than in Voiced stops by an average of 22.81 ms (p<0.0001). With respect to fast
speech, aspiration for the VVoiceless was significantly longer than for the VVoiced stops by an
average of 22.51 ms (p<0.0001). It can be seen that normal speech resulted in longer
aspiration for both Voiceless and Voiced stops. For Voiceless stops, there was a significant
difference by 3.7 ms in favour of normal speech (p<0.0001). Similarly, aspiration for VVoiced
stops was significantly longer in normal speech by an average of 3.4 ms (p<0.0001).

Aspiration as a function of voicing, rate, and place of articulation
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Figure 5.8. Boxplots of the fitted values of aspiration in utterance-medial stops (Trochaic)
classified by voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr = Normal) and
place of articulation. The dashed line represents the mean.
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Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 7.14 2.77 - - 3.74 2.38
Alveolar 33.1 4.97 9.34 2.52 29.5 4.97 5.78 2.11
Velar 31.7 6.23 11.8 3.23 27.9 6.1 8.17 2.95
Table 5.8. Mean and standard deviation of the fitted values of aspiration for Voiceless and

Voiced utterance-medial stops (Trochaic) grouped by speech rate and place of articulation.

The results showed that aspiration for alveolar stops were significantly longer than for velar
ones by an average of 1.5 ms in both normal and fast speech rates (p<0.0001). For Voiced
stops, however, the pattern appeared to be in the order velar > alveolar > bilabial across
speech rates. Within velar vs alveolar for VVoiced stops, aspiration for velar stops showed a
significant increase by an average of 2.3 ms (p<0.0001) in both normal and fast speech rates.
The results also showed that aspiration for velar stops was significantly longer than for
bilabial stops by an average of 4.5 (p<0.0001) ms in both normal and fast speech. Within
alveolar vs bilabial for VVoiced stops, aspiration for the former showed a significant increase

by an average of 2.1 ms (p<0.0001) in both normal and fast speech.

5.2.1.3 Utterance-medial stops CVCV:C(lambic)

Aspiration as a function of voicing and rate
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Figure 5.9. Boxplots of the fitted values of aspiration in utterance-medial stops (lambic)

classified by voicing (vl = Voiceless, vd = Voiced), and speech rate (FA = fast, Nr = Normal).
The dashed line represents the mean.
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Voiceless Voiced

Mean SD Mean SD
Normal 42.1 10.5 114 3.59
Fast 36.8 10.4 6.09 3.48

Table 5.9. Mean and standard deviation of the fitted values of aspiration for Voiceless and
Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

Figure and table 5.9 show that voicing affected aspiration across speech rates. Aspiration in
Voiceless was significantly longer than in Voiced stops by an average of 30.7 ms (p<0.0001)
at both normal and fast speech rates. As for the effect of speech rate on aspiration, normal
speech resulted in longer aspiration for both Voiceless and Voiced stops by an average of 5.4
ms (p<0.0001).

Aspiration as a function of voicing, rate, and place of articulation
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Figure 5.10. Boxplots of the fitted values of aspiration in utterance-medial stops (lambic)
classified by voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr = Normal) and
place of articulation. The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 8.04 2.27 - - 2.92 2.07
Alveolar 41.3 10.5 10.2 2.49 36.1 10.3 4.93 2.59
Velar 43 10.6 14.2 2.71 37.5 10.5 8.79 2.65

Table 5.10. Mean and standard deviation of the fitted values of aspiration for Voiceless and
Voiced utterance-medial stops (Iambic) grouped by speech rate and place of articulation.

As shown in figure and table 5.10, aspiration for velar stops was significantly longer than for

alveolar ones by an average of 1.7 ms in normal (p = 0.01204) and fast speech (p = 0.04193)
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rates. For VVoiced stops, the pattern appeared to be in the order velar > alveolar > bilabial
across speech rates. Within velar vs alveolar for VVoiced stops, aspiration for velar stops
showed a significant increase by an average of 3.9 ms (p<0.0001) in both normal and fast
speech rates. The results also showed that aspiration for VVoiced velar stops was significantly
longer than for VVoiced bilabial stops by an average of 6.015 (p<0.0001) ms in both normal
and fast speech. The results showed that aspiration in alveolar stops was on average about
2.085 ms longer than in bilabial stops in both normal (p = 0.00752) and fast (p = 0.0256)

speech rates.

5.2.1.4 Utterance-final stops CV:C

Aspiration as a function of voicing and rate
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Figure 5.11. Boxplots of the fitted values of aspiration in utterance-final stops classified by
voicing (vl = Voiceless, vd = Voiced), and speech rate (FA = fast, Nr = Normal). The dashed
line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 80.7 17.6 25.8 7.12
Fast 56.3 14.2 2.09 5.37

Table 5.11. Mean and standard deviation of the fitted values of aspiration for Voiceless and
Voiced utterance-final stops grouped by voicing and speech rate.

As we can see in figure and table 5.11, voicing has a notable impact on aspiration across

speech rates. At normal speech, aspiration for VVoiceless was significantly longer than for
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Voiced stops by an average of 54.9 ms (p<0.0001). As for fast speech, aspiration for the
Voiceless was significantly longer than for the VVoiced stops by an average of 54.21 ms
(p<0.0001). The results also showed large effect of speech rate where aspiration in normal
speech was significantly longer than in fast speech by an average of 24.055 for both Voiceless
and Voiced stops (p<0.0001).

Aspiration as a function of voicing, rate, and place of articulation
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Figure 5.12 Boxplots of the fitted values of aspiration in utterance-final stops classified by
voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr = Normal) and place of
articulation. The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 20.9 5.98 - - 3.07 3.88
Alveolar 81.3 17.6 28.3 6.36 56.7 14.6 4.46 4.59
Velar 80 17.6 26.7 6.68 55.9 13.9 2.69 4.80

Table 5.12 Mean and standard deviation of the fitted values of aspiration for Voiceless and
Voiced utterance-final stops grouped by speech rate and place of articulation.

As for the impact of place of articulation on aspiration, the pattern appeared to be in the order
velar > alveolar > bilabial with marginal differences across voicing status and speech rates.
For Voiceless stops, aspiration in velar was longer than in alveolar stops by an average of 1.3
ms in both normal (p =0.0751) and fast (p = 0.3213) rates. Within velar vs alveolar for Voiced

stops, aspiration for velar stops showed a significant increase by an average of 1.7 ms in
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normal (p = 0.0077) and fast (p = 0.0373) rates. Aspiration in velar stops was significantly

longer than in bilabial stops by an average of 5 ms in normal speech (p = 002).

5.2.1.5 Summary of results for aspiration

Aspiration results showed that aspiration was a robust acoustic correlate that significantly
marked the distinction between Voiceless and Voiced stops in Najdi Arabic with no overlap
between the two series of stops across positions and speech rates. The distinction between
Voiceless and Voiced stops was maintained across all the included fixed effects.

In normal speech, Voiceless stops were realised with moderate aspiration (MASP) in
the majority of the tokens in utterance-initial and utterance-medial iambic stops and to a lesser
extent in 41.2% of the tokens in utterance-medial trochaic stops. In utterance-final position,
Voiceless stops were realised with heavy aspiration (HASP) in 85.3% of the tokens. The
pattern for mean aspiration duration by position in voiceless stops appeared in the order final
(m =80.7 ms) > initial (m = 47.6 ms) > medial iambic (m = 42.1 ms) > medial trochaic (m =
32.4 ms). Voiced stops were realised with short aspiration in all tokens in initial and medial
positions and in the majority of tokens in final position.

In fast speech, voiceless stops were realised with moderate aspiration in 57% of the
tokens in initial and final stops whereas there were realised with short aspiration in the
majority of tokens in medial positions. The positions pattern for mean aspiration duration in
Voiceless stops appeared in the order final (m = 56.3 ms) > initial (m = 41.2 ms) > medial
iambic (36.8 ms) > medial trochaic (m = 28.7). Voiced stops were realised with short
aspiration in all tokens across positions.

The results suggest that VVoiceless stops in Najdi Arabic show features of aspirating
languages with moderate aspiration in utterance-initial and utterance-medial (iambic)
contexts. This pattern of aspiration duration is not as reported for some aspirating languages
as German (Jessen, 1998) and English (Kessinger and Blumstein, 1997). The results for
aspiration in utterance-final stops show that they are heavily aspirated which is in agreement
with the concept of fortition proposed in the work of lverson and Salmons (1995). The results
of speech rate effect showed that aspiration was significantly shortened in response to fast
speech in comparison to normal speech and this difference was larger in utterance-final than
the other positions.

The results also indicate that VVoiceless stops are specified with [spread glottis]
because of the presence of moderate aspiration in utterance-initial and utterance-medial

(iambic) stops. The impact of speech rate provides support for the activeness of [spread
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glottis] based on the assumption that aspiration is shortened in specified Voiceless stops in

response to fast speech (Beckman et al., 2011).

5.2.2 The proportion of voicing in the closure (% voicing)
This section presents the results of the proportion of voicing in the closure (%voicing) for
Voiceless and Voiced stops in utterance-medial and utterance-final positions. This measure is
crucial in terms of revealing whether VVoiced and Voiceless stops are specified with active
features in Najdi Arabic. It is expected for Voiced stops to show robust voicing covering the
closure in voicing languages. Voiceless stops, on the other hand, are expected to be actively
devoiced in aspirating languages.

As pointed out earlier, 98% of Voiced stops’ tokens were fully voiced (100% voicing)
in utterance-medial trochaic and iambic contexts whereas 99% of the tokens underwent a
devoicing process (100% devoicing) in utterance-final position. A few numbers of Voiceless
stops’ tokens on the other hand were found to show voicing in the hold phase across
positions. The aim of this section is to examine the %voicing in the closure for Voiceless and
Voiced stops as a function of rate, place of articulation, vowel type and gender.
5.2.2.1 Utterance-medial stops CV:CVC (Trochaic)

% voicing as a function of voicing and rate
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Figure 5.13. Boxplots of the fitted values of %voicing for utterance-medial stops (Trochaic)
classified by voicing (vl = Voiceless, vd = Voiced), and speech rate (FA = fast, Nr = Normal).
The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 2.61 2.88 99 2.31
Fast 2.81 2.98 99.2 2.54

Table 5.13. Mean and standard deviation of the fitted values of %voicing for utterance-medial
stops (Trochaic) grouped by speech rate.
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As we can see in figure and table 5.13, voicing category has a clear impact on the %voicing
across speech rates. There was a significant difference in the %voicing for VVoiced stops by an
average of % 96.39 (p<0.0001) in both normal and fast speech rates. The analysis did not

reveal significant impact of speech rate on %voicing.

% voicing as a function of voicing, rate, and place of articulation
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Figure 5.14. Boxplots of the the fitted values of %voicing for utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr =
Normal) and place of articulation. The dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 99.8 0.66 - 100 0.86
Alveolar 3.68 3.04 99.4 1.73 3.84 3.09 99.5 1.79
Velar 1.56 2.25 97.7 3.20 1.81 2.5 97.9 3.47
Table 5.14. Mean and standard deviation of the fitted values of %voicing for utterance-medial

stops (Trochaic) grouped by speech rate and place of articulation.

Figure and table 5.14 show that there was a large effect of voicing on the %voicing across
speech rates and places of articulation. %voicing was significantly higher for VVoiced than for
the Voiceless stops by an average of % 95.9 in both normal and fast speech (p<0.0001). With
respect to the impact of place of articulation on the %voicing for Voiced stops, the pattern

observed was /bilabial/ > /alveolar/ > /velar/ in both normal fast speech rates. The differences
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between each pair of comparison were statistically significant (pairwise comparison:
Appendix C Table C-19).

5.2.2.2 Utterance-medial stops CVCV:C (lambic)

% voicing as a function of voicing and rate
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Figure 5.15. Boxplots of the fitted values of %voicing for utterance-medial stops (lambic)
classified by voicing (vl = Voiceless, vd = VVoiced) and speech rate (FA = fast, Nr = Normal).
The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 1.02 0.84 99.2 1.54
Fast 1.43 0.98 99.6 1.63

Table 5.15. Mean and standard deviation of the fitted values of %voicing for utterance-medial
stops (Iambic) grouped by speech rate.

Similar to stops in utterance-medial (Trochaic) position, the results in utterance-medial stops
(lambic) show that there was a significant increase of % voicing in VVoiced stops by an
average of % 98.2 (p<0.0001) in both normal and fast speech rates. Moving to the impact of
speech rate, there was a significant increase in the %voicing for VVoiced stops in fast speech
by an average of % 0.4 (p<0.0001).
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% voicing as a function of voicing, rate, and place of articulation
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Figure 5.16. Boxplots of the fitted values of %voicing for utterance-medial stops (lambic)
classified by voicing (vl = Voiceless, vd = VVoiced) and speech rate (FA = fast, Nr = Normal)
and place of articulation. The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 99.8 0.47 - - 100 0.63
Alveolar 1.4 0.92 99.7 0.42 1.78 1.08 100 0.57
Velar 0.62 0.5 98 2.15 1.05 0.7 98.4 2.21

Table 5.16. Means and standard deviations of the %voicing for utterance-medial stops
(Iambic) grouped by speech rate and place of articulation.

As shown in figure and table 5.16, voicing status has a major effect on the %voicing across
speech rates and places of articulation. The %voicing for the Voiced was significantly higher
than for the Voiceless stops by an average of % 97.9 in both normal and fast speech
(p<0.0001). Figure and table 5.16 also show that speech rate marginally affected the
%voicing for Voiced and Voiceless stops across places of articulation (Pairwise comparison:
Appendix C Table C-22). As for place of articulation, the pattern observed was /bilabial/ >/

alveolar/ > /velar/ in normal speech. (Pairwise comparison: Appendix C Table C-22).
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5.2.2.3 Utterance-final stops CV:C

% voicing as a function of voicing and rate
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Figure 5.17. Boxplots of the fitted values of %voicing for utterance-final stops classified by
voicing (vl = Voiceless, vd = Voiced) and speech rate (FA = fast, Nr = Normal). The dashed
line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 0.95 2.94 16.5 15.9
Fast 2.18 3.63 19 17.4

Table 5.17. Mean and standard deviation of the fitted values of %voicing for utterance-final
stops grouped by speech rate and gender.

Figure and table 5.17 show that there is a significant difference in the %voicing for Voiced
stops by an average of 16.2% (p<0.0001) in both normal and fast speech rates. Moving to the
impact of speech rate on the %voicing, there was a significant increase for VVoiced stops in
fast speech by an average of 2.5% (p<0.0001) and by an average of 1.23% (p<0.0001) for

Voiceless stops.
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% voicing as a function of rate, voicing, and place of articulation
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Figure 5.18. Boxplots of the fitted values of %voicing for utterance-final stops classified by
voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr = Normal), and place of
articulation. The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 17.9 16.5 - - 22 18.8
Alveolar 1 2.85 15.3 15.6 2.08 3.5 17.9 17
Velar 0.9 3.03 16.4 15.6 2.27 3.75 17.9 16.5

Table 5.18. Mean and standard deviation of the fitted values of %voicing for utterance-final
stops grouped by speech rate and place of articulation.

Figure and table 5.18 illustrate the % voicing patterns as a function of voicing, rate, and place
of articulation. The analysis revealed that voicing status significantly affected %voicing
across speech rates and places of articulation. The %voicing for the Voiced was significantly
higher than for the Voiceless stops by an average of 15.3% in both normal and fast speech
(p<0.0001). Figure 5.29 and table 5.32 also show that speech rate variation significantly
affected the %voicing for VVoiced bilabial (p<0.0001) and alveolar stops (p = 0.00417) in
which that the fast speech resulted in higher proportion of voicing than the normal speech
(pairwise comparison: Appendix C Table C-25). With respect to the impact of place of
articulation on the %voicing for VVoiced stops, the pattern observed was /bilabial/ > /velar/ >
/alveolar/ in normal speech, and /bilabial/ > /velar/ =/ alveolar/ in fast speech. Within bilabial
vs velar in normal speech, the difference was found to be not significant (p = 0.10312)
whereas within bilabial vs alveolar the difference was found to be significant (p = 0.00415).
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In terms of Voiced stops in fast speech, the %voicing for the bilabial was significantly higher

than the alveolar and velar stops by an average of 4.1% (p<0.0001).

5.2.2.4 Summary of results for %ovoicing

The results of % voicing indicated that VVoiced stops in Najdi Arabic behaved similar to
Voiced stops in voicing languages by showing robust voicing in utterance-medial contexts.
Voiceless stops on the other hand showed very small percentages of voicing in their closure
phase in both utterance-medial and utterance-final stops. VVoiced stops in utterance-final
context showed a very low percentage of voicing in their hold phase in a small number of
tokens (1.5%) which is expected due to the difficulty of maintaining voicing in such a context
in both voicing and aspirating languages (Ohala, 1983; Iverson and Salmon, 1995).

With regard to the impact of speech rate, the %voicing tended to be higher in fast
speech than in normal speech. This finding was evident for voiced stops more than for
voiceless stops. This impact could be interpreted through the fact that reduction taking place
in fast speech enabled the extension of voicing to cover larger part of the hold phase.

The results of VVoiced stops in utterance-medial contexts indicate an active voicing that
implicates the activeness of [voice] in Najdi Arabic based on the predictions proposed in
laryngeal realism approach (Beckman et al., 2013; Jessen, 2001). The high percentages of
voicelessness in Voiceless stops indicate an active devoicing process that is expected to occur
in aspirating languages. This is also supported by the presence of aspiration across contexts

which were presented in the previous section.

5.2.3 Prevoicing and voicing duration (ms)

This section presents the results of prevoicing and voicing duration in Najdi Arabic stops with
respect to positional variation as well as its interactions with rate, place of articulation, vowel
type, and gender. It has been demonstrated earlier in the general results section that 90.5% of
Voiced stops’ tokens were prevoiced in utterance-initial position and 98% of the tokens
showed robust voicing in the closure in utterance-medial positions (V: 100%). Utterance-final
stops, however, showed a devoicing process for 59.2% of the tokens (U: 100%). The aim of
this section is to check the manifestation of prevoicing and voicing in the closure in each
context considering the aforementioned factors. The results for utterance-initial stops are

presented only for Voiced stops (no tokens for VVoiceless stops showed prevoicing).
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5.2.3.1 Utterance-initial stops CV:C

Prevoicing as a function of voicing, rate, and place of articulation

bilabial | alveolar | velar

Prevaoicing ms
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rate

Figure 5.19. Boxplots of the fitted values of prevoicing for VVoiced utterance-initial stops
classified by speech rate (FA = fast, Nr = Normal), and place of articulation. The dashed line
represents the mean.

Bilabial Alveolar Velar

Mean SD Mean SD Mean SD
Normal 65.9 8 66.8 7.76 62.7 7.9
Fast 41.3 7.92 42.2 7.72 38.5 8.96

Table 5.19. Mean and standard deviation of the fitted values of prevoicing for Voiced
utterance-initial stops grouped by speech rate and place of articulation.

Figure and table 5.19 illustrate the prevoicing values for VVoiced stops in the utterance-initial
position varied as a function of speech rate across all places of articulation. Beginning with
speech rate effect, the analysis revealed that prevoicing was longer in normal speech than in
fast speech by an average of 24.4 ms (p<0.0001) across places of articulation. As for the
impact of place of articulation, the pattern appeared to be in the order alveolar > bilabial >
velar in both normal and fast speech rates. Within bilabial vs alveolar, the difference was
found to be not significant in both normal (p = 0.11) and fast (p = 0.12) rates. Within bilabial
vs velar, the results showed that prevoicing for bilabial stops were significantly longer than
for velar stops by an average of 3.2 ms in normal speech (p<0.0001), and by an average of 2.8

ms in fast speech (p<0.0001). Within alveolar vs velar for VVoiced stops, prevoicing for the
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former showed a significant increase by an average of 4.1 ms in normal speech (p<0.0001),

and by an average of 3.7 ms (p<0.0001) in fast speech.

5.2.3.2 Utterance-medial stops CV:CVC (Trochaic)

Voicing duration as a function of voicing and rate
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Figure 5.20. Boxplots of the fitted values of voicing duration in utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = VVoiced) and speech rate (FA = fast, Nr
= Normal). The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 3.8 1.6 49.5 5.75
Fast 1.43 1.94 44.2 6.02

Table 5.20. Mean and standard deviation of the fitted values of voicing duration for utterance-
medial stops (Trochaic) grouped by speech rate.

The results for voicing duration in utterance-medial stops (trochaic) as a function of voicing
and speech rate are shown in figure and table 5.20. Voicing duration for the VVoiced was
significantly longer than for the Voiceless stops by an average of 45.7 ms (p<0.0001). With
respect to fast speech, voicing duration for the VVoiced was significantly longer than for the
Voiceless stops by an average of 42.77 ms (p<0.0001). Moving to the impact of speech rate
on voicing duration, normal speech resulted in longer voicing duration for both Voiceless and
Voiced stops. For Voiceless stops within normal vs fast, voicing duration at normal speech

showed a significant increase by an average of 2.37 (p<0.0001). A similar pattern was found
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for Voiced stops whereby voicing duration was significantly longer in normal speech by an
average of 5.3 ms (p<0.0001).

Voicing duration as a function of voicing, rate, and place of articulation
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Figure 5.21. Boxplots of the fitted values of voicing duration in utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr =
Normal), and place of articulation. The dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial 52.5 6.03 - 47.4 6.47
Alveolar 4.28 1.56 46.9 5.35 0.98 212 41.5 5.59
Velar 3.32 1.49 49.1 419 1.86 1.64 439 4.35
Table 5.21. Mean and standard deviation of the fitted values of voicing duration for utterance-

medial stops (Trochaic) grouped by speech rate and place of articulation.

As shown in figure and table 5.21, voicing has a large effect on voicing duration across
speech rates and places of articulation. For alveolar stops, voicing duration for the VVoiced was
significantly longer than for the Voiceless stops by an average of 41.57 ms in both normal and
fast speech (p<0.0001). For velar stops, voicing duration for the VVoiced was significantly
longer than for the Voiceless stops by an average of 43.91 ms in both normal and fast speech
(p<0.0001). Figure and table 5.21 also show that speech rate variation affected voicing
duration for Voiced stops across places of articulation in which that the normal speech

resulted in longer voicing duration than the fast speech. That is, voicing duration in normal
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speech was significantly longer than in fast speech by an average of 5.2 ms across places of
articulation (p<0.0001). As for the effect of place of articulation, the pattern observed was
/bilabial/ > /velar/ > /alveolar/ in both normal and fast speech rates. The differences between
each pair of comparison were statistically significant (pairwise comparison: Appendix C
Table C-30).

5.2.3.3 Utterance-medial stops CVCV:C (lambic)

Voicing duration as a function of voicing and rate
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Figure 5.22. Boxplots of the fitted values of voicing duration for utterance-medial stops
(lambic) classified by voicing (vl = Voiceless, vd = Voiced) and speech rate (FA = fast, Nr =
Normal). The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 1.1 5.29 51.3 11.1
Fast 1.4 5.59 42.4 10.7

Table 5.22. Mean and standard deviation of the fitted values of voicing duration for utterance-
medial stops (Iambic) grouped by speech rate.

The analysis of voicing duration revealed that VVoiceless and Voiced stops are distinct with no
overlap between the two categories. Figure and table 5.22 show that voicing duration for the
Voiced was significantly longer than for the VVoiceless stops by an average of 50.2 ms in
normal speech (p<0.0001) and by an average of 41ms (p<0.0001) in fast speech. Moving to

the effect of speech rate on voicing duration, normal speech resulted in longer voicing

108



duration in Voiced stops by an average of 8.9 ms (p<0.0001). The difference between voicing
duration for Voiceless stops in normal and fast speech was found to be not significant (p =
0.98345).

Voicing duration as a function of voicing, rate, and place of articulation
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Figure 5.23. Boxplots of the fitted values of voicing duration for utterance-medial stops
(lambic) classified by voicing (vl = Voiceless, vd = VVoiced), speech rate (FA = fast, Nr =
Normal), and place of articulation. The dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 55.1 11.6 - 44.8 11.6
Alveolar 1.41 5.01 48.6 10.5 2.06 6.57 39.6 9.97
Velar 0.785 5.55 50.3 10.1 0.772 4.36 42.8 9.82
Table 5.23. Mean and standard deviation of the fitted values of voicing duration for utterance-

medial stops (Iambic) grouped by speech rate and place of articulation.

As we can see in figure and table 5.23, voicing has a major effect on voicing duration across
speech rates and places of articulation. For alveolar stops, voicing duration for the VVoiced was
significantly longer than for the Voiceless stops by an average of 47.19 ms in normal speech
(p<0.0001) and by an average of 37.54 ms in fast speech (p<0.0001). For velar stops, voicing
duration for the Voiced was significantly longer than for the Voiceless stops by an average of
49.515 ms in normal speech (p<0.0001) and by an average of 42.028 ms in fast speech

(p<0.0001). In terms of the effect of speech rate on voicing duration, figure 5.40 and table
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5.43 also show that speech rate affected voicing duration for VVoiced stops across places of
articulation in which that the normal speech resulted in longer voicing duration than the fast
speech. Voicing duration in normal speech was significantly longer than in fast speech by an
average of 8.9 ms (p<0.0001) across places of articulation. With respect to the impact of place
of articulation on voicing duration, the pattern appeared to be in the order bilabial > velar >
alveolar across speech rates. All the differences between each pair of comparison for voicing
duration as a function of place of articulation were found to be significant (pairwise

comparison: Appendix C Table C-32).

5.2.3.4 Utterance-final stops CV:C

Voicing duration as a function of voicing and rate
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Figure 5.24. Boxplots of the fitted values of voicing duration for utterance-final stops
classified by voicing (vl = Voiceless, vd = Voiced) and speech rate (FA = fast, Nr = Normal).
The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 0.54 2.13 13.7 13
Fast 0.058 2.45 12.6 11.8

Table 5.24. Mean and standard deviation of the fitted values of voicing duration for utterance-
final stops grouped by speech rate.

Figure and table 5.24 show that voicing duration for the Voiced was significantly longer than
for the Voiceless stops by an average of 12.8 ms (p<0.0001) in both normal and fast speech

rates. Moving to speech rate impact on voicing duration for VVoiced stops, voicing duration in
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normal speech was significantly longer than in fast speech by an average of 1.1 ms (p =
0.0069).

Voicing duration as a function of voicing, rate and place of articulation
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Figure 5.25. Boxplots of the fitted values of voicing duration for utterance-final stops
classified by voicing (vl = Voiceless, vd = VVoiced), speech rate (FA = fast, Nr = Normal), and
place of articulation. The dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 15.3 14 - - 15.3 13.3
Alveolar 0.55 2.22 12.7 12.7 0.066 2.39 11.8 11.6
Velar 0.54 2.03 13.3 12.3 0.051 2.52 115 10.6
Table 5.25. Mean and standard deviation of the fitted values of voicing duration for utterance-

final stops grouped by speech rate and place of articulation.

As shown in figure and table 5.25, the analysis revealed that voicing duration for the Voiced
was significantly longer than for the Voiceless by an average of 12.1 ms in both normal and
fast speech (p<0.0001). The change of speech rate did not significantly affect voicing duration
for Voiceless and Voiced stops across places of articulation; there were marginal differences
in favour of normal speech (pairwise comparison: Appendix C Table C-36). Moving to the
impact of place of articulation on voicing duration for VVoiced stops, the pattern appeared to
be in the order bilabial > velar > alveolar. VVoicing duration values for the bilabial were
significantly longer than for the velar (p = 0.00242) and the alveolar (p = 0.00011) stops.

Within velar vs alveolar for VVoiced stops, the difference was found to be not significant in
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both normal (p = 0.4544) and fast (p = 0.78741) rates. The differences between voicing
duration for Voiceless stops were found to be not significant across places of articulation
(pairwise comparison: Appendix C Table C-36).

5.2.3.5 Summary of results for prevoicing and voicing duration in the closure

Starting with prevoicing, it has been demonstrated that prevoicing is a robust acoustic
correlate that significantly signals the distinction between Voiced and Voiceless stops in
Najdi Arabic with no overlap between the two categories in utterance-initial position across
speech rates. VVoiced stops were prevoiced in 90.5% of the tokens in normal speech and in
86% of the tokens in fast speech. In terms of speech rate effect on prevoicing, normal speech
resulted in significantly longer prevoicing in utterance-initial stops. The mean duration for
prevoicing in normal speech was 65.1 ms, and it was 40.6 ms in fast speech.

As we have seen, voicing duration for utterance-medial stops behaved similarly in
both trochaic and lambic structure in which that VVoiced stops were clearly distinguished from
Voiceless stops by voicing duration in the majority of the tokens across places of articulation,
speech rates, genders, and vowel types. Voiceless stops were realised with no voicing in the
majority of tokens in utterance-medial and utterance-final positions. Voicing duration for
utterance-final stops was notably less effective in marking the voicing distinction due to the
devoicing process expected in such a context.

These findings are in agreement with what has been reported in the literature
regarding the voicing contrast in voicing languages in terms of prevoicing in utterance-initial
stops, voicing duration in utterance-medial stops, and final devoicing in utterance-final stops.
Prevoicing results are similar to that of Russian (Ringen and Kulikov, 2012) and Dutch (Van
Alphen and Smits, 2004). The results of speech rate effect supports the assumption that
Voiced stops are specified with [voice] because of the significant increase in response to

normal speech.

5.3 Conclusion

This chapter has presented the results of the LMM statistical analysis of the patterns of
voicing and aspiration in Voiceless and Voiced stops in Najdi Arabic in utterance-initial,
utterance-medial, and utterance-final contexts under normal/fast conditions. The acoustic
correlates investigated in this chapter included aspiration, %voicing, prevoicing, and voicing
duration.

The following table is an overview of the findings.
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. Utterance- Utterance- .
Utterance-initial medial (trochaic) | medial (iambic) Utterance-final

Correlate Voicing | rate | M SD |rate | M SD |rate | M SD |rate | M SD
Aspiration VI Nr | 479|719 | Nr |324 568 | Nr |[421]105|Nr |80.7]176

Vd Nr [ 119392 | Nr |959 338 |Nr [114 359 |Nr |258]712
% Voicing VI Nr | ... | ... [Nr [261]288|Nr |1.02]084|Nr |095]294

Vd Nr | ... | ... |Nr |99 231 | Nr [99.2 | 154 | Nr |[165]159
Prevoicing VI Nr | ..o | ooooo [Nr | ..o | ..ooo [ Nr oo | oo | NI

Vd Nr [65.1]|8 Nr | .o | oo [Nr | ..o | ... | Nr
Voicing Vi Nr | ....|...|Nr |38 |16 |Nr |11 [529|Nr |054 213
duration

Vd Nr | ... | ... |Nr |495|572 | Nr |513]|111|Nr |137]13
Aspiration VI FA | 412|731 | FA |287|562|FA |368]|104|FA |56.3]142

Vd FA | 556|342 | FA |6.19|305|FA |6.09]348 | FA |209]5.37
% Voicing VI FA | ... | ... |FA | 281|298 | FA |[143 098 | FA |218] 3.63

Vd FA | ... | ... [FA 992|254 | FA 996|163 | FA |19 17.4
Prevoicing VI FA | ... | ... |FA | .. | |FA | ... |..... |FA

Vd FA 40682 |FA | ... | ... |FA | ... |..... |FA
Voicing VI FA | | |FA | 143|194 | FA |14 |559|FA | 005|245
duration

Vd FA | ... | ... |FA |44216.02 | FA 424|107 |FA |126| 118

Table 5.26. Overview of the acoustic measures (Mean and standard deviation) of the patterns
of voicing and aspiration in Voiced and Voiceless stops under normal/fast speech rates.

The main purpose of investigating the acoustic measures for voicing and aspiration
was to find out how Voiced and Voiceless stops behaved in different phonetic contexts in
terms of the manifestations of the voicing contrast. This investigation enabled us to provide
an answer to the question related to the phonetic side proposed in the realm of laryngeal
realism in which [voice] requires active voicing whereas [spread glottis] requires long lag
aspiration.

The results for aspiration and voicing show that both Voiceless and Voiced stops are
fully specified. Voiceless stops were realised with long lag aspiration whereby Voiced stops
were realised with active voicing in utterance-initial and utterance-medial positions. The
distinction between Voiceless and Voiced stops was maintained across all sources of
variability including place of articulation, vowel type and gender. The impact of place of
articulation, vowel type and gender on the acoustic measure of voicing and aspiration were
small although it is true some of the differences were statistically significant.

The results in this chapter also demonstrate that both voicing and aspiration were
influenced in response to the change in speech rate. That is, fast speech rate resulted in shorter
aspiration and shorter voicing which strengthens the argument for the assumption that
specified stops are expected to be affected by the change in speech rate but not the
unspecified ones.

The results are consistent with the primary assumption that both [voice] and [spread
glottis] are active in the voicing system of Najdi Arabic. The presence of active voicing
indicates an active production gesture which includes the vibration of the vocal folds and the
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articulatory adjustments that lead to initiating and maintaining this vibration in a challenging
context such as utterance-initial. On the other hand, the presence of long lag aspiration is an
indication for an active glottal opening that allowed for the delay of the voicing of the

following vowel to be initiated.
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Chapter 6. Results for the durational correlates of voicing contrast

In the previous chapter, the acoustic analysis revealed evidence for the robust presence of
voicing and aspiration in VVoiced and Voiceless stops, respectively. In connection with the
results in the previous chapter, the investigation in this chapter is a continuation of the
acoustic analysis of the correlates that are expected to cue the opposition between Voiceless
and Voiced stops in Najdi Arabic. As confirmed by many studies cross-linguistically, the
voicing contrast in stops is cued by multiple durational and spectral acoustic correlates in
addition to VOT. It has also been found that voicing and aspirating languages differ in their
use of these correlates based on the phonetic characteristics of Voiced and Voiceless stops in
these languages. The manifestation of all the acoustic correlates enhances our understanding
of the phonetic and phonological aspects of voicing contrast in Najdi Arabic which shows
features from both voicing and aspirating languages.

This chapter presents the results for the durational acoustic correlates that include
closure duration, burst duration, preceding vowel duration, and following vowel duration. The
results of the LMM analysis are presented for each acoustic correlate in each position
considering different factors. The chapter is divided into five parts: 1) closure duration, 2)
burst duration, 3) preceding vowel duration, 4) following vowel duration, and 5) summary of

the results for all the durational correlates under normal/fast speech rates.
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6.1 Closure Duration (CD)

This section reports the closure duration values for VVoiceless and Voiced stops in Najdi
Arabic considering various contexts and factors. Closure duration has been employed in the
acoustic literature to differentiate VVoiceless and Voiced stops. The hold phase is typically
longer in Voiceless stops than in Voiced stops across positions (Lisker, 1957; Kohler, 1984;
Kluender et al., 1988). Some studies showed that this pattern is more consistent in voicing
languages than in aspirating languages (Jessen, 2001). The main purpose of investigating
closure duration in Najdi Arabic is to find out whether CD differs as a function of voicing

category and how this differentiation is implemented.

6.1.1 Utterance-medial stops CV:CVC (Trochaic)

Closure duration as a function of voicing and rate
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Figure 6.1. Boxplots of the fitted values of closure duration for utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = VVoiced) and speech rate (FA = fast, Nr
= Normal). The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 56.2 6.94 51.8 5.81
Fast 47.6 7.74 42.9 6.49

Table 6.1. Mean and standard deviation of the fitted values of closure duration for Voiceless
and Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.
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The results for closure duration in utterance-medial stops (Trochaic) as a function of voicing
and rate are given in figure and table 6.1. Within Voiceless vs Voiced, there was a significant
increase in the closure duration for VVoiceless stops by an average of 4.55 ms (p<0.0001) in
both normal and fast speech rates with some overlap between the two categories. With regard
to the impact of speech rate on the closure duration, closure duration in the normal speech
was significantly longer than in the fast speech by an average of 8.7 ms (p<0.0001) for both
Voiceless and Voiced stops.

Closure duration as a function of voicing, rate, and place of articulation
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Figure 6.2. Boxplots of the fitted values of closure duration for utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate (FA = fast, Nr =
Normal), and place of articulation. The dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 54.4 6.33 - - 45.6 7.03
Alveolar 51.8 4.69 48.9 5.13 43.1 5.61 40 5.74
Velar 60.6 6.01 52.1 4.39 51.9 7.03 43.3 5.34
Table 6.2. Mean and standard deviation of the fitted values of closure duration for Voiceless
and Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate, and place of
articulation.

As shown in figure and table 6.2, the voicing category affected the closure duration across
speech rates and places of articulation. For alveolar stops, the closure duration for the

Voiceless was significantly longer than for the Voiced by an average of 3 ms in both normal
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and fast speech (p<0.0001). For velar stops, the closure duration for the VVoiceless was
significantly longer than for the Voiced by an average of 8.55 ms in both normal and fast
speech (p<0.0001). The results also show that speech rate variation significantly affected the
closure duration for Voiced and Voiceless stops across places of articulation in which that the
normal speech resulted in longer closure duration than the fast speech by an average of 8.78
ms (p<0.0001). With regard to the impact of place of articulation on the closure duration for
Voiceless stops, the pattern observed was /velar/ > /alveolar/ in both normal fast speech by an
average of 8.8 ms (p<0.0001). The pattern observed for VVoiced stops on the other hand was
/bilabial/ >/velar/ > /alveolar/ in normal speech and the differences between each pair of
comparison were statistically significant (pairwise comparison: Appendix C Table C-39). As
for fast speech, the pattern observed was /bilabial/ >/alveolar/ > /velar/. The differences
between each pair of comparison were statistically significant (pairwise comparison:
Appendix C Table C-39).

6.1.2 Utterance-medial stops CVCV:C (lambic)

Closure duration as a function of voicing and rate
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Figure 6.3. Boxplots of the fitted values of closure duration for utterance-medial stops
(lambic) classified by voicing (vl = Voiceless, vd = Voiced), and speech rate. The dashed line
represents the mean.
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Voiceless Voiced

Mean SD Mean SD
Normal 60.3 7.39 54.1 6.55
Fast 49.9 7.4 43.8 6.8

Table 6.3. Means and standard deviation of the fitted values of closure duration for Voiceless
and Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

As figure and table 6.3 show, the analysis revealed that voicing category significantly affected
the closure duration across speech rates with some overlap between the two categories.
Within Voiceless vs Voiced, there was a significant difference in the closure duration for
Voiceless stops by an average of 6.2 ms (p<0.0001) in both normal and fast speech rates.
With regard to the impact of speech rate on the closure duration, closure duration in the
normal speech was significantly longer than in the fast speech by an average of 10.2 ms
(p<0.0001) for both Voiceless and Voiced stops.

Closure duration as a function of voicing, rate, and place of articulation
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Figure 6.4. Boxplots of the fitted values of closure duration for utterance-medial stops
(lambic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of
articulation. The dashed line represents the mean.
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Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 54.4 8.36 - - 44.2 8.17
Alveolar 56.6 5.95 50.7 4.42 46.3 5.98 40.1 4.63
Velar 64.1 6.81 57.1 4.19 53.7 6.87 46.7 5.3
Table 6.4. Mean and standard deviation of the fitted values of closure duration for Voiceless

and Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of
articulation.

As shown in figure and table 6.4, the voicing category affected the closure duration across
speech rates and places of articulation. The closure duration for the VVoiceless was
significantly longer than for the Voiced by an average of 6.5 ms in both normal and fast
speech (p<0.0001). Speech rate variation significantly affected the closure duration for
Voiced and Voiceless stops across places of articulation in that normal speech resulted in
longer closure duration than fast speech by an average of 10.4 ms (p<0.0001). With regard to
the impact of place of articulation on the closure duration for VVoiceless stops, the pattern
observed was /velar/ > /alveolar/ in both normal fast speech by an average of 7.45 ms
(p<0.0001). The pattern observed for VVoiced stops on the other hand was /velar/ >/bilabial/ >
/alveolar/ in both normal and fast speech rates. The differences between each pair of

comparison were statistically significant (pairwise comparison: Appendix C Table C-44).

6.1.3 Utterance-final stops CV:C

Closure duration as a function of voicing and rate
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Figure 6.5. Boxplots of the fitted values of closure duration for utterance-final stops classified
by voicing (vl = Voiceless, vd = Voiced), and speech rate. The dashed line represents the
mean.
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Voiceless Voiced

Mean SD Mean SD
Normal 86.8 13.1 96.1 13.2
Fast 61.8 11.8 70.9 11.2

Table 6.5. Mean and standard deviation of the fitted values of closure duration for Voiceless
and Voiced utterance-final stops grouped by voicing and speech rate.

Unlike the distinction in utterance-medial stops, closure duration in utterance-final stops
showed the opposite pattern. There was a significant increase in the closure duration for
Voiced stops by an average of 9.2 ms (p<0.0001) in both normal and fast speech rates. With
regard to the impact of speech rate on the closure duration, closure duration in normal speech
was significantly longer than in fast speech by an average of 25.1 ms (p<0.0001) for both

Voiceless and VVoiced stops.

Closure duration as a function of voicing, rate, and place of articulation
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Figure 6.6. Boxplots of the fitted values of closure duration for utterance-final stops classified
by voicing (vl = Voiceless, vd = VVoiced), speech rate, and place of articulation. The dashed
line represents the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 99.3 13 - - 735 11.8
Alveolar 80.1 11 96.3 13.3 55 9.26 71.4 11.2

Velar 93.6 11.6 93.2 12.6 68.6 10.1 68.6 10.5
Table 6.6. Mean and standard deviation of the fitted values of closure duration for Voiceless

and Voiced utterance-final stops grouped by voicing, speech rate, and place of articulation.
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As figure and table 6.6 show, the voicing category affected closure duration across speech
rates in alveolar stops. That is, the closure duration for the VVoiced was significantly longer
than for the Voiceless by an average of 16.3 ms in both normal and fast speech (p<0.0001).
For velar stops, however, the difference between closure duration for Voiceless and Voiced
stops was found to be not significant in both normal (p = 0.64204) and fast (p = 0.95378)
speech rates. The results also show that speech rate variation significantly affected the closure
duration for Voiced and Voiceless stops across places of articulation. Normal speech resulted
in longer closure duration than the fast speech by an average of 25.08 ms (p<0.0001) for
Voiced and Voiceless stops across places of articulation. With regard to the impact of place of
articulation on the closure duration for Voiceless stops, the pattern observed was /velar/ >
/alveolar/ in both normal and fast speech by an average of 13.55 ms (p<0.0001). The pattern
observed for Voiced stops on the other hand was /bilabial/ >/alveolar/ > /velar/ in both normal
and fast speech rates. The differences between each pair of comparison were statistically

significant (pairwise comparison: Appendix C Table C-47).

6.1.4 Summary of results for closure duration
The results showed that closure duration in Voiceless stops was significantly longer than
closure duration in Voiced stops in utterance-medial contexts in both normal and fast speech
rates with some overlap between the two categories. Furthermore, closure duration appeared
to be longer in normal speech than in fast speech across positions and voicing categories.
Surprisingly, closure duration for utterance-final stops showed the opposite pattern:
closure duration was longer in VVoiced stops than in Voiceless stops across speech rates. This
distinction was larger in alveolar stops with 16 ms difference in favour of Voiced stops. In
addition, the results showed a longer closure duration for utterance-final stops than for
utterance-medial stops across voicing categories. Moreover, more variability was noted in
utterance-final stops with relatively higher standard deviations. Looking more closely at the
values of closure duration for utterance-final stops, it could be suggested that the shortening
of closure duration for voiceless stops in comparison to voiced stop was a by-product of
lengthening of aspiration that occurred in the majority of Voiceless stops’ tokens assuming

the enhancement mechanism proposed by Jessen (2001).

6.2 Burst duration (ms)
This section presents the results of burst duration for VVoiceless and Voiced stops in Najdi
Arabic with respect to rate, place of articulation, vowel type, and gender. It has been proposed

that burst duration signals the distinction between Voiced and Voiceless stops. That is, burst
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duration for Voiceless is longer than for VVoiced stops (Halle et al., 1957; Zue, 1976; Lavoie,
2001). The results in this section shed light on burst duration patterns in Najdi Arabic taking

into account various contexts.

6.2.1 Utterance-initial stops CV:C

Burst duration as a function of voicing and rate
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Figure 6.7. Boxplots of the fitted values of burst duration for utterance-initial stops classified
by voicing (vl = Voiceless, vd = Voiced), speech rate. The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 2.89 1.08 1.88 0.748
Fast 3.40 1.33 2.4 1.12

Table 6.7. Mean and standard deviation of the fitted values of burst duration for Voiceless and
Voiced utterance-initial stops grouped by voicing and speech rate.

Figure and table 6.7 show that voicing category affected burst duration across speech rates.
There was a significant increase in burst duration for VVoiceless stops by an average of 1.005
ms (p<0.0001) in both normal and fast speech rates. Surprisingly, burst duration for in fast
speech was significantly longer than in normal speech by an average of 0.52 ms (p<0.0001)

across voicing categories.
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Burst duration as a function of voicing, rate, and place of articulation
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Figure 6.8. Boxplots of the fitted values of burst duration for utterance-initial stops classified
by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of articulation. The dashed
line represents the mean.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 1.63 0.693 - - 2.13 1.05
Alveolar 2.49 0.921 1.86 0.712 3 1.2 2.36 1.11

Velar 3.29 1.07 2.13 0.754 3.8 1.34 2.69 1.14
Table 6.8. Mean and standard deviation of the fitted values of burst duration for Voiceless and

Voiced utterance-initial stops grouped by voicing, speech rate and place of articulation.

Figure and table 6.8 show that burst duration for the VVoiceless was significantly longer than
for the Voiced stops by an average of 0.89 ms in both normal and fast speech (p<0.0001). The
results also show that speech rate variation affected burst duration for Voiced and Voiceless
stops across places of articulation in which that the fast speech resulted in significantly longer
burst duration than the normal speech by an average of 0.52 ms (p<0.0001). With respect to
the impact of place of articulation on burst duration for VVoiceless stops, the pattern observed
was /velar/ > /alveolar/ by an average of 0.8 ms (p<0.0001) in both normal and fast speech.
With respect to the impact of place of articulation on burst duration for VVoiced stops, the

pattern observed was /velar/ > /alveolar/ > /bilabial/ in both normal and fast speech. The
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differences between each pair of comparison were statistically significant (pairwise
comparison: Appendix C Table C-50).
6.2.2 Utterance-medial stops CV:CVC (Trochaic)

Burst duration as a function of voicing and rate
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Figure 6.9. Boxplots of the fitted values of burst duration for utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = VVoiced) and speech rate. The dashed
line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 2.89 0.799 1.71 0.607
Fast 3.38 1.07 2.21 0.865

Table 6.9 Mean and standard deviation of the fitted values of burst duration for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.

Figure and table 6.9 show that voicing category affected burst duration across speech rates.
Burst duration was significantly longer in \Voiceless stops by an average of 1.175 ms
(p<0.0001) in both normal and fast speech rates. With regard to the impact of speech rate on
burst duration, burst duration for in fast speech was significantly longer than in normal speech

by an average of 0.5 ms (p<0.0001) across voicing categories.
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Burst duration as a function of voicing, rate and place of articulation
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Figure 6.10. Boxplots of the fitted values of burst duration for utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of
articulation. The dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 1.43 0.445 - - 1.95 0.756
Alveolar 2.57 0.606 1.64 0.508 3.02 0.9 2.14 0.802
Velar 3.21 0.84 2.01 0.685 3.71 1.1 2.47 0.93
Table 6.10. Mean and standard deviation of the fitted values of burst duration for Voiceless
and Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate, and place of
articulation.

Figure and table 6.10 show that burst duration for VVoiceless stops was significantly longer
than for Voiced stops by an average of 1.06 ms in both normal and fast speech (p<0.0001).
The results also showed that fast speech resulted in significantly longer burst duration than the
normal speech by an average of 0.49 ms (p<0.0001). With respect to the impact of place of
articulation on burst duration for VVoiceless stops, the pattern observed was /velar/ > /alveolar/
by an average of 0.67 ms (p<0.0001) in both normal and fast speech. With respect to the
impact of place of articulation on burst duration for VVoiced stops, the pattern observed was
Ivelar/ > [alveolar/ > /bilabial/ in both normal and fast speech. The differences between each
pair of comparison were found to be statistically significant (pairwise comparison: Appendix
C Table C-53).
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6.2.3 Utterance-medial stops CVCV:C (lambic)

Burst duration as a function of voicing and rate
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Figure 6.11. Boxplots of the fitted values of burst duration for utterance-medial stops (lambic)
classified by voicing (vl = Voiceless, vd = Voiced), speech rate. The dashed line represents
the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 3.26 0.977 1.85 0.837
Fast 3.7 1.1 2.4 1.03

Table 6.11. Mean and standard deviation of the fitted values of burst duration for Voiceless
and Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

Figure and table 6.11 show that voicing category affected burst duration across speech rates
with an overlap between the two categories. There was a significant increase in burst duration
for Voiceless stops by an average of 1.36 ms (p<0.0001) in both normal and fast speech rates.
With regard to the impact of speech rate on burst duration, burst duration for in fast speech
was significantly longer than in normal speech by an average of 0.5 ms (p<0.0001) across

voicing categories.
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Burst duration as a function of voicing, rate and place of articulation
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Figure 6.12. Boxplots of the the fitted values of burst duration for utterance-medial stops
(lambic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of
articulation. The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 1.42 0.693 - - 1.98 1.01
Alveolar 2.83 0.78 1.84 0.801 3.31 0.942 2.38 0.988
Velar 3.7 0.963 2.15 0.832 4.11 1.1 2.68 0.988

Table 6.12 Mean and standard deviation of the fitted values of burst duration for Voiceless
and Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of
articulation.

The results in figure and table 6.12 show that burst duration for the Voiceless was
significantly longer than for the Voiced stops by an average of 1.26 ms across places of
articulation in both normal and fast speech (p<0.0001). The results also showed that fast
speech resulted in significantly longer burst duration than normal speech by an average of 0.5
ms (p<0.0001) across places of articulation and voicing categories. As for the impact of place
of articulation on burst duration for Voiceless stops, the pattern observed was /velar/ >
/alveolar/ by an average of 0.84 ms (p<0.0001) in both normal and fast speech. With respect
to the impact of place of articulation on burst duration for VVoiced stops, the pattern observed

was /velar/ > /alveolar/ > /bilabial/ in both normal and fast speech. The differences between
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each pair of comparison were found to be statistically significant (pairwise comparison:
Appendix C Table C-56).

6.2.4 Utterance-final stops CV:C

Burst duration as a function of voicing and rate
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Figure 6.13 Boxplots of the fitted values of burst duration for utterance-final stops classified
by voicing (vl = Voiceless, vd = Voiced), speech rate. The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 4.73 1.09 3.43 0.914
Fast 4.37 1.48 3 1.37

Table 6.13 Mean and standard deviation of the fitted values of burst duration for Voiceless
and Voiced utterance-final stops grouped by voicing and speech rate.

Figure and table 6.13 show that voicing category affected burst duration across speech rates.
There was a significant increase in burst duration for VVoiceless stops by an average of 1.34

ms (p<0.0001) in both normal and fast speech rates. With regard to the impact of speech rate
on burst duration, the analysis revealed opposite results to what has been found in utterance-
initial and utterance-medial stops. That is, burst duration in normal speech was significantly

longer than in fast speech by an average of 0.4 ms (p<0.0001) across voicing categories.
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Burst duration as a function of voicing, rate and place of articulation
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Figure 6.14 Boxplots of the fitted values of the burst duration for utterance-final stops
classified by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of articulation. The
dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 3.17 0.9 - - 2.58 1.37
Alveolar 4.19 0.939 3.42 0.896 3.82 1.37 2.98 1.33
Velar 5.28 0.956 3.63 0.893 4.93 1.37 3.3 1.35
Table 6.14 Mean and standard deviation of burst duration for Voiceless and Voiced utterance-

final stops grouped by voicing, speech rate, and place of articulation.

The results in figure and table 6.14 show that burst duration for the Voiceless was
significantly longer than for the Voiced stops by an average of 1.22 ms across places of
articulation in both normal and fast speech (p<0.0001). The results also showed that normal
speech resulted in significantly longer burst duration than fast speech by an average of 0.42
ms (p<0.0001) across places of articulation and voicing categories. With respect to the impact
of place of articulation on burst duration for Voiceless stops, the pattern observed was /velar/
> [alveolar/ by an average of 1.1 ms (p<0.0001) in both normal and fast speech. With respect
to the impact of place of articulation on burst duration for VVoiced stops, the pattern observed
was /velar/ > /alveolar/ > /bilabial/ in both normal and fast speech. The differences between
each pair of comparison were found to be statistically significant (pairwise comparison:
Appendix C Table C-59).
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6.2.5 Summary of results for burst duration
Burst duration for Voiceless stops is longer than for voiced stops across positions, places of
articulation, vowel type, gender, and speech rates with overlap between the two categories.
Longer burst duration is noted in utterance-final stops than in the rest of the positions. This is
supported by the articulatory high pressure during the constriction in utterance-final stops that
lead to longer release burst (Van Alphen and Smits, 2004). In addition, more variability
occurs in fast speech than in normal speech across positions and voicing categories.
Interestingly, unlike the previous durational correlates, burst duration was longer in
fast speech than in normal speech in utterance-initial and utterance-medial stops. This
difference held across all the factors. In utterance-final stops, however, the difference
appeared opposite to the rest of the positions in that burst duration was longer in normal
speech than in fast speech. One explanation with regard to longer burst duration in fast speech
may be that it is affected by the duration of aspiration. That is, short aspiration results in

longer burst duration and vice versa.

6.3 Preceding vowel duration PVD (ms)

The purpose of this section is to present the results for the duration of the vowels preceding
Voiceless and Voiced stops in Najdi Arabic with respect to various factors including voicing,
position, rate, place of articulation, vowel type, and gender. As pointed out in the literature, it
has been proposed that vowels preceding Voiced stops are longer than vowels preceding
Voiceless stops in aspirating and voicing languages (Chen, 1970; Alghamdi, 1990; Kluender
et al., 1982; Luce and Charles Luce, 1985; Al-Tamimi and Khattab, 2018). Some studies
showed that a voicing effect on preceding vowel duration is not found in some Arabic dialects
(Mitleb, 1984; De Jong and Zawaydeh, 2002; Al-Gamdi, 2013).
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6.3.1 Utterance-medial stops (Trochaic) CV:CVC

PVD as a function of voicing and rate.
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Figure 6.15 Boxplots of the fitted values of PVD for Voiceless and Voiced utterance-medial
stops (Trochaic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 113 17.7 112 19.8
Fast 87.1 16 85.7 18.9

Table 6.15 Mean and standard deviation of the fitted values of PVD for Voiceless and Voiced
utterance-medial stops (Trochaic) grouped by voicing and speech rate.

Figure and table 6.15 show the values of PVD for Voiceless and Voiced utterance-medial
stops (lambic) as a function of voicing and rate. The results show that PVD for the Voiceless
showed a marginal increase by an average of 1.2 ms in both normal (p=0.47) and fast
(p=0.17) rates. With regard to speech rate effect, the results show a significant increase of

PVD in normal speech by an average of 26.02 ms across voicing categories (p<0.0001).
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PVD as a function of voicing, rate, and place of articulation
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Figure 6.16. Boxplots of the fitted values of PVD for Voiceless and Voiced utterance-medial
stops (Trochaic) grouped by voicing, speech rate and place of articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 117 13.8 - - 90.2 12.6
Alveolar 116 14.9 117 15.3 89.8 13 90.8 12.5
Velar 111 19.9 106 24.5 84.6 18.1 78.2 24
Table 6.16. Mean and standard deviation of the fitted values of PVD for Voiceless and

Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate and place of
articulation.

Figure and table 6.16 show PVD for Voiced and Voiceless utterance-medial stops (lambic) as
a function of voicing, rate, and place of articulation. With regard to voicing effect on PVD,
PVD for alveolar stops was marginally longer in the VVoiced context than in the Voiceless by
an average of 1 ms across speech rates (p=0.5). PVD for velar stops was significantly longer
in the Voiceless context than in the VVoiced by an average of 5.7 across speech rates
(p<0.0001). With regard to speech rate effect, P\VD was significantly longer in the normal
speech than in the fast by an average of 26.7 ms across voicing categories and places of
articulation (p<0.0001). With respect to the impact of place of articulation on PVD, the
pattern observed was / alveolar / >/velar/ by an average of 5.1 ms in the Voiceless context

across speech rates (p<0.0001). With respect to the impact of place of articulation on PVD for
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Voiced stops, the pattern observed was /bilabial/ = /alveolar/ > /velar/ across speech rates

(pairwise comparison: Appendix C Table C-72).

6.3.2 Utterance-final stops CV:C

PVD as a function of voicing and rate
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Figure 6.17. Boxplots of the fitted values of PVD for Voiceless and utterance-final stops
grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 152 36.4 152 37.3
Fast 126 25.9 125 26.5

Table 6.17. Mean and standard deviation of the fitted values of PVD for Voiceless and
Voiced utterance-final stops grouped by voicing and speech rate.

Figure and table 6.17 present PVVD values for VVoiceless and VVoiced utterance-final stops as a
function of voicing and speech rate. The results show no difference between PVD for
Voiceless and Voiced stops in the normal speech whereas there was a marginal difference in
the fast speech. With regard to speech rate effect, the results show a significant increase of
PVD in normal speech by an average of 26.5 ms across voicing categories (p<0.0001).
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PVD as a function of voicing, rate, and place of articulation
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Figure 6.18. Boxplots of the fitted values of PVD for Voiceless and utterance-final stops
grouped by voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - 152 37.7 - - 125 26.5
Alveolar 153 35.3 152 36.9 126 23.6 125 25.8
Velar 152 37.5 154 38.4 125 28 126 27.4

Table 6.18. Mean and standard deviation of the fitted values of PVD for Voiceless and

Voiced utterance-final stops grouped by voicing, speech rate, and place of articulation.

Figure and table 6.18 show PVD for Voiced and Voiceless utterance-final stops as a function
of voicing, rate, and place of articulation. With regard to voicing effect on PVVD, PVD for
alveolar stops was marginally longer in the Voiceless context than in the Voiced by an
average of 1 ms in normal (p = 0.7) and fast (p = 0.75) rates. PVD for velar stops was
marginally longer in the VVoiced context than in the VVoiceless by an average of 1.5 ms in
normal (p = 0.47) and fast (p = 0.75) speech rates. With regard to speech rate effect, P\VD was
significantly longer in the normal speech than in the fast by an average of 27.2 ms across
places of articulation and voicing categories (pairwise comparison: Appendix C Table C-77).
With respect to the impact of place of articulation on PVD for Voiceless stops, the pattern
observed was /alveolar/ >/velar/ by an average of 1 ms across speech rates (pairwise
comparison: Appendix C Table C-77). With respect to the impact of place of articulation on

PVD for Voiced stops, the pattern observed was / velar / > /alveolar/ = /bilabial/ across speech
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rates. All the differences were found to be not significant across speech rate (pairwise

comparison: Appendix C Table C-77).

6.3.3 Summary of results for PVD

It has been established that PVD for Voiceless and Voiced stops in Najdi Arabic is not a
robust acoustic correlate that signals the distinction between the two voicing categories. The
results show a variation in PVD values with some cases that contradict the expected pattern;
vowels preceding Voiced stops are longer than vowels preceding Voiceless stops. Similar
results have been found in some dialects of Arabic which might suggest that voicing has no
impact on precding vowel duration in these dialects (Jordanian Arabic: Mitleb, 1984 ;
Jordanian Arabic: De Jong and Zawaydeh, 2002; Saudi Arabic: Al-Gamdi, 2013). As posited
by De Jong and Zawaydeh (2002), vowel quantity in the vowel system of Arabic is primary
and essential for the vocalic contrast and consequently could be more important than the

voicing which is suppressed and reduced.

6.4 Following vowel duration FVD (ms)

The aim of this section is to present the results for the duration of the vowels following
Voiceless and Voiced stops in Najdi Arabic with respect to various factors including voicing,
position, rate, place of articulation, vowel type, and gender. As pointed out in the literature, it
has been proposed that vowels following Voiced stops are longer than vowels following
Voiceless stops in aspirating and voicing languages (Alghamdi, 1990; Allen and Miller, 1999;
Jessen, 2001; Al-Tamimi and Khattab, 2018).

136



6.4.1 Utterance-initial stops CV:C

FVD as a function of voicing and rate
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Figure 6.19. Boxplots of the fitted values of FVD for Voiceless and Voiced utterance-initial
stops grouped by voicing and speech.

Voiceless Voiced

Mean SD Mean SD
Normal 131 23.5 142 23.5
Fast 95.1 21.7 106 22.2

Table 6.19. Mean and standard deviation of the fitted values of FVD for Voiceless and
Voiced utterance-initial stops grouped by voicing and speech.

Figure and table 6.19 show the values of FVD for Voiceless and Voiced stops as a function of
voicing and rate. FVD for the VVoiced was significantly longer than for the Voiceless stops by
an average of 10.95 ms across speech rates (p<0.0001). For speech rate effect, the results
show significant increase in normal speech by an average of 35.95 ms across voicing
categories (p<0.0001).
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FVD as a function of voicing, rate, and place of articulation
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Figure 6.20. Boxplots of the fitted values of FVD for Voiceless and Voiced utterance-initial
stops grouped voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 137 21.2 - - 101 18.9
Alveolar 132 20.3 144 25.1 95.8 17.5 108 23.7
Velar 130 26.4 145 23 94.5 25.3 108 22.9

Table 6.20. Mean and standard deviation of the fitted values of FVD for Voiceless and
Voiced utterance-initial stops grouped by voicing, speech rate, and place of articulation.

Figure and table 6.20 summarise FVVD values for Voiced and Voiceless utterance-initial stops
as a function of voicing category, rate, and place of articulation. With regard to the voicing
effect on FVD, FVD for Voiced stops was significantly longer than for Voiceless stops by an
average of 13.2 ms across speech rates and places of articulation (p<0.0001). With regard to
speech rate effect, FVD in normal speech was significantly longer than in fast speech by an
average of 36.1 ms across voicing categories and places of articulation (pairwise comparison:
Appendix C Table C-62). With respect to the impact of place of articulation on FVD, the
pattern observed was /alveolar/ >/velar/ by an average of 1.7 ms in the VVoiceless context in
both normal (P<0.45) and fast (p<0.38) rates. With respect to the impact of place of
articulation on FVD for Voiced stops, the pattern observed was /velar/ > /alveolar/ >

/bilabial/. The results showed that FVD in the context of bilabial stops was significantly
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shorter than in the contexts of alveolar and velar stops across speech rates (pairwise

comparison: Appendix C Table C-62).

6.4.2 Utterance-medial stops CVCV:C (lambic)

FVD as a function of voicing and rate
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Figure 6.21. Boxplots of the fitted values of FVD for Voiceless Voiced utterance-medial stops
(lambic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 113 20.6 120 20.1
Fast 80.9 15.8 87.4 16.2

Table 6.21. Mean and standard deviation of the fitted values of FVD for Voiceless and
Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

Figure and table 6.21 show the values of FVD for Voiceless and Voiced utterance-medial
stops (lambic) as a function of voicing and rate. FVD for the Voiced was significantly longer
than for the VVoiceless stops by an average of 6.8 ms across speech rates (p<0.0001). For
speech rate effect, the results show a significant increase in normal speech by an average of
32.4 ms across voicing categories (p<0.0001).
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FVD as a function of voicing, rate, and place of articulation
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Figure 6.22. Boxplots of the fitted values of FVD for Voiceless Voiced utterance-medial stops
(lambic) grouped by voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - 111 17.1 - - 78.3 12.7
Alveolar 111 19.2 126 18.3 79.3 14.1 93.5 14.3
Velar 115 21.8 123 21.3 82.5 17.3 90.5 17.2

Table 6.22. Mean and standard deviation of the fitted values of FVD for Voiceless and

Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of
articulation.

Figure and table 6.22 show FVD values for VVoiced and Voiceless utterance-medial stops
(lambic) as a function of voicing, rate, and place of articulation. With regard to voicing effect
on FVD, FVD was significantly longer in the Voiced context than in the Voiceless by an
average of 11.3 ms across speech rates and places of articulation (p<0.0001). With regard to
speech rate effect, FVD in normal speech was significantly longer than in fast speech by an
average of 32.4 ms across voicing categories and places of articulation (p<0.0001). With
respect to the impact of place of articulation on FVD, the pattern observed was /velar/
>/alveolar/ by an average of 3.6 ms in the Voiceless context in both normal (p=0.032) and fast
(p=0.047). With respect to the impact of place of articulation on FVD for Voiced stops, the
pattern observed was / alveolar / > / velar / > /bilabial/ across speech rates (pairwise
comparison: Appendix C Table C-67).
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6.4.3 Summary of results for FVD

The results showed that FVVD was a robust acoustic correlate that signals the distinction
between Voiceless and Voiced stops in Najdi Arabic across positions, speech rates, places of
articulation, vowel type, and genders. It has been established that F\VVD for Voiced stops is
significantly longer than for VVoiceless stops across the examined contexts. It could be noticed
that FVD is more effective in utterance-initial stops when considering the size of the
difference between the two voicing categories.

The results suggest a robust presence of aspiration in which the long aspiration
duration leads to shorter following vowel as reported for aspirating languages (Jessen, 2001;
Allen and Miller, 1999). The results also match the pattern found in Ghamidi Arabic
(Alghamdi, 1990) and Lebanese Arabic (Al-Tamimi and Khattab, 2018).

6.5 Conclusion

The results of the acoustic analysis of the durational correlates presented in this chapter
emphasise the importance of the phonetic details in characterising the phonological aspects of
voicing contrast in Najdi Arabic. The following table displays the summary of the results of

the durational acoustic correlates under normal/fast speech rates.

s Utterance- Utterance- .

Utterance-initial medial (trochaic) | medial (iambic) Utterance-final

Correlate Voicing |rate | M | SD |rate | M | SD |rate | M | SD |rate| M | SD

Closure 1 \/icatess | Nr | ... | ... | Nr |562]694| Nr|603]|7.39] Nr|868|13.1
duration

Voiced Nr | ....| ... | Nr | 518|581 | Nr |541]|655| Nr |96.1 | 13.2

Bur_st Voiceless | Nr [ 289|108 | Nr | 289|079 | Nr |326|097 | Nr |473] 1.09
duration

Voiced Nr | 188|074 | Nr | 171 06 | Nr |1.85|0.83 | Nr | 3.43|0.91

FVD Voiceless | Nr | 131 | 235 | Nr | 235|235 | Nr | 113 | 20.6 | Nr

Voiced Nr | 142 | 235 | Nr | 235|235| Nr | 120 | 201 | Nr | ..... | ...

PVD Voiceless | Nr | ..... | .... | Nr | 113 | 177 | Nr | ..... | ..... | Nr | 152 | 36.4

Voiced Nr | ....| ....| Nr|2112 | 198 | Nr | ..... | .... | Nr | 152 | 37.3

Closure 1\ icoless | FA | ... | .. | FA | 476 | 7.74 | FA | 209 | 74 | FA | 618 | 118
duration

Voiced FA | ... | .... | FA | 429|649 | FA |438| 6.8 | FA | 709|112

Burst Voiceless | FA | 3.4 | 133 | FA | 338|107 | FA | 37 | 1.1 | FA | 437|148
duration

Voiced FA 24 | 112 | FA | 2211086 | FA | 24 | 1.03 | FA 3 1.37

FVD Voiceless | FA | 951|217 | FA | .... | .... | FA [ 80.9 | 158 | FA

Voiced FA | 106 | 222 | FA | ... | .... | FA | 874|162 | FA | .... | ....

PVD Voiceless | FA | ..... | ... | FA |871| 16 | FA | .... | .... | FA | 126 | 25.9

Voiced FA FA | 857|189 | FA FA | 125 | 26.5

Table 6.23. Overview of the acoustic measures (Mean and standard deviation) of the
durational correlates in Voiced and Voiceless stops under normal/fast speech rates.

It has been demonstrated that the durational correlates in VVoiceless and VVoiced stops
in Najdi Arabic are generally consistent with what has been proposed in the literature in terms
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of the distinction between voicing and aspirating languages. This includes longer closure in
Voiceless stops in utterance-medial and longer following vowel in VVoiced stops contexts. The
results also show that these patterns occur across places of articulation and speech rates.

The pattern that appeared to be different from the expectation is that closure duration
in utterance-final stops shows the opposite results in which closure duration is longer for
Voiced than for Voiceless stops. The results also show that voicing has no significant effect
on the preceding vowel duration. this pattern has been found in some Arabic dialects as well.

The overall picture of the durational correlates results demonstrates that the voicing
contrast in Najdi Arabic has features from both aspirating and voicing languages. The
presence of long lag aspiration in utterance-initial and utterance-medial Voiceless stops has a
clear impact on the duration of the following vowel as reported in aspirating languages.
Additionally, the presence of heavy aspiration (HASP) in utterance-final VVoiceless stops
might have affected the duration of their closure (Jessen 1998). That is, the heavy aspiration
resulted in the shortening of closure duration in Voiceless stops which provided explanation
for the similarity between Voiceless and Voiced stops in terms of closure duration (Jessen
1998). In terms of the features from voicing languages, Najdi Arabic shows similar patterns to
some Arabic dialects including Lebanese Arabic (Al-Tamimi and Khattab, 2018) in terms of

burst duration and Jordanian Arabic (Mitleb, 1984) in terms of preceding vowel duration.
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Chapter 7. Results for the spectral correlates of voicing contrast

As mentioned earlier, the main goal of investigating the acoustic correlates that signal the
distinction between Voiceless and Voiced stops in Najdi Arabic is to have deep understanding
of the phonetic and phonological aspects of voicing contrast in this variety, which shows
uncommon patterns by contrasting aspirated and prevoiced stops. Spectral correlates have
been investigated in numerous studies cross-linguistically to characterise their manifestation
in Voiceless and VVoiced stops in both aspirating and voicing languages. This chapter reports
on the results of the acoustic analysis for the spectral correlates that are expected to cue the
opposition between Voiceless and Voiced stops in Najdi Arabic. The correlates presented in
this chapter include burst intensity, FO onset, FO offset, F1 onset, F1 offset, H1-H2 onset, and
H1-H2 offset.

The results of the LMM analysis are presented for each of the acoustic correlates
considering multiple factors including speech rate, place of articulation, vowel type, and
gender. The chapter is divided into eight parts: 1) burst intensity, 2) FO onset, 3) FO offset, 4)
F1 onset, 5) F1 offset, 6) H1-H2 onset, 7) H1-H2 offset, and 8) summary of the results under
normal and fast speech rate conditions.
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7.1 Burst intensity (dB)

It was found in previous literature that burst intensity is higher for Voiceless than for VVoiced
stops in aspirating and voicing languages (Halle et al., 1957; Zue, 1976; Lousada et al., 2010;
Lavoie, 2001). The articulatory explanation for this distinction is that Voiceless stops are
produced with longer constriction which leads to high airflow in the burst while Voiced stops

produced with low frequency voice bar in the constriction which leads to low intensity in the

burst (van Alphen and Smits, 2004).

7.1.1 Utterance-initial stops CV:C

Burst intensity as a function of voicing and rate

Mr FA

Burst Intensity dB
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Figure 7.1. Boxplots of the fitted values of burst intensity for utterance-initial stops classified
by voicing (vl = Voiceless, vd = Voiced), speech rate. The dashed line represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 46.6 3.53 54.9 5
Fast 47.9 3.68 56.3 4.85

Table 7.1. Mean and standard deviation of the fitted values of burst intensity for Voiceless
and Voiced utterance-initial stops grouped by voicing and speech rate.

Figure and table 7.1 show that voicing category affected burst intensity across speech rates.
The values of burst intensity for VVoiceless and VVoiced stops showed that there was a

significant difference in burst intensity for the Voiced stops by an average of 8.35 dB
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(p<0.0001) in both normal and fast speech rates. With regard to the impact of speech rate on
burst intensity, burst intensity in fast speech was significantly higher than in normal speech by
an average of 1.35 dB (p<0.0001) across voicing categories.

Burst intensity as a function of voicing, rate, and place of articulation

bilabial alveolar velar

Burst Intensity dB

\E

. ' . T r
wd wd W vd
voicing

Figure 7.2. Boxplots of the fitted values of burst intensity for utterance-initial stops classified

by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of articulation. The dashed
line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 57.9 4.63 - - 59.3 4.56
Alveolar 45.7 3.35 55.2 4.38 47.1 3.52 56.8 4.15
Velar 47 .4 3.52 51.9 4.12 48.7 3.67 53.2 3.82
Table 7.2. Mean and standard deviation of the fitted values of burst intensity for Voiceless

and Voiced utterance-initial stops grouped by voicing, speech rate and place of articulation.

The results in figure and table 7.2 display that burst intensity for the Voiced was significantly
higher than for the Voiceless stops by an average of 9.6 dB for alveolar stops in both normal
and fast speech (p<0.0001). The results also showed that burst intensity for the VVoiced was
significantly higher than for the Voiceless stops by an average of 4.5 dB for velar stops in
both normal and fast speech (p<0.0001). As for speech rate effect, fast speech resulted in
significantly higher burst intensity than normal speech by an average of 1.4 dB (p<0.0001)

across places of articulation and voicing categories. With respect to the impact of place of
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articulation on burst intensity for VVoiceless stops, the pattern observed was /velar/ > /alveolar/
by an average of 1.65 dB (p<0.0001) in both normal and fast speech. With respect to the
impact of place of articulation on burst intensity for VVoiced stops, the pattern observed was
/bilabial/ > /alveolar/ > /velar/ in both normal and fast speech. The differences between each
pair of comparison were found to be statistically significant (pairwise comparison: Appendix
C Table C-80).

7.1.2 Utterance-medial stops CV:CVC (Trochaic)

Burst intensity as a function of voicing and rate

Mr Fa

Burst intensity dB

y y o
voicing
Figure 7.3. Boxplots of the fitted values of burst intensity for utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate. The dashed line
represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 46.9 0.799 55.4 0.607
Fast 48.3 1.07 56.4 0.865

Table 7.3. Mean and standard deviation of the fitted values of burst intensity for Voiceless
and Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.

Figure and table 7.3 show that voicing category affected burst intensity for utterance-medial
stops (Trochaic) across speech rates. The values of burst intensity for VVoiceless and Voiced
stops showed that there was a significant increase in burst intensity for the VVoiced stops by an

average of 8.3 dB (p<0.0001) in both normal and fast speech rates. Burst intensity in fast
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speech was significantly higher than in normal speech by an average of 1.2 dB (p<0.0001)
across voicing categories.

Burst intensity as a function of voicing, rate, and place of articulation

bilabial alveolar velar

Burst intensity dB
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Figure 7.4. Boxplots of the fitted values of burst intensity for utterance-medial stops
(Trochaic) classified by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of

articulation. The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 58.6 0.445 - - 59.6 0.756
Alveolar 45.7 0.606 55.1 0.508 47.2 0.9 56.4 0.802
Velar 48.1 0.84 53 0.685 49.4 1.1 54.2 0.93
Table 7.4. Mean and standard deviation of the fitted values of burst intensity for Voiceless

and Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate and place of
articulation.

Figure and table 7.4 display that burst intensity for the VVoiced was significantly higher than
for the Voiceless stops by an average of 9.3 dB for alveolar stops in both normal and fast
speech (p<0.0001). The results also showed that burst intensity for the Voiced was
significantly higher than for the Voiceless stops by an average of 4.85 dB for velar stops in
both normal and fast speech (p<0.0001). Moving to speech rate effect, fast speech resulted in
significantly higher burst intensity than normal speech by an average of 1.3 dB (p<0.0001)
across places of articulation and voicing categories. With respect to the impact of place of

articulation on burst intensity for Voiceless stops, the pattern observed was /velar/ > /alveolar/
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by an average of 2.3 dB (p<0.0001) in both normal and fast speech. With respect to the
impact of place of articulation on burst intensity for VVoiced stops, the pattern observed was
/bilabial/ > /alveolar/ > /velar/ in both normal and fast speech. The differences between each

pair of comparison were found to be statistically significant (pairwise comparison: Appendix
C Table C-85).

7.1.3 Utterance-medial stops CVCV:C (lambic)

Burst intensity as a function of voicing and rate

Burst intensity dB

voicing

Figure 7.5. Boxplots of the fitted values of burst intensity for utterance-medial stops (lambic)

classified by voicing (vl = Voiceless, vd = VVoiced), speech rate. The dashed line represents
the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 46.3 4.11 54.5 5.27
Fast 47.6 4.14 55.2 497

Table 7.5. Mean and standard deviation of the fitted values of burst intensity for Voiceless
and Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

The analysis revealed that there was a significant impact of voicing category on burst
intensity in utterance-medial stops (lambic). The values of burst intensity for Voiceless and
Voiced stops showed that there was a significant increase in burst intensity for the Voiced

stops by an average of 7.9 dB (p<0.0001) in both normal and fast speech rates. With regard to
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the impact of speech rate on burst intensity, burst intensity in fast speech was significantly

higher than in normal speech by an average of 1 dB (p<0.0001) across voicing categories.

Burst intensity as a function of voicing, rate, and place of articulation

bilabial alveolar velar
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Figure 7.6. Boxplots of the fitted values of burst intensity for utterance-medial stops (lambic)
classified by voicing (vl = Voiceless, vd = VVoiced), speech rate, and place of articulation. The
dashed line represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 58 5.24 - - 57.9 4.9
Alveolar 455 4.16 54.7 4.75 46.9 4,16 55.8 4.7
Velar 47.2 3.88 52.2 4.46 48.4 3.97 53 4.23
Table 7.6. Mean and standard deviation of the fitted values of burst intensity for Voiceless

and Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of
articulation.

Figure and table 7.6 display that burst intensity for the VVoiced was significantly higher than
for the Voiceless stops by an average of 9.05 dB for alveolar stops in both normal and fast
speech (p<0.0001). The results also showed that burst intensity for the Voiced was
significantly higher than for the Voiceless stops by an average of 4.8 dB for velar stops in
both normal and fast speech (p<0.0001). Moving to speech rate effect, fast speech resulted in
significantly higher burst intensity than normal speech by an average of 0.9 dB (p<0.0001)

across places of articulation and voicing categories. With respect to the impact of place of
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articulation on burst intensity for VVoiceless stops, the pattern observed was /velar/ > /alveolar/
by an average of 1.6 dB in both normal (p<0.0001) and fast (p = 0.00025) speech. With
respect to the impact of place of articulation on burst intensity for VVoiced stops, the pattern
observed was /bilabial/ > /alveolar/ > /velar/ in both normal and fast speech. The differences
between each pair of comparison were found to be statistically significant (pairwise
comparison: Appendix C Table C-90).

7.1.4 Utterance-final stops CV:C

Burst intensity as a function of voicing and rate

Burst intensity dB
1

vd vd
voicing

Figure 7.7. Boxplots of the fitted values of burst intensity for Voiced utterance-final stops

classified by voicing (vl = Voiceless, vd = Voiced), speech rate. The dashed line represents
the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 42.8 4.13 441 4,78
Fast 441 3.69 455 4.56

Table 7.7. Mean and standard deviation of the fitted values of burst intensity for Voiceless
and Voiced utterance-final stops grouped by voicing and speech rate.

Figure and table 7.7 show that voicing category affected burst intensity across speech rates.
Burst intensity values for Voiceless and Voiced stops showed that there was a significant
increase in the Voiced stops by an average of 1.35 dB (p<0.0001) in both normal and fast

speech rates. As for the impact of speech rate on burst intensity, burst intensity in fast speech
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was significantly higher than in normal speech by an average of 1.35 dB (p<0.0001) across

voicing categories.

Burst intensity as a function of voicing, rate, and place of articulation

bilabial alveolar velar
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Figure 7.8. Boxplots of the fitted values of burst intensity for VVoiced utterance-final stops
classified by voicing (vl = Voiceless, vd = VVoiced), speech rate, and place of articulation. The
dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 41.3 413 - - 42.6 4.03
Alveolar 41.7 3.62 43.9 4.1 42.9 3.43 45 3.81
Velar 44 4.3 46.4 4.66 45.4 4.06 47.9 4,32

Table 7.8. Mean and standard deviation of the fitted values of burst intensity for Voiceless
and Voiced utterance-final stops grouped by voicing, speech rate, and place of articulation.

Figure and table 7.8 display that burst intensity for the VVoiced was significantly higher than
for the Voiceless stops by an average of 2.2 dB across places of articulation in both normal
and fast speech (p<0.0001). With regard to speech rate effect, fast speech resulted in
significantly higher burst intensity than normal speech by an average of 1.3 dB (p<0.0001)
across places of articulation and voicing categories. With respect to the impact of place of
articulation on burst intensity for Voiceless stops, the pattern observed was /velar/ > /alveolar/

by an average of 1.6 dB (p<0.0001) in both normal and fast speech. As for the impact of place
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of articulation on burst intensity in VVoiced stops, the pattern observed was /velar/ > /alveolar/
> /bilabial/ in both normal and fast speech. The differences between each pair of comparison
were found to be statistically significant (pairwise comparison: Appendix C Table C-95).

7.1.5 Summary of results for burst intensity

It has been shown that burst intensity for VVoiced stops is significantly higher than for
Voiceless stops which makes it a clear acoustic correlate that signals the distinction between
Voiceless and Voiced stops in Najdi Arabic. This difference appeared across positions, speech
rates, places of articulation, vowel types, and genders. Furthermore, the difference in burst
intensity between Voiced and Voiceless stops was relatively smaller in the utterance-final
position than in the rest of the positions. A possible reason may be related to the devoicing of
utterance-final stops that may lead to the lowering of burst intensity for VVoiced stops. The
results also show that fast speech increases the burst intensity in all tested contexts. The
results additionally show a gender effect in which burst intensity in males’ speech is higher
than in females’ speech across contexts.

It can be observed that the results for burst intensity were against the expectation
presented in the previous literature in which Voiceless stops showed higher values for burst
intensity (van Alphen and Smits, 2004). The results were in agreement with burst intensity
values presented in the work of Al-Tamimi and Khattab (2018) in their study of voicing
contrast in Lebanese Arabic. This might suggest that the intensity of the burst in Lebanese and
Najdi Arabic shows a language specific feature. More studies are needed to confirm this

pattern.

7.2 FO onset (Hz)

The present analysis focuses on FO onset in various phonetic contexts and in different speech
rates to test its robustness to signal the distinction between Voiced and Voiceless stops. FO
onset has been investigated in a plethora of studies that focus on the voicing contrast in many
languages. The majority of these studies found that FO onset has higher values following
Voiceless stops than Voiced stops in aspirating and voicing languages (House and Fairbanks,
1953; Lehiste and Peterson, 1961; Kulikov, 2012). The importance of FO onset for the present
study stems from the fact that voicing contrast in Najdi Arabic, as discussed in chapter 2, has
been described as a dialect that has the features of both voicing and aspirating languages,
which make these results potentially interesting due to the articulatory justifications that link
FO onset raising to stiffening of the vocal cords and FO lowering to slackness of vocal cords
(Halle and Stevens, 1971; Jessen, 2001).
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7.2.1 Utterance-initial stops CV:C

FO onset as a function of voicing and rate
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Figure 7.9. Boxplots of the fitted values of FO onset for Voiceless and Voiced utterance-initial
stops classified by voicing (vl = Voiceless, vd = Voiced), speech rate. The dashed line
represents the mean.

Voiceless Voiced

Mean SD Mean SD
Normal 211 45.5 187 41.5
Fast 217 43 191 40

Table 7.9. Mean and standard deviation of the fitted values of FO onset for Voiceless and
Voiced utterance-initial stops grouped by voicing and speech rate.

The results for the effect of voicing category and speech rate on FO onset are given in figure
and table 7.9. FO onset values following Voiceless and Voiced stops showed that there was a
significant increase in the Voiceless stops by an average of 25 Hz (p<0.0001) in both normal
and fast speech rates. For speech rate effect, the results showed that FO onset in fast speech
was significantly higher than in normal speech by an average of 5 Hz in both Voiceless (p =
0.0024) and Voiced (p = 0.0041) stops.
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FO onset as a function of voicing, rate, and place of articulation
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Figure 7.10. Boxplots of the fitted values of FO onset for VVoiceless and Voiced utterance-
initial stops classified by voicing (vl = Voiceless, vd = Voiced), speech rate, and place of
articulation. The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 189 41.3 - - 193 39.7
Alveolar 209 45 187 41.4 217 42 191 40.1
Velar 212 46 185 41.8 217 44 190 40.2

Table 7.10. Mean and standard deviation of the fitted values of FO onset for Voiceless and
Voiced utterance-initial stops grouped by voicing, speech rate and place of articulation.

Figure and table 7.10 show that FO onset for the Voiceless was significantly higher than for
the Voiced stops by an average of 25.5 Hz across places of articulation in both normal and
fast speech (p<0.0001). With regard to speech rate effect, fast speech resulted in significantly
higher FO onset than normal speech in the context of VVoiceless alveolar stops by an average
of 8 Hz (p = 0.0148) across. For Voiced alveolar context, however, FO onset in fast speech
was marginally higher than in normal speech by an average of 4 Hz (p = 0.1641). In terms of
speech rate effect in the context of velar stops, FO onset in fast speech was marginally higher
than in normal speech by an average of 5 Hz following both Voiceless (p = 0.1178) and
Voiced (p = 0.1268) stops. With respect to the impact of place of articulation on FO onset for
Voiceless stops, the pattern observed was /velar/ > /alveolar/ by an average of 3 Hz (p =

0.3031) in normal speech. With respect to the impact of place of articulation on FO onset for
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Voiced stops, the pattern observed was /bilabial/ > /alveolar/ > /velar/ in both normal and fast
speech. The differences between each pair of comparison were found to be not significant

(pairwise comparison: Appendix C Table C-100).

7.2.2 Utterance-medial stops CV:CVC (Trochaic)

FO onset as a function of voicing and rate
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Figure 7.11. Boxplots of the fitted values of FO onset for Voiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 205 441 190 41.9
Fast 210 43.1 193 40.9

Table 7.11. Mean and standard deviation of the fitted values of FO onset for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.

Figure and table 7.11 display FO onset values for Voiceless and Voiced stops as a function of
voicing and rate. The results show that FO onset values following Voiceless stops were
significantly higher than following Voiced stops by an average of 16 Hz (p<0.0001) in both
normal and fast speech rates. With regard to the impact of speech rate on FO onset, FO onset in
fast speech was significantly higher than in normal speech by an average of 4 Hz in the
context of both Voiceless (p = 0.0013) and Voiced (p = 0.0099) stops.
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FO onset as a function of voicing, rate, and place of articulation

bilabial alveolar velar |
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Figure 7.12. Boxplots of the fitted values of FO onset for Voiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 189 40.9 - - 193 39.9
Alveolar 205 43.8 191 41.8 210 43.3 194 41.2
Velar 205 445 190 43 211 43 193 41.9

Table 7.12. Mean and standard deviation of the fitted values of FO onset for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate and place of
articulation.

Figure and table 7.12 show that FO onset for the Voiceless was significantly higher than for
the Voiced stops by an average of 15.75 Hz across places of articulation in both normal and
fast speech (p<0.0001). With regard to speech rate effect, fast speech resulted in marginally
higher FO onset in comparison to normal speech in the context of bilabial and alveolar stops
across voicing categories (pairwise comparison: Appendix C Table C-105). For Voiceless
velar stops, FO onset in fast speech was significantly higher than in normal speech by an
average of 6 Hz (p = 0.014). With respect to the impact of place of articulation on FO onset,
the differences between each pair of comparison were found to be not significant across

voicing categories and speech rates (pairwise comparison: Appendix C Table C-105).
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7.2.3 Utterance-medial stops CVCV:C (lambic)

FO onset as a function of voicing and rate
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Figure 7.13. Boxplots of the fitted values of FO onset for Voiceless and Voiced stops in
utterance-medial stops (lambic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 216 44.3 187 41.6
Fast 218 41.7 190 39.4

Table 7.13. Mean and standard deviation of the fitted values of FO onset for Voiceless and
Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

Figure and table 7.13 present FO onset values for Voiceless and Voiced stops as a function of
voicing and rate. The results show that FO onset values following Voiceless stops were
significantly higher than the ones following Voiced stops by an average of 28.5 Hz
(p<0.0001) in both normal and fast speech rates. With regard to the impact of speech rate on
FO onset, FO onset in fast speech tended to be higher than in normal speech by an average of

2.5 Hz in the context of both Voiceless (p = 0.37) and Voiced (p = 0.22) stops.
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FO onset as a function of voicing, rate, and place of articulation
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Figure 7.14. Boxplots of the fitted values of FO onset for VVoiceless and utterance-medial stops
(lambic) grouped by voicing speech rate, and place of articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 188 41 - - 192 38.9
Alveolar 217 447 187 40.7 218 42.6 190 38.8
Velar 215 43.9 186 43.1 219 40.8 188 40.6
Table 7.14. Mean and standard deviation of the fitted values of FO onset for Voiceless and

Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of
articulation.

Figure and table 7.14 show that FO onset for the Voiceless was significantly higher than for
the Voiced stops by an average of 29.5 Hz across places of articulation in both normal and
fast speech (p<0.0001). With regard to speech rate effect, fast speech resulted in marginally
higher FO onset in comparison to normal speech by an average of 2.8 Hz across voicing
categories and places of articulation (pairwise comparison: Appendix C Table C-110). With
respect to the impact of place of articulation on FO onset, the pattern observed was /alveolar/
> /velar/ by an average of 2 Hz (p = 0.78) in normal speech. With respect to the impact of
place of articulation on FO onset for VVoiced stops, the pattern observed was /bilabial/ >
/alveolar/ > /velar/ in both normal and fast speech. The differences between each pair of
comparison were found to be not significant across voicing categories and speech rates

(pairwise comparison: Appendix C Table C-110).
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7.2.4 Summary of results for FO onset

The results established for FO onset were in agreement with what was reported in the

literature with regard to the raising of FO onset following Voiceless stops in comparison to
Voiced stops (House and Fairbanks, 1953; Lehiste and Peterson, 1961; Kingston and Diehl,
1995). This difference has been found in Najdi Arabic across positions, speech rates, places of
articulation, vowel types, and genders. Such a finding gives an indication of the robustness of
FO onset in marking the distinction between Voiceless and Voiced stops in Najdi Arabic. FO
onset was proposed as correlate for [spread glottis] (or [tense]) in aspirating languages and as
a correlate for [voice] in voicing languages.

It could be noticed that the difference in FO onset as a function of voicing category is
larger in utterance-initial and utterance-medial (lambic) stops than in utterance-medial
(Trochaic) stops. One explanation could be that the relation between the amount of aspiration
in the stop and FO onset leads to this positional variation. That is, the amount of aspiration in
utterance-initial as well as utterance-medial (lambic) stops is relatively more than in
utterance-medial (Trochaic) due to the stress effect (Jessen, 2001; Ohala, 1983; Stevens,

2000). It has also been found that FO onset is higher in fast speech than in normal speech.

7.3 FO offset (Hz)

This section presents the results for FO at the offset of the vowels preceding Voiced and
Voiceless stops in Najdi Arabic. It has been reported that FO offset is comparable to FO onset
considering that FO offset is predicted to be lower preceding Voiced stops (Kingston and
Diehl, 1995; Jessen, 1998). To check the effectiveness of FO offset in the voicing contrast in
Najdi Arabic, such a correlate was investigated in various contexts.
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7.3.1 Utterance-medial stops CV:CVC (Trochaic)
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Figure 7.15. Boxplots of the fitted values of FO offset for Voiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 187 45.7 184 42.3
Fast 189 43 187 40.2

Table 7.15. Mean and standard deviation of the fitted values of FO offset for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.

Figure and table 7.15 show FO offset values for Voiceless and Voiced stops as a function of
voicing and rate. The results show that FO offset values preceding Voiceless stops tended to
be higher than the ones preceding Voiced stops by an average of 2.5 Hz in both normal (p =
0.42) and fast (p = 0.59) speech rates. With regard to the impact of speech rate on FO offset,
FO offset in fast speech tended to be higher than in normal speech by an average of 2.5 Hz in

the context of both Voiceless (p = 0.59) and Voiced (p = 0.41) stops.

160



FO offset as a function of voicing, rate, and place of articulation
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Figure 7.16. Boxplots of the fitted values of FO offset for VVoiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing, speech rate and place of articulation.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 187 42.9 - - 191 41.2
Alveolar 190 46.1 185 42.3 192 43.7 188 39.9
Velar 183 45 180 41.7 186 42.3 183 39.4

Table 7.16. Mean and standard deviation of the fitted values of FO offset for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate and place of
articulation.

Figure and table 7.16 show that FO offset for the VVoiceless was marginally higher than for the
Voiced stops by an average of 3.8 Hz across places of articulation in both normal and fast
speech (pairwise comparison: Appendix C Table C-115). With regard to speech rate effect, FO
offset in fast speech tended to be higher than in normal speech by an average of 3 Hz across
voicing categories and places of articulation (pairwise comparison: Appendix C Table C-115).
With respect to the impact of place of articulation on FO offset, the pattern observed was
/alveolar/ > /velar/ by an average of 6.5 Hz preceding Voiceless stops in normal (p = 0.168)
and fast (p = 0.374) speech. With respect to the impact of place of articulation on FO offset for
Voiced stops, the pattern observed was /bilabial/ > /alveolar/ > /velar/ in both normal and fast
speech. The differences between each pair of comparison were found to be not significant

across voicing categories and speech rates (pairwise comparison: Appendix C Table C-115).
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7.3.2 Utterance-medial stops CVCV:C (lambic)
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Figure 7.17. Boxplots of the fitted values of FO offset for Voiceless and Voiced utterance-
medial stops (lambic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 169 40.4 171 38.7
Fast 172 39.2 175 37.9

Table 7.17. Mean and standard deviation of the fitted values of FO offset for Voiceless and
Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

Figure and table 7.17 display FO offset values for VVoiceless and VVoiced stops as a function of
voicing and rate. The results show that FO offset values preceding Voiceless stops tended to
be higher than the ones preceding Voiced stops by an average of 2.5 Hz in both normal (p =
0.593) and fast (p = 0.373) speech rates. With regard to the impact of speech rate on FO offset,
FO offset in fast speech tended to be higher than in normal speech by an average of 3.5 Hz in
the context of both Voiceless (p = 0.433) and Voiced (p = 0.067) stops.
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FO offset as a function of voicing, rate, and place of articulation
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Figure 7.18. Boxplots of the fitted values of FO offset for VVoiceless and Voiced utterance-
medial stops (lambic) grouped by voicing speech rate, and place of articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 173 38.4 - - 177 37.6
Alveolar 170 40.3 171 38.9 173 38.5 176 38.5
Velar 168 40.6 168 38.7 171 40 172 37.7
Table 7.18. Mean and standard deviation of the fitted values of FO offset for Voiceless and

Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of

articulation.

Figure and table 7.18 show that FO offset for the VVoiced was marginally higher than for the
Voiceless stops by an average of 2 Hz across places of articulation in both normal and fast
speech (pairwise comparison: Appendix C Table C-122). With regard to speech rate effect, FO
offset in fast speech tended to be higher than in normal speech by an average of 3.8 Hz across
voicing categories and places of articulation (pairwise comparison: Appendix C Table C-122).
With respect to the impact of place of articulation on FO offset, the pattern observed was
/alveolar/ > /velar/ by an average of 3 Hz across speech rates (pairwise comparison: Appendix
C Table C-122). With respect to the impact of place of articulation on FO offset for VVoiced
stops, the pattern observed was /bilabial/ > /alveolar/ > /velar/ in both normal and fast speech.
The differences between each pair of comparison were found to be not significant across

voicing categories and speech rates (pairwise comparison: Appendix C Table C-122).
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7.3.3 Utterance-final stops CV:C
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Figure 7.19. Boxplots of the fitted values of FO offset for Voiceless and Voiced utterance-
final stops grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 187 60.3 186 55.3
Fast 181 53.5 178 50.2

Table 7.19. Mean and standard deviation of the fitted values of FO offset for Voiceless and
Voiced utterance-final stops grouped by voicing and speech rate.

Figure and table 7.19 display FO offset values for VVoiceless and Voiced stops as a function of
voicing and rate. The results show that FO offset values for Voiceless stops tended to be
higher than for VVoiced stops by an average of 2 Hz in both normal (p = 0.61) and fast (p =
0.17) speech rates. As for the impact of speech rate on FO offset, FO offset in normal speech
tended to be higher than in fast speech by an average of 6 Hz in the context of VVoiceless stops
(0.074). The results also showed that FO offset in normal speech tended to be higher than in
fast speech by an average of 8 Hz in the context of Voiced stops (0.0014).
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FO offset as a function of voicing, rate, and place of articulation
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Figure 7.20. Boxplots of the fitted values of FO offset for Voiceless and Voiced utterance-
final stops grouped by voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 181 55.3 - - 176 49.9
Alveolar 191 59.5 187 54.5 186 52.4 176 50.7
Velar 184 61. 191 55.7 177 54.3 181 50

Table 7.20. Mean and standard deviation of the fitted values of FO offset for Voiceless and
Voiced utterance-final stops grouped by voicing, speech rate, and place of articulation.

Figure and table 7.20 show FO offset values for Voiced and Voiceless utterance-final stops as
a function of voicing category, rate, and place of articulation. With regard to voicing effect on
FO offset, FO offset for alveolar stops tended to be higher in the Voiceless context than in the
Voiced context by an average of 7 Hz across speech rate (pairwise comparison: Appendix C
Table C-127). Velar stops on the other hand showed the opposite pattern; FO offset for VVoiced
tended to be higher than for VVoiceless across speech rates (pairwise comparison: Appendix C
Table C-127). With regard to speech rate effect, FO offset in normal speech tended to be
higher than in fast speech by an average of 7.4 Hz across voicing categories and places of
articulation (pairwise comparison: Appendix C Table C-127). With respect to the impact of
place of articulation on FO offset, the pattern observed was /alveolar/ > /velar/ by an average
of 7 Hz across speech rates (pairwise comparison: Appendix C Table C-127). With respect to

the impact of place of articulation on FO offset for VVoiced stops, the pattern observed was
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Ivelar/ > [alveolar/ > /bilabial/ in normal and /velar/ > /alveolar/ =/bilabial/ in fast speech. The
differences between each pair of comparison were found to be not significant across voicing
categories and speech rates (pairwise comparison: Appendix C Table C-127).

7.3.4 Summary of results for FO offset

It has been shown that there was inconsistency regarding FO offset values preceding
Voiceless and Voiced stops. FO offset tended to be slightly higher in the context of VVoiceless
stops in utterance-medial (Trochaic) position only. This difference is not as robust as FO onset
which is in agreement with the expectation from the literature (Kingston and Diehl, 1995;
Jansen, 2004). Utterance-final stops behaved differently showing inconsistency and a notable
variation when considering the factors tested in the analysis. It could be suggested that this
variation is caused by the devoicing of the utterance-final stops. That is, the lowering of FO
offset is a by-product of the voicing in the hold phase which induces an anticipatory effect
causing a drop in FO offset to initiate and sustain voicing (Kingston and Diehl, 1995; Kohler,
1984; Halle and Stevens, 1971). With regard to speech rate effect, there was a positional
variation as well in which fast speech accompanies marginal increase in FO offset in
utterance-medial (trochaic) stops. The opposite pattern occurred in utterance-final stops

showing higher FO offset values for normal speech.

7.4 F1 onset (Hz)

This section presents the results for F1 frequency at the onset of the vowel following
Voiceless and Voiced stops in Najdi Arabic with respect to various factors including voicing,
position, rate, place of articulation, vowel type, and gender. Similar to FO onset, F1 onset is
another acoustic correlate that may mark the opposition between Voiceless and Voiced stops.
Many studies reported higher F1 values after aspirated stops in comparison to unaspirated
ones (Jessen, 2001; House and Fairbanks, 1953; Ohde, 1984). Such a claim is examined in the
present analysis in Najdi Arabic.
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7.4.1 Utterance-initial stops CV:C
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Figure 7.21. Boxplots of the fitted values of F1 onset for Voiceless and Voiced utterance-
initial stops grouped by voicing and speech.

Voiceless Voiced

Mean SD Mean SD
Normal 419 85.2 400 66.7
Fast 431 85.1 418 66.5

Table 7.21. Mean and standard deviation of the fitted values of F1 onset for Voiceless and
Voiced utterance-initial stops grouped by voicing and speech.

Figure and table 7.21 show the values of F1 onset for Voiceless and Voiced stops as a
function of voicing and rate. F1 onset for the Voiceless was significantly higher than for the
Voiced stops by an average of 16 Hz across speech rates (p<0.0001). For speech rate effect,
the results show significant increase in fast speech by an average of 15 Hz across voicing

categories (p<0.0001).

167



F1 onset as a function of voicing, rate, and place of articulation
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Figure 7.22. Boxplots of the fitted values of F1 onset for Voiceless and Voiced utterance-
initial stops grouped voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 433 78.8 - - 446 78.3
Alveolar 416 90.2 387 53.3 429 90.4 398 53.2
Velar 422 80 378 50.6 434 79.6 391 50.5

Table 7.22. Mean and standard deviation of the fitted values of F1 onset for Voiceless and
Voiced utterance-initial stops grouped by voicing, speech rate, and place of articulation.

Figure and table 7.22 show F1 onset values for VVoiced and Voiceless utterance-initial stops as
a function of voicing category, rate, and place of articulation. With regard to voicing effect on
F1 onset, F1 onset for alveolar stops was significantly higher in the Voiceless context than in
the Voiced by an average of 30 Hz across speech rate (p<0.0001). F1 onset for velar stops on
the other hand showed that F1 onset for VVoiceless was significantly higher than for Voiced
stops by an average of 43.5 Hz across speech rates (p<0.0001). With regard to speech rate
effect, F1 onset in fast speech was significantly higher than in normal speech by an average of
12.4 Hz across voicing categories and places of articulation (pairwise comparison: Appendix
C Table C-132). With respect to the impact of place of articulation on F1 onset, the pattern
observed was /velar/ >/alveolar/ by an average of 6.5 Hz in the Voiceless context across
speech rates (pairwise comparison: Appendix C Table C-132). With respect to the impact of
place of articulation on F1 onset for VVoiced stops, the pattern observed was /bilabial/ >
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/alveolar/ > /velar/ across speech rates. Within bilabial vs alveolar, the former showed higher
F1 onset values by an average of 47 Hz (p<0.0001) across speech rates. For alveolar vs velar,
the difference was found to be not significant across speech rate (pairwise comparison:
Appendix C Table B-132).

7.4.2 Utterance-medial stops CVCV:C (lambic)
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Figure 7.23. Boxplots of the fitted values of F1 onset for Voiceless Voiced utterance-medial
stops (lambic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 400 88.1 380 67.3
Fast 408 87.2 387 66.3

Table 7.23. Mean and standard deviation of the fitted values of F1 onset for Voiceless and
Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

Figure and table 7.23 show the values of F1 onset for Voiceless and Voiced utterance-medial
stops (lambic) as a function of voicing and rate. F1 onset for the Voiceless was significantly
higher than for the Voiced stops by an average of 20.5 Hz across speech rates (p<0.0001). For
speech rate effect, the results show a marginal increase in fast speech by an average of 7.5 Hz

in the context of Voiceless (p = 0.066) and Voiced (p = 0.055) stops.
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F1 onset as a function of voicing, rate, and place of articulation
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Figure 7.24. Boxplots of the fitted values of F1 onset for VVoiceless Voiced utterance-medial
stops (lambic) grouped by voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 408 76.9 - - 414 76.2
Alveolar 402 93.4 366 64 409 93.2 374 62.9

Velar 398 82.5 364 48.5 408 80.8 374 48.5
Table 7.24. Mean and standard deviation of the fitted values of F1 onset for Voiceless and

Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of
articulation.

Figure and table 7.24 show F1 onset values for VVoiced and Voiceless utterance-medial stops
(lambic) as a function of voicing category, rate, and place of articulation. With regard to
voicing effect on F1 onset, F1 onset was significantly higher in the VVoiceless context than in
the Voiced by an average of 35 Hz across speech rates and places of articulation (p<0.0001).
With regard to speech rate effect, F1 onset in fast speech was marginally higher than in
normal speech by an average of 8.6 Hz across voicing categories and places of articulation
(pairwise comparison: Appendix C Table C-137). With respect to the impact of place of
articulation on F1 onset, the pattern observed was /alveolar/ >/alveolar/ by an average of 2.5
Hz in the Voiceless context across speech rates (pairwise comparison: Appendix C Table C-
137). With respect to the impact of place of articulation on F1 onset for VVoiced stops, the
pattern observed was /bilabial/ > /alveolar/ > /velar/ across speech rates. Within bilabial vs

alveolar, the former showed higher F1 onset values by an average of 41.5 Hz (p<0.0001)
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across speech rates. For alveolar vs velar, the difference was found to be not significant across

speech rate (pairwise comparison: Appendix C Table C-137).

7.4.3 Summary of results for F1 onset

The results of F1 onset showed a significant increase in the context of Voiceless stops across
positions, speech rates, places of articulation, vowel type, and genders. It has been established
that F1 onset is a robust acoustic correlate that differentiates VVoiceless and Voiced stops in
Najdi Arabic. This pattern was found in many languages and confirmed for aspirating and
voicing languages (House and Fairbanks, 1953; Ohde, 1984; Kingston and Diehl, 1994;
Jessen, 1998; Al-Tamimi and Khattab, 2018). The positional variations in F1 onset between
utterance-initial and utterance-medial (lambic) stops could be explained by the amount of
aspiration. That is, utterance-initial stops with longer aspiration induce more raising of F1
onset than that of utterance-medial stops. Interestingly, the opposite pattern took place with
regard F1 onset in the context of VVoiced stops. To illustrate, Voiced utterance-medial stops
trigger more lowering of F1 onset than Voiced utterance-initial stops. That is, voicing in
utterance-medial stops is stronger than that in utterance-initial stops considering that voicing
is favourable in intervocalic contexts. The active voicing leads to F1 onset lowering as
expected due the articulatory adjustments for maintaining voicing duration during closure
(Jessen, 2001).

7.5 F1 offset (Hz)

This section displays the results for F1 at the offset of the vowels preceding Voiced and
Voiceless stops in Najdi Arabic. F1 offset is expected to be lower preceding Voiced stops
(Kingston and Diehl, 1994; Jessen, 1998) and consequently higher preceding Voiceless stops.
The results are divided into two subsections: 1) utterance-medial-stops (Trochaic), and 2)

utterance-final stop.

171



7.5.1 Utterance-medial stops (Trochaic) CV:CVC
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Figure 7.25. Boxplots of the fitted values of F1 offset for Voiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing and speech rate.

voicing

Voiceless Voiced

Mean SD Mean SD
Normal 423 88.8 400 81.7
Fast 436 85.7 413 79.6

Table 7.25. Mean and standard deviation of the fitted values of F1 offset for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.

Figure and table 7.25 show the values of F1 offset for VVoiceless and Voiced utterance-medial
stops (lambic) as a function of voicing and rate. The results show that F1 offset for the
Voiceless was significantly higher than for the VVoiced stops by an average of 23 Hz across
speech rates (p<0.0001). With regard to speech rate effect, the results show a significant

increase of F1 offset in fast speech by an average of 13 Hz in the context of Voiceless (p =

0.007).
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F1 offset as a function of voicing, rate, and place of articulation
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Figure 7.26. Boxplots of the fitted values of F1 offset for Voiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing, speech rate and place of articulation.

Table 7.26. Mean and standard deviation of the fitted values of F1 offset for Voiceless and
Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate and place of
articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 444 83.8 - - 457 81.4
Alveolar 409 96.2 397 78.7 420 92.1 413 77.8
Velar 437 77.9 364 62.2 452 75.9 379 60.7

Figure and table 7.26 show F1 offset for Voiced and Voiceless utterance-medial stops
(lambic) as a function of voicing, rate, and place of articulation. With regard to voicing effect
on F1 offset, F1 offset for alveolar stops was marginally higher in the VVoiceless context than
in the Voiced by an average of 9.5 Hz across speech rates (pairwise comparison: Appendix C
Table C-144). F1 offset for velar stops was significantly higher in the VVoiceless context than
in the Voiced by an average of 73 Hz across speech rates (p<0.0001). With regard to speech
rate effect, F1 offset for alveolar stops was marginally higher in the fast speech than in normal
by an average of 13.5 Hz across voicing categories (pairwise comparison: Appendix C Table
C-144). F1 offset for velar stops was significantly higher in fast speech than in normal speech
by an average of 15 Hz across voicing categories (pairwise comparison: Appendix C Table C-
144). With respect to the impact of place of articulation on F1 offset, the pattern observed was
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Ivelar/ >/alveolar/ by an average of 30 Hz in the VVoiceless context across speech rates
(p<0.0001). With respect to the impact of place of articulation on F1 offset for VVoiced stops,
the pattern observed was /bilabial/ > /alveolar/ > /velar/ across speech rates. Within bilabial vs
alveolar, the former showed a higher F1 offset values by an average of 54.5 Hz (p<0.0001)
across speech rates. For alveolar vs velar, the difference was found to be significant by an

average of 33.5 Hz across speech rate (p<0.0001).

7.5.2 Utterance-final stops CV:C
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Figure 7.27. Boxplots of the fitted values of F1 offset for VVoiceless and Voiced utterance-
final stops grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 414 77.5 420 82.1
Fast 415 75 424 81.1

Table 7.27. Mean and standard deviation of the fitted values of F1 offset for Voiceless and
Voiced utterance-final stops grouped by voicing and speech rate.

Figure and table 7.27 present F1 offset for Voiceless and Voiced utterance-final stops as a
function of voicing and rate. The results show that F1 offset for the VVoiced was marginally
higher than for the Voiceless stops by an average of 6 Hz in normal speech (p = 0.124). F1
offset for the VVoiced was significantly higher than for the VVoiceless stops by an average of 9
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Hz in fast speech (p = 0.03). The results show a marginal increase of F1 offset in fast speech

in the context of Voiceless (p = 0.74) and Voiced (p = 0.33) stops.

F1 offset as a function of voicing, rate, and place of articulation
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Figure 7.28. Boxplots of the fitted values of F1 offset for Voiceless and utterance-final stops
grouped by voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 448 88.2 - - 451 86.5
Alveolar 421 81.1 422 78.7 421 78.8 426 77.8
Velar 407 72.9 391 68.1 409 70.7 393 67
Table 7.28. Mean and standard deviation of the fitted values of F1 offset for Voiceless and

Voiced utterance-final stops grouped by voicing, speech rate, and place of articulation.

Figure and table 7.28 show F1 offset for Voiced and Voiceless utterance-final stops as a
function of voicing, rate, and place of articulation. With regard to voicing effect on F1 offset,
F1 offset for alveolar stops was marginally higher in the VVoiced context than in the VVoiceless
by an average of 3 Hz in normal (p = 0.92) and fast (p = 0.41). F1 offset for velar stops was
significantly higher in the VVoiceless context than in the VVoiced by an average of 16 Hz in
normal (p = 0.0029) and fast (p = 0.0026) speech rates. With regard to speech rate effect, F1
offset for was marginally higher in the fast speech than in normal by an average of 5.5 Hz
across places of articulation and voicing categories (pairwise comparison: Appendix C Table
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C-151). With respect to the impact of place of articulation on F1 offset for VVoiceless stops,
the pattern observed was /alveolar/ >/velar/ by an average of 13 Hz across speech rates
(pairwise comparison: Appendix C Table C-151). With respect to the impact of place of
articulation on F1 offset for Voiced stops, the pattern observed was /bilabial/ > /alveolar/ >
Ivelar/ across speech rates. All the differences were found to be significant across speech rate

(pairwise comparison: Appendix C Table C-151).

7.5.3 Summary of results for F1 offset

It has been established that F1 offset values tended to be slightly higher for VVoiceless than for
Voiced stops in utterance-medial position (Trochaic) with a considerable variation when
taking into account the linguistic factors. These results are different from what was found in
Lebanese Arabic which showed a consistent significant decrease in the context of VVoiced
stops (Al-Tamimi and Khattab, 2018). Utterance-final stops showed the opposite pattern in
which F1 offset for VVoiced was higher than for Voiceless. The devoicing of stops utterance-
finally may explain the inconsistency in F1 offset. The results also showed no significant

impact of speech rate on F1 offset in utterance-final stops.

7.6 H1-H2 onset (dB)

This section discusses the results of the difference between the amplitude of the first and
second harmonics at the onset of the following vowel (H1-H2 onset) in the context of
Voiceless and Voiced stops in Najdi Arabic. It has been reported in the literature that this
parameter captures the voicing contrast in a number of aspirating languages (Stevens and
Hanson, 1994, Klatt and Klatt, 1990; Chapin Ringo, 1988; Jessen, 1998). That is, aspirated
stops induce higher values of H1-H2 at the onset of the following vowel compared to
unaspirated stops. Some voicing languages showed the opposite pattern as in French and
Italian (Ni Chasaide and Gobl, 1993). In Lebanese Arabic, H1-H2 onset’s results showed no
significant difference between Voiceless and Voiced stops (Al-Tamimi and Khattab, 2018). It
is worth looking at how this correlate is manifested in Najdi Arabic taking into consideration

the presence of moderate aspiration in VVoiceless stops (Al-Gamdi et al., 2019).
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7.6.1 Utterance-initial stops CV:C

H1-H2 onset as a function of voicing and rate

intensity dB
I
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voicing

Figure 7.29. Boxplots of the fitted values of H1-H2 onset for VVoiceless and Voiced utterance-
initial stops grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 5.68 3.84 4.48 2.31
Fast 5.09 3.83 3.92 2.37

Table 7.29. Mean and standard deviation of the fitted values of H1-H2 onset for Voiceless
and Voiced utterance-initial stops grouped by voicing and speech rate.

Figure and table 7.29 present the results of H1-H2 onset for VVoiceless and Voiced utterance-
initial stops as a function of voicing and rate. The results show that H1-H2 onset for the
Voiceless was significantly higher than for the VVoiced stops by an average of 1.2 dB across
speech rates (p<0.0001). With regard to speech rate effect, the results show a significant

increase of H1-H2 onset in normal speech by an average of 0.6 dB across voicing categories
(p<0.0001).
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H1-H2 onset as a function of voicing, rate, and place of articulation
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Figure 7.30. Boxplots of the fitted values of H1-H2 onset for VVoiceless and Voiced utterance-
initial stops grouped by voicing, speech rate and place of articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - 4.46 2.27 - - 3.90 2.39
Alveolar 5.44 3.46 3.77 2.08 487 3.47 3.16 2.15
Velar 5.91 4.16 5.22 2.35 5.31 4.15 4.70 2.31
Table 7.30. Mean and standard deviation of the fitted values of H1-H2 onset for Voiceless

and Voiced utterance-initial stops grouped by voicing, speech rate and place of articulation.

Figure and table 7.30 show H1-H2 onset for Voiced and Voiceless utterance-initial stops as a
function of voicing, rate, and place of articulation. With regard to voicing effect on H1-H2
onset, H1-H2 onset for alveolar stops was significantly higher in the Voiceless context than in
the Voiced by an average of 1.7 dB across speech rates (p<0.0001). H1-H2 onset for velar
stops was significantly higher in the Voiceless context than in the Voiced by an average of 0.7
dB in normal (p = 0.00088) and fast (p = 0.0045) speech rates. With regard to speech rate
effect, H1-H2 onset was significantly higher in normal speech than in fast by an average of
0.8 dB across places of articulation and voicing categories (pairwise comparison: Appendix C
Table C-156). With respect to the impact of place of articulation on H1-H2 onset for
Voiceless stops, the pattern observed was /velar/ >/alveolar/ by an average of 0.6 dB across
speech rates (pairwise comparison: Appendix C Table C-156). With respect to the impact of

place of articulation on H1-H2 onset for VVoiced stops, the pattern observed was /velar/ >
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/bilabial/ > /alveolar/ across speech rates. All the differences were found to be significant

across speech rate (pairwise comparison: Appendix C Table C-156).

7.6.2 Utterance-medial stops CVCV:C (lambic)

H1-H2 onset as a function of voicing and rate

intensity dB

voicing

Figure 7.31. Boxplots of the fitted values of H1-H2 onset for VVoiceless and Voiced utterance-
medial stops (lambic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 4.72 3.98 4.75 2.27
Fast 4.35 4.01 4.36 2.36

Table 7.31. Mean and standard deviation of the fitted values of H1-H2 onset for Voiceless
and Voiced utterance-medial stops (Iambic) grouped by voicing and speech rate.

Figure and table 7.31 present H1-H2 onset values for VVoiceless and Voiced utterance-medial
(iambic) stops as a function of voicing and rate. The results show that H1-H2 onset for the
Voiced was slightly higher than for the Voiceless stops by an average of 0.02 dB across
speech rates (p = 0.88). With regard to speech rate effect, the results show a marginal increase
of H1-H2 onset in normal speech by an average of 0.4 dB across voicing categories (p =
0.095).
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H1-H2 onset as a function of voicing, rate, and place of articulation
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Figure 7.32. Boxplots of the fitted values of H1-H2 onset for VVoiceless and Voiced utterance-
medial stops (lambic) grouped by voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 4,96 2.45 - - 4.65 2.57
Alveolar 4.22 3.56 4.44 1.89 3.82 3.57 4.08 1.97
Velar 5.25 4.33 4.85 2.4 4.85 4.34 4.44 2.47

Table 7.32. Mean and standard deviation of the fitted values of H1-H2 onset for Voiceless
and Voiced utterance-medial stops (Iambic) grouped by voicing, speech rate, and place of
articulation.

Figure and table 7.32 show H1-H2 onset for Voiced and Voiceless utterance-medial stops
(lambic) as a function of voicing, rate, and place of articulation. With regard to voicing effect
on H1-H2 onset, H1-H2 onset for alveolar stops was marginally higher in the VVoiced context
than in the Voiceless by an average of 0.24 dB across speech rates (pairwise comparison:
Appendix C Table C-159). H1-H2 onset for velar stops was marginally higher in the
Voiceless context than in the VVoiced by an average of 0.4 dB in normal and fast speech rates
(pairwise comparison: Appendix C Table C-159). With regard to speech rate effect, H1-H2
onset was marginally higher in normal speech than in fast by an average of 0.4 dB across
places of articulation and voicing categories (pairwise comparison: Appendix C Table C-159).
With respect to the impact of place of articulation on H1-H2 onset for VVoiceless stops, the

pattern observed was /velar/ >/alveolar/ by an average of 1.03 dB across speech rates
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(pairwise comparison: Appendix C Table C-159). With respect to the impact of place of
articulation on H1-H2 onset for Voiced stops, the pattern observed was /velar/ > /bilabial/ >
lalveolar/ across speech rates. All the differences were found to be significant across speech

rate (pairwise comparison: Appendix C Table C-159).

7.6.3 Summary of results for H1-H2 onset

It has been shown that there was a tendency for H1-H2 to be higher in the context of
Voiceless stops compared to Voiced stops in Najdi Arabic. This difference was significant in
utterance-initial stops with overlap between the two categories. There was ambiguity in H1-
H2 onset pattern in utterance-medial stops showing variations in different vocalic contexts.
The higher value of H1-H2 was proposed by Jessen (1998, 2001) to be a correlate for [tense]
because of its association with the wider glottal opening that occur during the aspiration
phase. The results for high vowels showed the opposite pattern, however. High vowels are
produced with larger vocal tract that leads to a delay in the initiation of the voicing onset
(Smith, 1976; Ohala, 1983). This articulatory gesture leads to longer aspiration. As it is
expected, the aspiration phase is associated with glottal abduction which decreases with time
until the end of the phase. Accordingly, the presence of breathiness that occurred at the onset
of the vowel is low because the vocal cords are starting to close which consequently means

more lower values of H1-H2.

7.7 H1-H2 offset (dB)
This section discusses the results of the difference between the amplitude of the first and
second harmonics at the offset of the preceding vowel (H1-H2 offset) in the context of

Voiceless and Voiced stops in Najdi Arabic.
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7.7.1 Utterance-medial stops CV:CVC (Trochaic)

H1-H2 offset as a function of voicing and rate

intensity dB

voicing

Figure 7.33. Boxplots of the fitted values of H1-H2 offset for VVoiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 7.77 3.05 451 2.5
Fast 7.36 3.16 4.18 2.7

Table 7.33. Mean and standard deviation of the fitted values of H1-H2 offset for Voiceless
and Voiced utterance-medial stops (Trochaic) grouped by voicing and speech rate.

Figure and table 7.33 show H1-H2 offset values for VVoiceless and Voiced utterance-medial
(Trochaic) stops as a function of voicing and rate. The results show that H1-H2 offset for the
Voiced was significantly higher than for the Voiceless stops by an average of 3.22 dB across
speech rates (p<0.0001). With regard to speech rate effect, the results show a significant

increase of H1-H2 offset in normal speech by an average of 0.4 dB across voicing categories
(p =0.016).
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H1-H2 offset as a function of voicing, rate, and place of articulation
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Figure 7.34. Boxplots of the fitted values of H1-H2 offset for VVoiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing, speech rate and place of articulation.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Bilabial - - 4.18 2.65 - - 3.92 2.87
Alveolar 7.14 3.19 4.3 2.41 6.55 3.25 4.01 2.63
Velar 8.44 2.74 4.94 2.37 8.14 2.86 451 2.59
Table 7.34. Mean and standard deviation of the fitted values of H1-H?2 offset for Voiceless

and Voiced utterance-medial stops (Trochaic) grouped by voicing, speech rate and place of
articulation.

Figure and table 7.34 show H1-H2 offset for Voiced and Voiceless utterance-medial stops
(Trochaic) as a function of voicing, rate, and place of articulation. With regard to voicing
effect on H1-H2 offset, H1-H2 offset was significantly higher in the Voiceless context than in
the Voiced by an average of 3.12 dB across speech rates (pairwise comparison: Appendix C
Table C-164). With regard to speech rate effect, H1-H2 offset was marginally higher in
normal speech than in fast speech across places of articulation and voicing categories
(pairwise comparison: Appendix C Table C-164). With respect to the impact of place of
articulation on H1-H2 offset for VVoiceless stops, the pattern observed was /velar/ >/alveolar/
by an average of 1.4 dB across speech rates (p<0.0001). With respect to the impact of place of
articulation on H1-H2 offset for Voiced stops, all the differences were found to be significant

across speech rate categories (pairwise comparison: Appendix C Table C-164).
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7.7.2 Utterance-final stops CV:C

H1-H2 offset as a function of voicing and rate
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Figure 7.35. Boxplots of the fitted values of H1-H2 offset for VVoiceless and Voiced utterance-
final stops grouped by voicing and speech rate.

Voiceless Voiced

Mean SD Mean SD
Normal 6.42 2.89 3.55 3
Fast 5.85 3.04 2.86 3.56

Table 7.35. Mean and standard deviation of the fitted values of H1-H2 offset for Voiceless
and Voiced utterance-final stops grouped by voicing and speech rate.

Figure and table 7.35 show H1-H2 offset for Voiceless and Voiced utterance-final stops as a
function of voicing and rate. The results show that H1-H2 offset for the VVoiceless was
significantly higher than for the Voiced stops by an average of 2.9 dB across speech rates
(p<0.0001). With regard to speech rate effect, the results show a significant increase of H1-
H2 offset in normal speech by an average of 0.6 dB for Voiceless (p = 0.012) and Voiced (p =
0.0056) stops.
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H1-H2 offset as a function of voicing, rate, and place of articulation
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Figure 7.36. Boxplots of the fitted values of H1-H2 offset for Voiceless and Voiced utterance-
final grouped by voicing, speech rate, and place of articulation.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Bilabial - - 3.63 3.05 - - 3.16 3.54
Alveolar 6.42 2.69 3.33 2.97 6.01 2.86 2.36 3.55
Velar 6.42 3.08 3.67 2.97 5.69 3.2 3 3.56

Table 7.36. Mean and standard deviation of the fitted values of H1-H2 offset for Voiceless
and Voiced utterance-final stops grouped by voicing, speech rate, and place of articulation.

Figure and table 7.36 show H1-H2 offset for Voiced and Voiceless utterance-final stops as a
function of voicing, rate, and place of articulation. With regard to voicing effect on H1-H2
offset, H1-H2 offset was significantly higher in the Voiceless context than in the VVoiced by
an average of 3 dB across speech rates (pairwise comparison: Appendix C Table C-169).
With regard to speech rate effect, H1-H2 offset was marginally higher in normal speech than
in fast speech across places of articulation and voicing categories (pairwise comparison:
Appendix C Table C-169). With respect to the impact of place of articulation on H1-H2
offset, all the differences were found to be not significant across speech rate categories
(pairwise comparison: Appendix C Table C-169).
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7.7.3 Summary of results for H1-H2 offset

It has been presented that H1-H2 offset is a clear acoustic correlate that accompanies the
distinction between Voiceless and Voiced stops in Najdi Arabic. This distinction is
maintained across positions, rates, places of articulation, vowel types, and genders. The
results of H1-H2 offset show a positional variation between utterance-medial and utterance-
final stops. The former show relatively higher values than the latter. It could be noticed that
H1-H2 offset in the context of high vowels is lower than the rest of the vowels across

positions.

7.8 Conclusion

The following table summarises the acoustic measurements of the spectral correlates
presented in this chapter under normal/fast speech rates and in every context. The correlates
include burst intensity, FO onset, FO offset, F1 onset, F1 offset, H1-H2 onset, and H1-H2
offset.

. Utterance- Utterance- .
Utterance-initial medial (trochaic) | medial (iambic) Utterance-final

Correlate Voicing rate | M SD |rate | M SD |rate | M SD |rate | M SD
Burst . Voiceless | Nr | 46.6 | 353 | Nr | 469 | 079 | Nr | 463|411 | Nr | 428 | 4.13
intensity

Voiced Nr | 549 |5 Nr 55.4 | 0.60 | Nr | 545|527 | Nr | 44.1| 4.78
FO onset Voiceless | Nr 211 | 455 | Nr 205 | 44.1 | Nr 216 | 44.3 | Nr

Voiced Nr 187 | 41.5 | Nr 190 | 41.9 | Nr 187 | 41.6 | Nr
FO offset Voiceless | Nr veeee | oeeoo | Nr 187 | 45.7 | Nr 169 | 40.4 | Nr 187 | 60.3

Voiced Nr vevee | oo | NF 184 | 42.3 | Nr 171 | 38.7 | Nr 186 | 55.3
F1 onset Voiceless | Nr 419 | 85.2 | Nr v | ooco. | Nr 400 | 88.1 | Nr

Voiced Nr 400 | 66.7 | Nr v | ooco. | Nr 380 | 67.3 | Nr
F1 offset Voiceless | Nr veeee | oeeoo | Nr 423 | 88.8 | Nr veeee | veee | Nr 414 | 77.5

Voiced Nr veeee | oeeoo | Nr 400 | 81.7 | Nr veeee | veee | Nr 420 | 82.1
H1-H2 onset | Voiceless | Nr 5.68 | 3.84 | Nr v | ooco. | Nr 4,72 | 3.98 | Nr

Voiced Nr 4,48 | 2.31 | Nr v | ooco. | Nr 475 | 2.27 | Nr
H1-H2 offset | Voiceless | Nr veeee | oeooo | Nr 7.77 | 3.05 | Nr veeee | veee | Nr 6.42 | 2.89

Voiced Nr veeee | oeeoo | Nr 451 |25 | Nr veeee | veee | Nr 355 |3
Burst Voiceless | T2 | 47.9 | 368 | TA 483 | 1.07 | ™A | 476 | 414 | A | 241 369
intensity

Voiced FA | 563|485 |FA |56.4|086|FA |552|497 | FA | 455 | 456
FO onset Voiceless | FA | 217 | 43 FA | 210 | 43.1 | FA | 218 | 190 | FA

Voiced FA | 191 | 40 FA |193 | 409 | FA | 417|394 |FA | ... | ...
FO offset Voiceless | FA | ..... | .... | FA | 189 | 43 FA | 172 | 39.2 | FA | 181 | 53.5

Voiced FA | .... | ... |FA |187 | 402 | FA | 175 | 379 | FA | 178 | 50.2
F1 onset Voiceless | FA | 431 | 851 |FA | ..... | .... | FA | 408 | 87.2 | FA

Voiced FA | 418 | 665 |FA | ... |.... |FA |387 |663|FA | ... |...
F1 offset Voiceless | FA | ..... | .... |FA |436 | 857 |FA | ... |.... |FA |[415 | 75

Voiced FA | ... | ... |FA |413 | 796 |FA | .... | ..... | FA |424 |81.1
H1-H2 onset | Voiceless | FA | 509 | 383 | FA | ..... | .... | FA | 435|401 | FA

Voiced FA 392|237 |FA | ... | ... |FA |436|236|FA | ... |...
H1-H2 offset | Voiceless | FA | ..... | ..... | FA [ 736|316 | FA | .... |.... | FA | 585 | 3.04

Voiced FA FA | 418 |27 | FA FA | 2.86 | 3.56

Table 7.37. Overview of the acoustic measures (Mean and standard deviation) of the spectral
correlates in Voiced and Voiceless stops under normal/fast speech rates.
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The analysis for the spectral correlates shows crucial findings with regard to the
distinction between Voiceless and Voiced stops in Najdi Arabic. FO and F1 results appeared
to be analogous to what has been found in both aspirating and voicing languages, i.e. the
lowering of FO and F1 in the context of Voiced stops and the raising of these correlates in the
context of Voiceless stops. The distinction in terms of FO onset is the most significant among
the correlates in Voiceless and Voiced stops across all the factors. In terms of H1-H2, H1-H2
onset is a robust correlate that differentiates VVoiceless and Voiced stops in utterance-initial
position. H1-H2 offset, on the other hand, shows robust distinction across all the examined
contexts.

The results for burst intensity show a pattern that might be unique to Arabic dialects in
that burst intensity for VVoiced is higher than for Voiceless stops. This is similar to what has
been found in Lebanese Arabic (Al-Tamimi and Khattab, 2018).

The goal of investigating the spectral correlates is to investigate to what extent do
these correlates strengthen the argument for the presence of [spread glottis] and [voice] in the
voicing system for stops in Najdi Arabic. The findings form a crucial foundation for the
phonological assumptions made with regard to the features that specify the voicing contrast in
Najdi Arabic. The significant difference in FO onset and H1-H2 onset/offset values indicates

the presence of [spread glottis] for VVoiceless stops and [voice] for VVoiced stops.
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Chapter 8. Regressive voicing assimilation in stop-stop cluster

The aim of this chapter is to closely examine the phonetic aspects of regressive voicing
assimilation in stop-stop clusters across word boundaries in Najdi Arabic. In Chapter 2, it was
established that voicing assimilation is a phonological process common to many aspirating
and voicing languages. The traditional view of the nature of voicing assimilation posits that
assimilated consonants (C1) are completely neutralised to the voicing status of the adjacent
consonant (C2), thereby implying that the voicing targets in C1 are equivalent to those of C2
regardless of the underlying voicing of C1 (Chomsky and Halle, 1968). Many quantitative
experimental studies, however, reveal results indicating incomplete neutralisation (Burton and
Robblee, 1997; Barry and Teifour, 1999; Jansen, 2004; Kulikov, 2012). That is, some voicing
targets of C1 preserve their underlying voicing. It has also been proposed that the ability of a
stop to trigger voicing in the preceding stop relies on its phonological specification. In other
words, actively (de)voiced stops (C2) are expected to trigger (de)voicing in the preceding
stops (C1) (Jansen, 2004, 2007). Therefore, it is argued that VVoiced stops in aspirating
languages, as well as VVoiceless stops in voicing languages, are not expected to trigger voicing
in the preceding stops. In contrast, VVoiceless stops in aspirating languages and Voiced stops
in voicing languages are expected to trigger voicing in the preceding stop. On the other hand,
the effect of C1 voicing on C2 has been described as a form of passive devoicing.

Based on the aforementioned theoretical assumptions, the following predictions can be
made with regard to assimilation in stop-stop clusters in Najdi Arabic: 1) since both Voiceless
and Voiced stops are proposed to be phonologically specified in Najdi Arabic, they should
both trigger some form of (de)voicing in C1; 2) the assimilation process is expected to lead to
incomplete neutralisation; 3) voiceless stops are expected to show less variation in their
voicing targets than voiced stops for purely phonetic reasons.

The clusters included in the analysis are [bk], [kb], [dg], [tg], [gt]. It can be noticed
that they differ in terms of voicing and place of articulation. They enable us to investigate the
patterns required to decide whether Voiceless and Voiced stops trigger some (de)voicing in
the preceding member of the cluster. The inclusion of [Voiced-Voiced] cluster [dg] is based
on the assumption that C2 is expected to trigger some voicing and strengthen the voicing
targets in C1 similar to what has been found in the previous literature (Barry and Teifour,
1999; (Jansen, 2004, 2007).

The results of analysis of stop-stop clusters are divided into three subsections: 1)
general results: presenting examples of spectrograms and waveforms for each cluster with the

percentages of voicing in C1 and C2 across tokens using the coding system showed earlier in

188



table 5.1; 2) the acoustic features of C1: showing the statistical analysis (LMM) and pairwise
comparisons for voicing targets in C1 as compared to C1 in the baseline environment in each
cluster; 3) the acoustic features of C2: showing the statistical analysis (LMM) and pairwise
comparisons for voicing targets in C2 compared to C2 in the baseline environment in each

cluster.

8.1 General results

This section presents a set of examples of spectrograms and waveforms and the percentages
of voicing in the first and second stops for each cluster. The coding system used in section 5.1
is also employed in this section to characterise the voicing patterns in all the tokens to
conceptualize the differences between Voiced and Voiceless stops in terms of the degree of

voicing in their closure phase.

PR
dg

L . e
F U -

Figure 8.1. Examples of Spectrograms and waveforms for each of the clusters in the first and
second stops.
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bk kb d tg gt
Cl C2 Cl C2 Cl C2 Cl C2 Cl C2
N|% |[N|% [N|% [N|% [N % |[N|% N|% N |% |[N|% [N |%
U 11 [11.8]93 10087100 151721 |12 |7 85|87 |98.8/26[29.5|9 |10.9]82 100
UP 30(322|0 |0 |0 |0 |6 |68 |8 |97 |1 |12/1 [1.2 |2 |22 |28/341/0 |0
\ 181930 |0 |0 |0 |45[51.7)67 |8L.7|73 (89 |0 |0 |49 556]26/31.7/0 |0
V80 |3 |32 0 [0 (O JO |8 |91 (0O JO O JO |O |O |2 22 |4 48 |0 |0
VP |31]333]0 [0 |0 |0 [13]149|/6 |73 |0 |0 O |O |7 |79 19]23.1/0 |0
Total | 93 93 87 87 82 82 88 88 82 82

Table 8.1. The percentage of voicing in the closure for each cluster in the first and second
stops. N refers to number of tokens.

Figure and table (8.1) mirror the voicing patterns of each cluster examined in the data. It can
be noted that VVoiceless stops in all clusters retained their voicelessness in both C1 and C2
positions. VVoiced stops, on the other hand, showed variability in the amount of voicing in
their closure. The results showed that VVoiced stops in C1 tended to retain their voicing status
within the voicing range (VP, V80, V) in 55.5% of the tokens of [bk] and in 59.2% of the
tokens in [gt]. In [dg], the results showed that C1 were within the voicing range in 89% of the
tokens. In C2 position, the results showed that VVoiced stops tended to retain their voicing
status within the voicing range in 75% of the tokens in [kb], in 89% in [dg], and 65% in [tg].

8.2 The acoustic features of C1 and C2 compared to their baseline environments

As established in the literature review, voicing assimilation in stop-stop clusters is expected to
occur in both aspirating and voicing languages. The aim of this section is to present the
acoustic features of the voicing targets of C1 and C2 in order to precisely detect any changes
caused by the voicing assimilation process. To do so, the acoustic features of C1 in the cluster
were compared to the acoustic features of C1 in the baseline context. Additionally, the
acoustic features of C2 in the cluster were compared to the acoustic features of C2 in the
baseline context. The baseline context for C1 is the same stop in utterance-final position
whereas the baseline context for C2 is the same stop in utterance-initial position. Taking into
consideration that some durational correlates of stops in utterance-final position are expected
to be lengthened, only voicing duration, FO, F1, and burst intensity were used in the
comparison. The LMM model predictions and pairwise comparisons are presented in the

forthcoming sections.
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8.2.1The acoustic features of C1 vs C1 baseline

Voicing duration C1 vs C1 baseline

bk

kb
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Figure 8.2. Boxplots of voicing duration for C1 and C1 baseline classified by cluster (C1: stop
in cluster; C1 base: stop in baseline context). The dashed line represents the mean.

C1 C1 baseline

Mean SD Mean SD
[bK] 36.9 5.03 18.8 7.61
[kb] 0.119 4.69 0.53 6.27
[dg] 57.4 4.81 13.1 6.61
[tg] 0.24 4.75 0.35 6.64
[gt] 34.1 4.95 14.3 6.27

Table 8.2. Means and standard deviations of voicing duration for C1 and C1 baseline grouped
by cluster.

Figure and table (8.2.) show voicing duration values for C1 and C1 baseline context for each
cluster. With regard to [bk], voicing duration for [b] in the cluster was significantly longer
than for [b] in the baseline context with an average of 18.1 ms (p<0.0001). For [kb], voicing
duration for [k] in the cluster was marginally shorter than for [K] in the baseline context by an
average of 0.42 ms (p=0.71). Moving to [dg], voicing duration for [d] in the cluster was
significantly longer than in the baseline context by an average of 44.3 ms (p<0.0001). For
[tg], voicing duration for [t] was marginally shorter in the cluster than in the baseline context
by 0.11 ms (p=0.9). With regard to [gt], voicing duration for [g] was significantly longer in

the cluster than in the baseline context by an average of 19.8 ms (p<0.0001).
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FO offset for C1 vs C1 baseline
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Figure 8.3. Boxplots of FO offset for C1 and C1 baseline classified by cluster (C1: stop in
cluster; C1 base: stop in baseline context). The dashed line represents the mean.

T T
C1base C1

C1base C1

C1 C1 baseline

Mean SD Mean SD
[bk] 163 38.4 177 48.4
[kb] 178 40.9 201 65.4
[dg] 163 40.3 188 58.5
[tg] 175 43.2 218 55.2
[gt] 165 42.9 209 49.9

Table 8.3. Means and standard deviations of FO offset for C1 and C1 baseline grouped by

cluster.

Figure and table 8.3 show FO offset values for C1 and C1 baseline context for each cluster.

With regard to [bk], FO offset for [b] in the cluster was marginally lower than for [b] in the

baseline context with an average of 14 Hz (p=0.22). For [kb], FO offset for [k] in the cluster

was marginally lower than for [k] in the baseline context by an average of 23 Hz (p=0.06).

Moving to [dg], FO offset for [d] in the cluster was significantly lower than in the baseline

context by an average of 25 Hz (p=0.02). For [tg], FO offset for [t] was significantly lower in
the cluster than in the baseline context by 43 Hz (p<0.0001). With regard to [gt], FO offset for

[g] was significantly lower in the cluster than in the baseline context by an average of 44 Hz

(p<0.0001).
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F1 offset for C1 vs C1 baseline
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Figure 8.4. Boxplots of F1 offset for C1 and C1 baseline classified by voicing on the right
side (vl = voiceless, vd = voiced) and cluster (C1: stop in cluster; C1 base: stop in baseline
context). The dashed line represents the mean.

C1 C1 baseline

Mean SD Mean SD
[bK] 405 51.6 420 42.5
[kb] 401 61.8 480 84.6
[dg] 380 42.9 399 35.1
[tg] 396 25.1 462 39
[gt] 356 41.4 377 35.1

Table 8.4. Means and standard deviations of F1 offset for C1 and C1 baseline grouped by
cluster.

Figure and table 8.4 present F1 offset values for C1 and C1 baseline context for each cluster.
With regard to [bk], F1 offset for [b] in the cluster tended to be lower than for [b] in the
baseline context with an average of 15 Hz (p=0.075). For [kb], F1 offset for [k] in the cluster
was significantly lower than for [K] in the baseline context by an average of 79 Hz
(p<0.0001). Moving to [dg], F1 offset for [d] in the cluster was significantly lower than in the
baseline context by an average of 19 Hz (p=0.011). For [tg], F1 offset for [t] was significantly
lower in the cluster than in the baseline context by 66 Hz (p<0.0001). With regard to [gt], F1
offset for [g] was significantly lower in the cluster than in the baseline context by an average
of 21 Hz (p=0.0055).
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Burst intensity for C1 vs C1 baseline
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Figure 8.5. Boxplots of the fitted values of Burst intensity for C1 and C1 baseline classified
by voicing on the right side (vl = voiceless, vd = voiced) and cluster (C1: stop in cluster; C1
base: stop in baseline context). The dashed line represents the mean.

C1 C1 baseline

Mean SD Mean SD
[bk] 42.6 5.43 39.1 4.16
[kb] 46.6 4.16 441 3.88
[dg] 46.6 4.89 43.8 3.67
[tg] 42.9 4,51 40.6 3.69
[gt] 46.6 4.32 46.5 3.67

Table 8.5. Mean and standard deviation of the fitted values of burst intensity for C1 and C1
baseline grouped by voicing and cluster.

Figure and table 8.5 show burst intensity values for C1 and C1 baseline context for each
cluster. In terms of [bk], the results showed a marginal increase of burst intensity in the
cluster context by an average of 3.5 dB (p=0.073). For [kb], burst intensity for [K] in the
cluster was significantly higher than for [k] in the baseline context by an average of 2.5 dB
(p<0.0001). Moving to [dg], burst intensity for [d] in the cluster was significantly higher than
in the baseline context by an average of 2.8 dB (p<0.0001). For [tg], burst intensity for [t] was
significantly higher in the cluster than in the baseline context by 2.3 dB (p<0.0001). With
regard to [gt], burst intensity for [g] was marginally higher in the cluster than in the baseline

context by an average of 0.1 dB (p=0.33).
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8.2.2 The acoustic features of C2 vs C2 baseline

Voicing duration C2 vs C2 baseline
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Figure 8.6. Boxplots of the fitted values of voicing duration for C2 and C2 baseline classified
by cluster (C2: stop in cluster; C2 base: stop in baseline context). The dashed line represents
the mean.

C2 C2 baseline
Mean SD Mean SD
[kb] 51.2 9.31 62.3 8.76
[dg] 56.2 8.7 58.2 8.23
[tg] 42.3 10.4 61.3 9.93

Table 8.6. Mean and standard deviation of the fitted values of voicing duration for C2 and C2
baseline grouped by cluster.

Figure and table 8.6 show voicing duration values for C2 and C2 baseline context for each
cluster that has C2 as voiced stops. Clusters that have Voiceless C2 were excluded because
there was no occurrence of voicing in any token in either the cluster or baseline contexts.
With regard to [kb], voicing duration for [b] in the cluster was marginally shorter than for [b]
in the baseline context with an average of 11.1 ms (p=0.22). For [dg], voicing duration for [g]
in the cluster was marginally shorter than for [g] in the baseline context by an average of 2 ms
(p=0.06). With regard to [tg], voicing duration for [g] was significantly shorter in the cluster

than in the baseline context by an average of 19 ms (p<0.0001).
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FO onset for C2 vs C2 baseline
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Figure 8.7. Boxplots of the fitted values of FO onset for C2 and C2 baseline classified by
cluster (C2: stop in cluster; C2 base: stop in baseline context). The dashed line represents the
mean.

Cc2 C2 baseline

Mean SD Mean SD
[bk] 203 40.4 206 39.1
[kb] 194 42.7 195 43.9
[dg] 178 41.8 190 419
[tg] 183 40.2 182 43.4
[gt] 200 43.7 207 39.8

Table 8.7. Mean and standard deviation of the fitted values of FO onset for C2 and C2
baseline grouped by cluster.

Figure and table 8.7 show FO onset values following C2 and C2 baseline context for each
cluster. In terms of [bk], the results showed a marginal decrease of FO onset for [Kk] in the
cluster context by an average of 3 Hz (p=0.8). For [kb], FO onset for [b] was marginally lower
in the cluster than in the baseline context by an average of 1 Hz (p=.89). Moving to [dg], FO
onset for [g] in the cluster was significantly lower than in the baseline context by an average
of 12 Hz (p=0.26). For [tg], FO onset for [g] was marginally higher in the cluster than in the
baseline context by 1 Hz (p=0.89). With regard to [gt], FO onset for [t] was marginally lower

in the cluster than in the baseline context by an average of 7 Hz (p=0.54).
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F1 onset for C2 vs C2 baseline
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Figure 8.8. Boxplots of the fitted values of F1 onset for C2 and C2 baseline classified by
cluster (C2: stop in cluster; C2 base: stop in baseline context). The dashed line represents the
mean.

Cc2 C2 baseline

Mean SD Mean SD
[bk] 546 71.2 490 40.1
[kb] 489 42.1 510 50.5
[dg] 433 30.8 499 35.7
[tg] 481 345 503 56.3
[gt] 506 45.6 525 43.1

Table 8.8. Mean and standard deviation of the fitted values of F1 onset for C2 and C2
baseline grouped by cluster.

Figure and table 8.8 present F1 onset values following C2 and C2 baseline context for each
cluster. In terms of [bk], F1 onset for [k] was significantly higher in the cluster context than in
the baseline context by an average of 56 Hz (p<0.0001). For [kb], F1 onset for [b] in the
cluster was significantly lower than in the baseline context by an average of 21 Hz (p=0.012).
Moving to [dg], F1 onset for [g] in the cluster was significantly lower than in the baseline
context by an average of 66 Hz (p<0.0001). For [tg], F1 onset for [g] was significantly lower
in the cluster than in the baseline context by 22 Hz (p=0.006). With regard to [gt], F1 onset
for [t] was significantly lower in the cluster than in the baseline context by an average of 19
Hz (p=0.01).
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Burst intensity for C2 vs C2 baseline
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Figure 8.9. Boxplots of the fitted values of burst intensity for C2 and C2 baseline classified by
cluster (C2: stop in cluster; C2 base: stop in baseline context). The dashed line represents the
mean.

C1 C1 baseline

Mean SD Mean SD
[bk] 48.9 3.94 48.2 3.73
[kb] 59 5.23 59.6 4.34
[dg] 51.1 5.21 53.3 4
[tg] 51.9 4.04 51.5 3.93
[gt] 44,5 3.71 45.4 3.39

Table 8.9. Mean and standard deviation of the fitted values of burst intensity for C2 and C2
baseline grouped by cluster.

Figure and table 8.9 present burst intensity values for C2 and C2 baseline context for each
cluster. In terms of [bk], burst intensity for [k] was marginally higher in the cluster context
than in the baseline context by an average of 0.7 dB (p=0.28). For [kb], burst intensity for [b]
in the cluster was marginally lower than in the baseline context by an average of 0.6 dB
(p=0.42). Moving to [dg], burst intensity for [g] in the cluster was significantly lower than in
the baseline context by an average of 2.2 dB (p=0.001). For [tg], burst intensity for [g] was
marginally higher in the cluster than in the baseline context by 0.4 dB (p=0.6). Regarding [gt],
burst intensity for [t] was marginally lower in the cluster than in the baseline context by an
average of 0.9 dB (p=0.16).
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8.3 Conclusion

Chapter 8 focuses on the acoustic correlates of C1 and C2 in stop-stop clusters across word
boundaries in Najdi Arabic. The acoustic features of C1 were compared to C1 in the baseline
context whereas the acoustic features of C2 were compared to C2 in the baseline context. The
aim was to detect any changes in these features as a result of voicing assimilation. The
acoustic features that were examined include voicing duration in the hold phase, FO offset, FO
onset, F1 offset, F1 onset, and burst intensity.

Starting with the acoustic correlates of C1, Voiced stops in [voiced-voiceless] and
[voiced-voiced] patterns showed a significant increase in voicing duration in the cluster
context. On the other hand, Voiceless stops in [voiceless-voiced] pattern showed no
difference between the cluster and the baseline contexts in their voicing duration. In terms of
FO/F1, Voiced stops in [voiced-voiceless] and [voiced-voiced] patterns showed a significant
lowering of FO/F1 offset in the cluster context. VVoiceless stops in [voiceless-voiced] pattern,
however, also showed a lowering of FO/F1 offset in the cluster context. In terms of burst
intensity, Voiced stops in [voiced-voiceless] and [voiced-voiced] patterns showed a
significant increase in burst intensity in the cluster context. Similarly, Voiceless stops in
[voiceless-voiced] pattern showed a significant increase in the cluster context.

Moving to the acoustic correlates of C2, Voiced stops in [voiceless-voiced] and
[voiced-voiced] patterns showed a tendency for shorter voicing duration in the cluster context.
Voiceless stops showed no voicing in the hold phase in both the baseline and the cluster
contexts. With regard to FO onset, VVoiced stops in [voiceless-voiced] pattern showed a
tendency for lower FO onset in the cluster context, but a significant decrease in [voiced-
voiced] pattern. Similarly, Voiceless stops in [voiced-voiceless] pattern showed a tendency
for lower FO onset in the cluster context. For Flonset, VVoiced stops in [voiceless-voiced] and
[voiced-voiced] patterns showed a significant decrease in F1 onset in the cluster context.
Voiceless stops in [voiced-voiceless] pattern, however, showed ambiguous results in which
F1 onset for [k] showed higher values in the cluster context whereas [t] showed the opposite
in the same context. Burst intensity results showed no significant differences in both Voiced
and Voiceless stops.

The results showed that voicing assimilation in Najdi Arabic was incomplete in which
the assimilated stops in C1 preserved some of their voicing targets. This is in agreement with
what was found in the studies that implemented a quantitative approach in their investigation
of voicing assimilation in both aspirating and voicing languages (Burton and Robblee, 1997;
Barry and Teifour, 1999; Jansen, 2004; Kulikov, 2012). In terms of the participation of

Voiceless and Voiced stops in the assimilation process in Najdi Arabic, the results showed
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that both Voiceless and Voiced stops triggered some degree of (de)voicing in the preceding
stop. This finding provides a support for Jansen’s claim (2004) that specified stops are
expected to trigger (de)voicing in the preceding stop. The resistance to change in VVoiceless
and Voiced stops in C1 was manifested differently; VVoiceless stops retained voiceless closure
while Voiced stops retained the lowering of FO/F1 and raising of burst intensity.

The results demonstrate that Voiceless and Voiced stops in Najdi Arabic differ in their
participation in the assimilation process. That is, VVoiceless stops in C2 clearly trigger
devoicing to the hold phase of the Voiced stops in C1. On the contrary, Voiced stops in C2 do
not trigger voicing in the hold phase of the preceding Voiceless stops in C1. Yet, if we look
closely to the behaviour of Voiced stops in the assimilation process, it can be noticed that
Voiced stops trigger regressive voicing in the preceding stops in [Voiced-Voiced] clusters by
increasing the voicing in the closure. They also trigger voicing to the preceding stops in
[Voiceless-Voiced] clusters in FO, F1, and burst intensity but not in the voicing in the closure.
These findings support the main arguments of this study which emphasise that both Voiceless
and Voiced stops are specified and both trigger (de)voicing in the preceding stops. The
change in FO/F1 and burst intensity as a result of voicing assimilation is important since they
are considered in numerus studies among the acoustic correlates that actively differentiate
between Voiceless and Voiced stops in both aspirating and voicing languages (Jansen 2004,
2008). Also, they are products of active articulatory gestures that might cause an anticipatory
effect in the voicing targets in C1. Jansen (2004) argues that the correlates that are expected to

spread from C2 to C1 are the ones that are produced with an active articulatory gesture.
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Chapter 9. Discussion

The main goal of the present study, to establish a comprehensive understanding of the
phonetic and phonological aspects of voicing contrast in Najdi Arabic, was achieved by
investigating the acoustic correlates of VVoiced and Voiceless stops in different phonetic
contexts and drawing phonological conclusions related to the specification of stops and the
activeness of distinctive features. This chapter will discuss the results in light of the
theoretical frameworks and synthesize the similarities and differences observed between
Najdi Arabic and the existing studies that describe voicing contrast in voicing and aspirating
languages. This chapter is structured as follows: Section 9.1 focuses on the interaction
between prevoicing and aspiration and linguistic factors, including place of articulation,
vowel quality, phonetic context. Section 9.2 focuses on the phonological implications
proposed in the realm of laryngeal realism and examines to what extent the predictions of the
laryngeal realism account for the voicing contrast in Najdi Arabic, in addition to dissecting
the parallelism between the types of evidence employed in laryngeal realism. Moreover, the
categorization of languages that exhibit the features of both voicing and aspirating languages,
in light of the acoustic features of voicing and aspirating languages, is discussed. Section 9.3
presents the limitations of the present study and suggestions for future research. Section 9.4
concluded the present work and gives some final remarks with respect to the laryngeal system
of Najdi Arabic.
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9.1 The interaction between prevoicing and aspiration and linguistic factors.

Starting with place of articulation, the results showed a significant effect of place of
articulation on aspiration in utterance-initial and utterance-medial (iambic) stops in which the
pattern appeared in the order velar > alveolar > bilabial. This effect was found in both Voiced
and Voiceless stops (velar > alveolar for voiceless stops) and across speech rates, and this
pattern aligns with the results found in aspirating languages, such as English (Caramazza et
al., 1973; Klatt, 1975; Suomi, 1980; Docherty, 1992; Nearey and Rochet, 1994; Yao, 2009),
and German (Jessen, 1998). It is also found in voicing languages such as Spanish (Rosner et
al., 2000) and Portuguese (Lousada et al., 2010). Additionally, this phenomenon is found in
Swedish which shows the features of both voicing and aspirating languages (Helgason and
Ringen, 2008). These results are consistent with aerodynamic and articulatory explanations,
i.e., that velars are produced with bigger size in the front cavity which leads to longer
aspiration and more delay for the following vowel (Cho and Ladefoged, 1999). Regarding
prevoicing, it is expected that prevoicing will be decreased as the place of articulation moves
back in the mouth because the size of oral cavity in bilabial stops enhances the maintenance
of air pressure difference required for voicing to be retained (Ohala, 1983; Keating, 1984).
Prevoicing in Voiced stops in Najdi Arabic showed the same universal pattern across
positions and speech rates in which that bilabial stops have longer prevoicing than alveolar
and velar stops.

Moving on to the quality of the following vowel, the results of Najdi Arabic showed
that aspiration in Voiceless stops is longer preceding high vowels /i:/ and /u:/ than the rest of
the vowels in utterance-initial and utterance-medial (iambic) stops. These results are
consistent with what has been reported in several studies (Docherty, 1992; Smith, 1987; Klatt,
1975; Jessen, 1998). With regard to the quality of the preceding vowel, the results showed
variation in aspiration in utterance-medial (trochaic) and utterance-final stops. In terms of
prevoicing, the results showed that prevoicing is longer before /e:/ and /o:/ in utterance-initial
stops. In utterance-medial and utterance-final stops, prevoicing was not significantly affected
by the quality of the preceding vowel. The results for aspiration seem consistent with the
expectation that high vowels are associated with bigger size of oral cavity which causes a
delay in the preparation for initiating the voicing onset of the following vowel and
consequently means more time for aspiration (Smith, 1978; Ohala, 1983).

Regarding syllable structure, it has been proposed that prevoicing and aspiration are
longer in monosyllabic words than in disyllabic words (Lisker and Abramson, 1967; Klatt,

1975; Flege, et al., 1998). However, this assumption cannot be tested in the present study
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because utterance-initial stops and utterance-final stops were tested in monosyllabic words

while utterance-medial stops were tested in word-medial intervocalic disyllabic structure.
Moving on to stress, the results of aspiration and prevoicing agree with what has been

expected, namely, that aspiration and prevoicing are longer in stressed syllables than in

unstressed ones (Iverson and Salmons, 1995; Jacques, 1987; Kahn, 1976; Lavoie, 2001).

9.2 The phonological implication for the acoustic correlates of voicing.

Thus far we have investigated the acoustic correlates that account for the phonological
opposition between Voiced and Voiceless stops in Najdi Arabic in utterance-initial, utterance-
medial, and utterance-final positions while considering various linguistic factors. The acoustic
results presented in the previous section prompt further thought about their phonological
implications and demand a determination of which of these acoustic results are
phonologically or phonetically motivated. As highlighted earlier, given the considerable
number of experimental studies that have examined voicing contrast across languages, it has
been proposed that VVoiced and Voiceless stops in aspirating and voicing languages behave
differently in each phonetic context. These studies have proven informative in terms of
understanding the nature of the phonological representations that specify the voicing
distinction and providing typological implications of their phonetic manifestations among the
world’s languages. The acoustic analysis of voicing contrast in Najdi Arabic presented in this
study will contribute to accounting for the distinctive features that signal the contrast between
Voiced and Voiceless stops. The phonological implications of the acoustic details will be
presented in each context in the coming paragraphs considering several phonological
approaches with a special focus on laryngeal realism.

9.2.1 VOT and feature specification.

In general, the results reveal a potential correlation between the phonological features that
specify voicing contrast in Najdi Arabic and two possibilities with regard to the nature of the
distinctive features: binary representational system and privative representational system. As
mentioned earlier, some studies have proposed that voicing contrast is specified by the binary
feature [+voice] in both aspirating and voicing languages (Keating, 1984; Kingston and Diehl,
1995; Wetzels and Mascaro, 2001) or [£spread glottis] ( or [£tense] ) for aspirating languages
and [+voice] for voicing languages (Keating, 1990; Jessen, 2001). Other studies, adopting
privative models of features, have demonstrated that [voice] specifies voicing in voicing
languages and [spread glottis] specifies voicing in aspirating languages (Iverson and Salmons,

1995; Honeybone, 2005; Beckman et al., 2013; Jessen and Ringen, 2002).
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Starting with utterance-initial stops, the results showed that Najdi Arabic contrasts
prevoiced with aspirated stops. At normal speech rate, VVoiced stops were prevoiced in 90.5%
of the tokens by an average of -65.13 ms for the prevoicing duration. On the other hand,
Voiceless stops were aspirated in 90% of the tokens by an average of 47.6 ms for the
aspiration duration. In fast speech, VVoiced stops were prevoiced in 86% of the tokens by an
average of -40 ms for the prevoicing duration. On the other hand, VVoiceless stops were
aspirated in 56.4% of the tokens by an average of 41.2 ms for the aspiration duration.

Based on these findings, the binary system would conclude that VVoiced stops in Najdi
Arabic are specified with [+voice] while VVoiceless stops are specified with [-voice]
considering the traditional view based on SPE (Chomsky and Halle, 1968). Although the
binary phonological specification seems straightforward and simple, it is not transparent in
mapping from the distinctive features to the phonetic properties and consequently does not
account for the phonetic features of voicing contrast in Najdi Arabic. Based on the definition
of distinctive features adopted in the present work, a distinctive feature is associated with the
phonetic property that carries the distinctiveness of the segment, which is aspiration in
aspirating languages and active voicing in voicing languages (Jessen, 1998; Kingston and
Diehl, 1995). The same issue arises when considering the studies that proposed [+spread
glottis] to be the feature for aspirating languages and [+voice] for voicing languages and not
accounting for languages with two-way contrast that show active voicing and aspiration in
their laryngeal system. That is, the presence of prevoicing in utterance-initial position
indicates an active articulatory and aerodynamic gesture in the production of voicing in an
unfavourable context (Jessen, 2001; Jansen, 2004). Similarly, the presence of aspiration is a
significant marker of an active glottal opening in the production of VVoiceless stops.
Accordingly, neither [£voice] or [+spread glottis] alone can accurately account for the voicing
contrast in Najdi Arabic utterance-initial stops. Some studies have postulated that long
aspiration in Voiceless stops in some voicing languages is nothing but a phonetic
enhancement once used to strengthen the distinction between the two series of stops in the
event voiced stops showed weak prevoicing (Cho and Keating, 1984; Fougeron, 2001).
However, this is not the case in the results of the present study based on the aforementioned
findings. This is because the enhancement is not needed in Najdi Arabic since the active
voicing is expected to be more than enough to signal the opposition.

Moving on to the privative model in laryngeal realism, utterance-initial stops in Najdi
Arabic posit a challenge to laryngeal realism also in that both prevoicing and aspiration are
present in the voicing system. Laryngeal realism predicts a strong, transparent connection

between the distinctive features and the acoustic details. Therefore, based on the assumption
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of laryngeal realism, voicing contrast in Najdi Arabic is overspecified with two distinctive
features: [voice] and [spread glottis]. To test to what extent [voice] and [spread glottis] are
active in the phonology of Najdi Arabic, both aspiration and prevoicing should be actively
produced by the speaker (Beckman et al., 2013). Speech rate effects on prevoicing and
aspiration are typically used in the realm of laryngeal realism to mirror the activeness of the
features. That is, speech rate is expected to affect the specified stops but not the unspecified
ones. This finding was confirmed in many studies that examine both voicing and aspirating
languages. The results of speech rate effect on prevoicing and aspiration in Najdi Arabic
showed that normal speech rate resulted in significantly longer prevoicing and aspiration in
both Voiced and Voiceless utterance-initial stops, respectively. Taking into account the
articulatory justification for speech rate effect on the specified stops, it can be proposed that
when the speaker speaks slowly to make speech clearer, the acoustic outputs which are
produced with active gestures will have a greater chance to increase their amount in
comparison to spontaneous acoustic signals (Beckman et al., 2011). Therefore, it can be
safely proposed that prevoicing and aspiration in Najdi Arabic are products of active gestures
intended by the speaker.

Moving on to utterance-medial stops (iambic), the results revealed that Najdi Arabic
contrasts prevoiced with aspirated stops. At normal speech rate, Voiced stops were produced
with voicing covering all the closure in 98% of the tokens with an average of 51.3 ms
prevoicing duration. Voiceless stops, on the other hand, were aspirated in 70.8% of the tokens
with an average of 42.1 ms aspiration duration. Voiceless stops showed no voicing in the
closure in 98% of tokens. In fast speech, Voiced stops were produced with voicing covering
all the closure in 98% of the tokens with an average of 42.4 ms prevoicing duration.
Conversely, Voiceless stops were aspirated in 42.4% of the tokens with an average of 36.8 ms
for aspiration duration and showed no voicing in the closure in 94% of the tokens. For
utterance-medial stops (trochaic), at normal speech rate, Voiced stops were produced with
voicing covering all the closure in 98% of the tokens with an average of 49.5 ms for
prevoicing duration. Voiceless stops, on the other hand, were aspirated 42.9% of the tokens
with an average of 32.4 ms for aspiration duration and showed no voicing in the closure in
93% of the tokens. In fast speech, Voiced stops were produced with voicing covering all the
closure in 97% of the tokens with an average of 44.2 ms for prevoicing duration. In contrast,
Voiceless stops were aspirated in 15.9% of the tokens by an average of 28.9 ms for aspiration
duration. Voiceless stops showed no voicing in the closure in 92% of the tokens.

Looking at the phonological implications for utterance-medial stops in Najdi Arabic,

the voicing pattern for voiced stops was like that of voicing languages, regardless of speech
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rate or stress variations. Moreover, Voiceless stops were produced with no voicing in the
closure in the majority of tokens which is a common pattern in aspirating languages, no
matter the speech rate or stress variations. Aspiration was present, as well, in voiceless stops
in iambic structure in the majority of tokens in normal speech but not in the majority of
tokens in fast speech and definitely not in the majority of tokens in Voiceless stops in trochaic
structures. These findings provide a robust indication that both Voiced and Voiceless stops in
Najdi Arabic are produced with an active articulatory gesture. The presence of strong voicing
that extends throughout the closure in Voiced stops requires active vocal folds vibration
whereas the maintenance of full closure voicelessness and the production of long lag
aspiration require active glottal abduction (Westbury, 1983; Ohala, 1997; Westbury and
Keating, 1986). It is worth mentioning that the voicelessness of closure in specified Voiceless
stops in intervocalic position is more important than the amount of aspiration as aspiration is
expected to be shorter in non-initial stops (Beckman et al., 2013; Iverson and Salmon, 1995).

A single feature [spread glottis] or [voice] (privative or binary) cannot account for the
phonetic manifestation of voicing contrast in Najdi Arabic in utterance-initial and utterance-
medial intervocalic stops, as both of them are required. The pattern in Voiced stops in Najdi
Arabic is similar to that of voicing languages such as Russian (Ringen and Kulikov, 2012)
and Hungarian (G6sy and Ringen, 2009). On the contrary, the pattern of Voiceless stops in
Najdi Arabic is similar to that of aspirating languages such as German (Jeesen, 1998; Jessen
and Ringen, 2002). Although the duration of aspiration in Najdi Arabic might indicate that it
occupies a middle position between voicing and aspirating languages, it is evident that the
patterns of prevoicing, closure voicelessness, and aspiration, irrespective of duration, show
the characteristics of both aspirating and voicing languages.

Another possible issue relates to the degree of speech rate effect on prevoicing and
aspiration because the results for Najdi Arabic showed that prevoicing is more affected by
speech rate than aspiration. However, it is hard to draw phonological conclusions based on
this finding for several reasons. First, this issue has not received much attention in the
literature of languages that show the features of both voicing and aspiration. Second, the
degree of speech rate effect is not clear-cut due to the possibility of methodological variations
between studies that investigated speech rate effects on duration (there might be a difference
between normal and slow speech rate). Third, it might be challenging to consider the degree
of speech rate effect as phonologically motivated because voicing and aspiration differ in
their acoustic nature (voicing: periodic wave, aspiration: aperiodic wave). This is not, of
course, to reject speech rate effect as a tool generally used for drawing phonological

implications. Rather it questions the legitimacy of comparing the prevoicing and aspiration of
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specified stops as an analogy for the phonological representation based on the different
susceptibility of prevoicing and aspiration to speech rate effect. However, Beckman et al.
(2011) argued that the degree of speech rate effect can be used as the basis for a new
categorisation within languages that show features of both voicing and aspiration;
specifically, dialects deriving from originally voicing languages show more effect on
prevoicing as opposed to dialects of aspirating languages which show more effect on
aspiration. This assumption might fit the case of Najdi Arabic which is a dialect of a voicing
language. However, more studies are needed to confirm or reject such a finding in similar
dialects.

Moving on to utterance-final stops, the results revealed that Najdi Arabic showed
considerable variation within the voicing targets for Voiced and Voiceless stops. At normal
speech rate, Voiced stops were produced with complete voiceless closure in 59.2% of the
tokens whereas the remaining tokens showed various degrees of voicing with an average of
13.7 ms. On the other hand, Voiceless stops were produced with heavy aspiration in 98.3% of
the tokens with an average of 80.7 ms. Voiceless stops showed no voicing in the closure in
99% of the tokens. In fast speech, Voiced stops were produced with complete voiceless
closure in 63.2% of the tokens. The remaining tokens showed various degrees of voicing with
an average of 12.6 ms. Voiceless stops were produced with heavy aspiration in 59% of the
tokens with an average of 56.3 ms and showed no voicing in the closure in 97% of the tokens.

Starting with the complete laryngeal neutralisation view proposed in the traditional
approach in the formal linguistic frameworks, the results showed that Voiced and Voiceless
stops preserved some degree of distinction in utterance-final position, a finding that supports
the incomplete laryngeal neutralisation explanation proposed in laryngeal realism. Of note is
that the majority of Voiced stops in utterance-final stops in Najdi Arabic were devoiced in
both normal and fast speech rates, but a considerable percentage of them showed some
voicing in the closure (40% in normal speech, 37% in fast speech). The devoicing process in
Najdi Arabic can be explained as a case of passive devoicing, which is expected because
utterance-final stops are a preferred position for devoicing, for aerodynamic and articulatory
reasons. It is quite hard to maintain the air pressure difference required to enable vocal fold
vibration in such a context (Belvins, 2004; Ohala, 1983, 1997, Iverson and Salmons, 2007).
Considering the autosegmental approach proposed in Iverson and Salmons (1995, 2007),
Najdi Arabic would be an interesting case to consider as both series of stops are proposed to
be specified. Accordingly, it is problematic to assume the insertion (fortition) or delinking

(loss) of [spread glottis] or [voice] in utterance-final stops.
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The high incidence of final laryngeal neutralisation in both voicing and aspirating
languages, with a lot of variability, makes it very hard to accurately predict the behaviour of
stops in final position based on the voicing/aspirating distinction (Jansen, 2004). However, it
could be assumed that voicing and aspirating languages might use different cues to maintain
the distinction in stops in final position. It has been found that a voicing language, like
French, increases the release burst properties of Voiceless stops while an aspirating language,
like English, uses the preceding vowel duration (Flege and Hillenbrand, 1987). Najdi Arabic
seems to behave like French in employing release burst properties rather than preceding
vowel duration. The weight of the acoustic cues could be determined through a perception
study to check what the listener relies on to detect the distinction, a subject beyond the scope
of the present study.

Many previous studies that investigated speech rate effect on prevoicing and
aspiration focused on utterance-initial stops. The present study, to my knowledge, might be
the first to examine speech rate effect on utterance-final stops. The results showed that
aspiration but not prevoicing showed a significant increase in slower speech. Based on this
assumption, it could be assumed that Voiceless stops in Najdi Arabic are specified. Although
the properties of utterance-final stops were increased, the distinction between aspiration for
Voiced and Voiceless stops was preserved at both normal and fast speech rates which
supports the argument for the specification of Voiceless stops in Najdi Arabic. Regarding
Voiced stops, it can be proposed that since Voiced stops are specified and robustly prevoiced
in utterance-initial and utterance-medial intervocalic positions, this assumption could extend
to utterance-final position. That is, Voiced stops in utterance-final position are phonologically

specified but passively devoiced.

9.2.2 The hierarchy of voicing correlates and phonologization

After examining the phonological implications for prevoicing and aspiration in the previous
section, we now consider the contribution that other acoustic cues make to marking the
phonological opposition between Voiced and Voiceless stops in Najdi Arabic. As made
explicit in the present work, the integration model perspective proposed in the work of
Jakobson and colleagues (1952, 1979, 1987), Jessen (1998, 2001), along with laryngeal
realism, formed the foundation of the phonological and phonetic analysis that was
implemented on voicing contrast in Najdi Arabic. That is, the phonetic reality is crucial in
understanding the phonological representation. The previous two sections discussed the
phonological implications of prevoicing/voicing duration and aspiration that were robustly

realised in the majority of contexts of VVoiced and Voiceless stops, respectively. Based on the
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hierarchical categorization proposed by Jessen (1998, 2001), voicing duration is the basic
correlate for [voice] whereas aspiration duration is the basic correlate for [spread glottis]
([tense] in Jessen’s model). The contribution of other correlates was considered in the present
analysis to examine possible links between each correlate and the distinctive features [voice]
and [spread glottis].

Closure duration results in utterance-medial and utterance-final stops showed
inconsistency in that closure duration signalled the distinction in utterance-medial but not in
utterance-final stops. Utterance-medial showed significantly longer Voiceless stops. This
pattern has been confirmed for aspirating and voicing languages by many studies (Lisker,
1957; Kohler, 1984; Jacques, 1980; Al-Tamimi and Khattab, 2018). The distinction based on
closure duration is not present in utterance-final stops in Najdi Arabic. The results showed the
opposite pattern in alveolar stops, however; Voiced stops had significantly longer closure than
Voiceless stops. The pattern in velar stops showed no difference between the two voicing
categories. This manifestation of closure duration showing longer closure in Voiced stops was
found in German (Jessen 1998) and Danish (Hutters 1985). Jessen (1998) postulated that the
closure duration in Voiceless stops might be suppressed when the stop is heavily aspirated to
increase the perceptibility of the aspiration phase. The results for Najdi Arabic support this
claim in that Voiceless stops showed longer aspiration utterance-finally in comparison to the
rest of the contexts which might have affected the closure duration. These findings indicate
that closure duration is a non-basic correlate for [spread glottis] and [voice] in Najdi Arabic
because it marks the distinction between the two voicing categories in a limited context;
namely utterance-medial intervocalic position.

The results showed that there was no significant distinction between Voiceless and
Voiced stops in terms of the duration of the preceding vowel across the examined contexts.
Taking into account what was proposed in the literature regarding the inverse relation
between closure duration and preceding vowel duration (Kohler, 1984; Kluender et al., 1988),
it could be assumed that the ambiguity of closure duration in Najdi Arabic led to the
suppression of voicing impact on the preceding vowel duration. Some other Arabic dialects
showed no impact of voicing on the preceding vowel duration (Mitleb, 1984; Munro, 1993;
De Jong and Zawaydeh, 2002; Al-Gamdi, 2013). The results for preceding vowel duration in
Najdi Arabic indicate that this correlate is not effective in signalling the distinction which
consequently means that it is not a correlate for [spread glottis] or [voice] in Najdi Arabic. As
for the following vowel duration, the results showed a significant distinction whereby
vowels following Voiceless stops were longer than following Voiced stops across the

examined contexts. This is in agreement with what was found in aspirating and voicing
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languages (Jessen, 2001; Allen and Miller, 1999; Fischer-Jorgensen, 1968; Alghamdi, 1990;
Al-Tamimi and Khattab, 2018). In terms of production, it is evident that the following vowel
duration is shortened because of the time that is occupied by aspiration in Voiceless stops
(Jessen, 2001). As for perception, the concept of enhancement is essential for understanding
this variation in that the shortness of the following vowel increases the saliency of aspiration
(Jessen, 2001). The opposite is found also in the inverse relation between the long following
vowel and absence of aspiration in the context of Voiced stops. Accordingly, following vowel
duration is a correlate for [spread glottis] and [voice] in Najdi Arabic. It is a non-basic
correlate, however, due to 1) its limited contextual stability (not available in some contexts
such as final stops) and 2) its dependency on the basic correlate: aspiration duration.

The results for release burst duration and burst intensity showed that both
correlates were a robust cue to the distinction between Voiceless and Voiced stops in Najdi
Arabic. Starting with release burst duration, the results were compatible with the prediction in
the literature in that burst duration is longer in Voiceless than in Voiced stops (van Alphen
and Smits, 2004). This distinction was found across all sources of variability in the factors
included in the study. This finding suggests that burst duration is a correlate for [spread
glottis] and [voice] in Voiceless and Voiced stops in Najdi Arabic, respectively. The results
for burst intensity showed the opposite pattern; burst intensity for Voiced is higher than for
Voiceless stops. Similar results were found in word-medial intervocalic stops in Lebanese
Arabic (Al-Tamimi and Khattab, 2018). This pattern is against what was proposed in the
literature. It was observed that burst intensity is higher in Voiceless stops because of the high
air pressure that built up behind the constriction whereas the prevoicing in Voiced stops leads
to a drop in the burst intensity (Jessen, 1998). The case of Najdi Arabic as well as Lebanese
Arabic is problematic and might indicate a language-specific feature in Arabic. Since the
present work and the work of Al-Tamimi and Khattab are the only two studies that looked at
this correlate in the dialects of Arabic, it is hard to draw any conclusions.

As highlighted earlier in Chapter 2, it has been found that FO onset is higher after
voiceless stops than after voiced stops (House and Fairbanks, 1953; Ohde, 1984). This
difference has been explained in terms of articulation in that FO raising is a product of
stiffening the vocal folds while FO lowering is a repercussion of slacking the vocal folds
(Halle and Stevens, 1971). Other explanations have proposed aerodynamic views in that FO
raising is a result of high airflow that follows the burst in aspirated stops (Hombert et al.
1979). Kingston and Diehl (1994), in contrast, proposed that FO lowering after voiced stops is
audience designed in that it is intended by the speaker to signal the voicing distinction. Taking

into account the predictions of laryngeal realism, the presence of [voice] implicates active FO
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lowering whereas the presence of [spread glottis] implicates active FO raising. The results of
FO onset in Najdi Arabic showed a significant effect of voicing on the two series of stops. The
difference in FO onset present in Najdi Arabic is notably more than what has been reported in
voicing languages such as Lebanese Arabic (Al-Tamimi and Khattab, 2018) and Russian
(Kolikuv, 2012). However, it is relatively similar to the difference reported in Qatari Arabic
which showed the features of both voicing and aspirating languages (Kulikov 2020).
Nevertheless, it might be challenging to compare between these studies without considering
the differences in their methodologies.

A number of studies have challenged the predictions of laryngeal realism. It has been
found that some voicing languages such as French and Italian showed raised FO after
Voiceless stops (Kirby and Ladd 2016, 2018). Kirby and Ladd concluded that FO raising after
Voiceless stops in voicing languages is against the laryngeal realism prediction which posits
that unspecified stops are not supposed to raise FO onset since they are not produced with
active articulatory gestures. Similar results have been reported in various languages (Bang et
al., 2018; Dmitrieva et al., 2015). Kirby and Ladd (2018) further argue that this variation
should be explained as a different voicing mechanism applied differently and indicates a
language-specific implementations of voicing. That is, the distinction between voicing and
aspirating languages alongside the proposed laryngeal specification in laryngeal realism does
not account for FO effect variation across languages (Kingston, 2007).

To get more in-depth analysis of FO onset manifestation in Najdi Arabic, a linear
mixed effect model was built to investigate interaction between voicing, and FO onset across
speech rates, gender, position, place of articulation, and the degree of aspiration. Speaker and
word were added as random effects (The model, the statistical output, and the pairwise
comparisons are presented in the Appendix C: table C-9). The predictions of the model are

presented in figure and table 9.1 below.
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UASP MASP HASP

FO onset Hz

voicing
Figure 9.1. Boxplots of FO onset values classified by voicing (vl = voiceless, vd = voiced),
speech rate (FA = fast, Nr = Normal), and degree of aspiration (UASP = unaspirated, MASP =
moderately aspirated, HASP = heavily aspirated see Table 5.1 Chapter 5). The dashed line
represents the mean.

Voiceless UASP  Voiceless MASP  Voiceless HASP  Voiced UASP

Mean SD Mean SD Mean SD Mean SD
Normal 218 41.3 212 36.7 204 395 184 40.1
Fast 225 36.3 212 38.4 219 19.5 185 38.9

Table 9.1. Means and standard deviations of FO onset values classified by voicing and speech
rate.

The results presented in figure and Table 9.1 showed that FO onset following
Voiceless unaspirated stops was significantly higher than after moderately and heavily
aspirated stops across speech rates. All the differences were found to be significant. The
results also showed that FO onset following Voiceless unaspirated stops was significantly
higher than following Voiced stops by an average of 34 Hz in normal speech and 40 Hz in
fast speech. It is important to note that aspiration in VVoiced stops was measured regardless of
the phonetic voicing in the closure. Aspiration as mentioned earlier (section 4.4.1) refers to
the aperiodic noise that follows the burst.

These results reveal interesting discoveries about aspiration, voicing, and FO onset.
First of all, it can be noticed that FO raising following voiceless stops indicates the presence of
an active gesture and therefore implies the presence of [spread glottis] in Najdi Arabic. The
implementation of FO raising in Najdi Arabic is unlike that of aspirating languages which

show FO onset raising after aspirated stops rather than unaspirated stops such as in Cantonese
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(Zee, 1980) and Danish (Petersen, 1983). The results also showed an inverse relationship
between FO onset and aspiration: the less aspiration the higher the FO onset values (HASP in
fast speech was produced by two speakers only S10, S29). It could be assumed that FO onset
raising is used to mark the voicing distinction in case of weaker aspiration (Jessen, 2001).
However, this might not be the case in Najdi Arabic because of the presence of prevoicing
and FO lowering in Voiced stops which would be more than enough to mark the voicing
distinction in case of short aspiration in Voiceless stops.

The results for FO offset showed that this property was not robust in the distinction
between Voiceless and Voiced stops in Najdi Arabic. FO offset was slightly higher before
Voiceless than before Voiced stops in utterance-medial position, but the difference was not
significant. It was observed in the literature that FO offset was not as effective as FO onset in
marking the voicing contrast in stops (Jansen, 2004; Kingston and Diehl, 1995; Kohler,
1984). Jessen (2001) did not include FO offset as a correlate in his model indicating the
ambiguity of this correlate. Taking into consideration that FO offset received little attention in
the studies that looked at voicing contrast in aspiration and voicing languages, more
investigation of this acoustic property might result in more reliable findings.

Moving to F1 onset, the results suggest that F1 onset is a robust acoustic correlate that
significantly marks the distinction between Voiceless and Voiced stops across the examined
contexts. This distinction was reported in many aspirating and voicing languages (House and
Fairbanks, 1953; Ohde, 1984; Kingston and Diehl, 1994; Jessen, 1998; Al-Tamimi and
Khattab, 2018; Kulikov 2020). The lowering of F1 onset in the context of Voiced stops
suggests an active articulatory adjustment such as larynx lowering that was reported in some
voicing languages (Kingston and Diehl, 1994; Van Alphen and Smits, 2004; Al-Tamimi and
Khattab, 2018). It was also reported for Qatari Arabic which is described as a dialect that has
features of both aspirating and voicing languages (Kulikov, 2020). The raising of F1 onset
after Voiceless stops in Najdi Arabic is compatible with the pattern found in aspirating
languages (House and Fairbanks, 1953; Kingston and Diehl, 1994; Jessen, 1998). These
results support the conclusion that F1 onset is a robust correlate for [spread glottis] and
[voice] in Najdi Arabic. In terms of the results of F1 offset, similar to FO offset, the results
showed no significant distinction in Voiceless and Voiced stops. This again emphasizes that
FO/F1 following the stop is a more effective cue than in the vowel preceding it (Kingston and
Diehl, 1994; Jessen, 2001; Jansen, 2004).

The results of H1-H2 onset showed a distinction between Voiceless and Voiced stops
in utterance-initial stops. As noted in the literature, this correlate is associated with glottal

opening and indicates a breathiness in the onset of the vowel that is used as a cue for the
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distinction between Voiced and Voiceless stops in aspirating and voicing languages (Stevens
and Hanson, 1994; Klatt and Klatt, 1990; Chapin Ringo, 1988; Ni Chasaide and Gobl, 1993).
The difference in H1-H2 offset, however, showed more reliability in the differentiation
between Voiceless and Voiced stops across the contexts. The results of H1-H2 offset in Najdi
Arabic were more robust than the results reported in Lebanese Arabic (Al-Tamimi and
Khattab, 2018) which emphasizes the necessity of looking at the manifestation of voicing
contrast across the dialects of Arabic.

It can be noticed that there were some differences in the correlates that robustly mark
the distinction between Voiceless and Voiced stops in Najdi Arabic based on the phonetic
context. In utterance-initial stops, the most important correlates were aspiration, prevoicing,
burst duration, burst intensity, FO onset, F1 onset, H1-H2 onset, and FVVD. In utterance-medial
stops, the most important correlates were aspiration, voicing duration, burst duration, burst
intensity, FO onset, F1 onset, H1-H2 offset, and FVD. In utterance-final stops, the most
important correlates were aspiration, burst duration, burst intensity, and H1-H2 offset. The
acoustic correlates for Voiceless stops in Najdi Arabic showed a manifestation that is similar
to what was reported for aspirated stops in aspirating languages. On the other hand, the
acoustic correlates for Voiced stops showed a similar pattern to that was found in prevoiced
stops in voicing languages. These findings form robust evidence for overspecification in the
voicing system of Najdi Arabic in which both categories of voicing are specified; Voiceless
stops are specified with [spread glottis] while Voiced stops are specified with [voice].

Najdi Arabic is a fruitful case to apply the hierarchical structure model of acoustic
correlates proposed in the literature (Jessen, 2001). Which of the acoustic correlates in Najdi
Arabic is “basic” for the voicing distinction and which of them is “non-basic” as in the
terminology used by Jessen (2001)? There are two standards that were used by Jessen (2001):
contextual stability and perceptual saliency. The former refers to the availability of the
correlate in all contexts. For instance, release properties and voicing are available to be
examined in all positions whereas closure duration is not (no closure in utterance-initial
stops). The latter, however, refers to the perceptual sensitivity of the correlate that affects the
listeners’ judgment. Many perceptual studies showed that prevoicing and aspiration are more
salient than FO, F1, and H1-H2 (Diehl and Molis, 1995; Abramson and Lisker, 1985).
Although determining the perceptual saliency of voicing correlates in Najdi Arabic is beyond
the scope of the present study, it could be initially assumed that prevoicing and aspiration
have more weight in marking the distinction than the rest of the correlates. It can also be
initially assumed, based on the production results, that preceding and following vowel

duration are less perceptually salient for Najdi speakers. This assumption was supported by
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several studies that examined voicing effect on preceding vowel duration (Mitleb, 1984; Al-
Gamdi, 2013; Zawaydeh and De Jong, 2002).

According to the Jakobsonian approach and the integration model perspective
proposed in the work of Jessen (1998, 2001) and laryngeal realism (Kohler, 1984; Keating,
1984; Kingston and Diehl, 1995; Jessen, 1998, 2001; Harris, 1994; Iverson and Salmons,
1995; Jessen and Ringen, 2002; Honeybone, 2005; Beckman et al., 2013; Al-Tamimi and
Khattab, 2018; Al-Gamdi et al., 2019; Kulikov, 2020), there is a robust connection between
phonetic concreteness and the distinctive features that specify voicing contrast. This
connection is manifested in phonetic aspects including articulation, acoustics and perception.
Following Jessen’s model, the present study employed acoustic analysis to characterize the
voicing contrast in Najdi Arabic and considered the principle of ‘contextual stability’ to
evaluate the strength of the correlate in marking the opposition. Some of the acoustic
correlates reflect an active articulatory event such as the robust prevoicing in Voiced stops in
utterance-initial stops which indicates active vocal folds vibration (Jessen, 2001). The
importance of perception in the distinction between the two categories of voicing stems from
the fact that, despite a distinction in the production, the perceptibility or ‘perceptual saliency’
(Kingston and Diehl, 1995; Jessen, 2001) of the correlate is another tool that determine to
what extent this correlate is crucial for distinction. The acoustic results of the present study
are a starting point that will enrich perception analysis in future research that aims to depict
the voicing contrast in Najdi Arabic or in any other dialect that shows features of both
aspirating and voicing languages.

The results for the acoustic correlates that signal voicing distinction in Najdi Arabic,
so far, provide a compelling justification for the proposal that the voicing contrast in Najdi
Arabic is overspecified with two features in the phonology: [spread glottis] and [voice]. This
proposal is based on the presence of active prevoicing in utterance-initial and utterance-
medial voiced stops, as well as the presence of moderate aspiration in utterance-initial
voiceless stops. Additionally, both prevoicing and aspiration were found to be affected by
speech rate variations (slower rate yielded longer duration). Although overspecification was
not expected in the laryngeal realism approach, the tools used to diagnose the distinctive
features including active/passive (de)voicing and speech rate effect seemed indicative of the
presence of two active features in the laryngeal system of Najdi Arabic. The results also
showed that Najdi Arabic apparently has taken a middle position between voicing and
aspirating languages. Beckman et al., (2013) proposal of numeric values for the phonetic
distinctive features might be effective in the description of voicing contrast in Najdi Arabic

(detailed description of this proposal is presented in section 2.2.1). A special section will look
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at the implementation of the numeric values in Najdi Arabic which will consider all the
phonetic contexts including voicing assimilation in clusters.

An important question might be raised with regard to the middle position that Najdi
Arabic takes between voicing and aspirating languages. That is, is Najdi Arabic closer to
voicing or aspirating languages? One useful method of classification is to look at voicing
assimilation in stop-stop clusters across word boundaries. It is an approach that may provide
insights about the activeness and specification of voiced and voiceless stops in Najdi Arabic.
This issue will be examined in the following section which focuses on the phonetic and
phonological aspects of voicing assimilation in stop-stop clusters across word boundaries in
Najdi Arabic. After presenting the characterization of voicing assimilation in Najdi Arabic, a
clearer, sharper picture of voicing contrast in Najdi Arabic that covers almost all possible
phonetic contexts informative for determining the status of the laryngeal contrast in Najdi

Arabic will enhance our understanding of the aspects of voicing contrast in Najdi Arabic.

9.2.3 The phonological implications for the acoustic correlates of stop-stops clusters

This section aims to shed light on the phonological implications of the acoustic correlates of
stop-stop clusters across word boundaries in Najdi Arabic. It has been established in many
studies in the literature that voicing assimilation is a common process in many languages.
Various phonological theories have attempted to characterise the manifestation of the
phonological specification in terms of the occurrence of assimilation in consonant clusters
across word boundaries. The following paragraphs summarise the basic predictions of each of
these attempts and compare them with the results of voicing assimilation in Najdi Arabic in
order to reach conclusions regarding the interactions between the phonological and phonetic
aspects of such a process in Najdi Arabic.

The traditional view of phonological feature analysis assumes the complete phonetic
neutralisation of C1 to C2 across word boundaries (Chomsky and Halle 1968). That is, the
voicing correlates of C1 and C2 must be identical in the case when the process takes place.
This assimilation between stops across word boundaries, in the traditional view, is
categorical, meaning that C1 is fully assimilated or fully unassimilated to C2. The traditional
phonological approach implicates that all acoustic correlates associated with [voice] are
expected to participate in the assimilation process (Jansen 2004) which means both temporal
and spectral acoustic correlates carry over from C2 to C1. The traditional view also assumes
that the ability of VVoiced or Voiceless stops to participate in the assimilation process is not

determined by their phonetic manifestation. Moreover, the traditional view posits the presence
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of [-voice] in the phonology. Therefore, it is expected based on this assumption that [-voice]
C2 would devoice the preceding stop in consonant clusters across word boundaries.

Looking at the results of stop-stop cluster assimilation in Najdi Arabic allows us to
test the accuracy of the predictions of the feature phonological approach. Starting with the
complete phonetic neutralisation prediction, the results showed that both Voiced and
Voiceless stops in C1 position preserved some of their voicing properties in all cluster
patterns [voiced-voiceless], [voiced-voiced], and [voiceless-voiced]. The distinction between
Voiced and Voiceless stops in C1 were maintained in both the baseline and the cluster
contexts. For instance, it has been found that the majority of Voiced stops in C1 position in
[voiced-voiceless] clusters have voicing in their hold phase. On the other hand, Voiceless
stops were found fully voiceless in all tokens in [voiceless-voiced] clusters. These results
refute the basic assumption of the traditional approach. With regard to the cues that
participate in the assimilation process, this prediction was not tested due to the possible
lengthening of the durational correlates in the baseline context (utterance-final position).
Accordingly, it is hard to assume that any change in the durational correlates is actually
caused by assimilation and not by the phonetic context. Nevertheless, the nature of the
durational correlates might be problematic in terms of the spread from the trigger consonant
to the target one in which that time is not expected to participate in a coarticulation process
(Jansen, 2004). Moving to the activeness of [-voice] in the assimilation process, the binary
featural system would propose that Voiceless stops in Najdi Arabic are specified with [-
voice]. The results of [voiced-voiceless] clusters in Najdi Arabic showed that voiced stops
were partially devoiced in the majority of the tokens, thereby supporting the claim that [-
voice] is active in the phonology.

Laryngeal realism approach posits a different view regarding voicing assimilation in
stop-stop clusters across word boundaries. As discussed earlier, laryngeal realism postulates a
transparent and strong connection between the phonetic details and the phonological
representation which is attractive on the empirical grounds. In terms of voicing assimilation,
laryngeal realism assumes that the process of assimilation is gradient and consequently
incomplete. The ability of VVoiced and Voiceless stops to trigger or undergo voicing
assimilation is determined by their phonological specification status (Iverson and Salmons,
1995; Jansen, 2004; Honeybone, 2005). That is, specified stops are expected to trigger
(de)voicing whereas unspecified stops are expected to undergo passive (de)voicing.
Accordingly, it has been proposed that VVoiceless stops in aspirating languages and Voiced
stops in voicing languages are predicted to influence the voicing of the neighbouring sound.

With regard to the voicing correlates predicted to spread from the trigger to the target in the
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assimilation process, the correlates subject to assimilation are predicted to be the ones that are
associated with active articulatory movement (Jansen, 2004). On the other hand, passively
(de)voiced stops produced without active gestures for voicing production are not predicted to
spread any form of (de)voicing to the adjacent sound.

Voicing assimilation in Najdi Arabic posits an interesting case for the analysis under
the laryngeal realism approach. Assuming Najdi Arabic has the features of both aspirating and
voicing languages and employs both [voice] and [spread glottis] to specify the voicing
distinction, laryngeal realism would predict VVoiced and Voiceless stops are expected to
trigger voicing assimilation in the adjacent sound. By examining the results presented in this
chapter, it is important first to note that voicing assimilation in stop-stop clusters in Najdi
Avrabic is gradient and incomplete which can be observed in all the acoustic correlates
examined in both C1 and C2 stops in all patterns. The distinction between Voiced and
Voiceless stops in C1 and C2 positions were acoustically maintained in all the cues
investigated in the analysis. By delving deeply into the acoustic details of VVoiced and
Voiceless stops in C1 position, it can be noticed that both VVoiced and Voiceless stops were
affected to a certain degree by the voicing status of C2. Starting with Voiceless stops, the
acoustic analysis revealed that VVoiceless stops were prone to voicing assimilation in FO/F1
and burst intensity but not in voicing in the closure. For Voiced stops, the results showed a
degree of devoicing in their closure but not in FO/F1 and burst intensity. These results support
two main assumptions: 1) both Voiced and Voiceless stops trigger some form of (de)voicing
in C1, 2) both Voiced and Voiceless stops in C1 position showed some degree of resistance to
the assimilation process in that voiceless stops retained their voicelessness during the hold
phase while voiced stops retained the voicing features of their FO/F1(lowering) and burst
intensity (raising).

These results entail questions about the behaviour of Voiced and Voiceless stops in
Najdi Arabic not explicitly addressed in the laryngeal realism approach. First of all, it has
been proposed in laryngeal realism that specified stops trigger (de)voicing and do not undergo
passive (de)voicing (Jansen, 2004; Kulikov, 2012; Beckman et al., 2013). This conclusion
builds from the assumption that [voice] is the privative feature specifying voicing contrast in
voicing languages, and [spread glottis] is the privative feature specifying voicing contrast in
aspirating languages. Voicing assimilation in Najdi Arabic is problematic because both the
trigger (C2) and the target (C1) are predicted to be actively (de)voiced. The issue regarding
this assumption is how to determine to what extent each of VVoiced and Voiceless stops trigger
(de)voicing (C1) or undergo (de)voicing (C2), in addition to which voicing properties are

predicted to be spreading from the trigger, and what voicing properties are predicted to resist
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the change in the target. It is noticeable from the results that FO/F1 and burst intensity were
spilled over and maintained in Voiced stops in C1 and C2, respectively. On the other hand,
voicelessness during the hold phase was the correlate that spread and was maintained in
Voiceless stops in C1 and C2, respectively. These results might accord with the prediction
that voicing properties subject to spreading are those associated with an active articulatory
event in the production of the stop. It could be proposed that FO/F1 and burst intensity in
Voiced stops in Najdi Arabic are products of the articulatory mechanism that facilitate the
production of voicing including larynx lowering and tongue root advancement (Jansen, 2004).

Interestingly, the effect of C1 on C2 (progressive (de)voicing) appeared to be almost
in line with the same pattern in regressive voicing in Najdi Arabic. The results showed that
Voiced stops were slightly devoiced when preceded by a Voiceless stop. Voicing duration of
Voiced stops in C2 position tended to be shorter than in the baseline context in [voiceless-
voiced] cluster. However, Voiced stops tended to maintain the lowering of FO/F1 with more
significant impact on F1 than on FO, supporting the previous finding that VVoiced stops retain
their effect on FO/F1 while their hold phases were slightly devoiced. VVoiceless stops, on the
other hand, retained their voicelessness during the closure in all the tokens of [voiced-
voiceless] clusters. In terms of FO/F1 for Voiceless stops, the results revealed some variations
based on the place of articulation of C2. FO/F1 values in [gt] were significantly lower in the
cluster context than in the baseline context. On the other hand, [bk] showed no significant
effect on FO/F1follwoing C2.

The present study is not the first to investigate a language that has both prevoicing and
aspiration: this feature has been investigated in Hebrew (Raphael et al., 1995), Najdi Arabic
(Flege and Port, 1981; Al-Gamdi et al., 2019), Swedish (Helgason and Ringen, 2008;
Beckman et al., 2011), Norwegian (Ringen and Dommelen, 2013), Turkish (Unal-Logacev et
al., 2018; Ogut et al., 2006; Feizollahi, 2010), Saudi North dialect (Alanazi, 2018), and Qatari
Arabic (Kulikov, 2020). However, none of these studies described the voicing assimilation in
stop-stop clusters across word boundaries in terms of their phonological or phonetic aspects.
Laryngeal realism does not attempt to account for such languages, making it difficult to
precisely dissect the typological properties that these languages might share. One of the
suggested solutions to characterise the phonetic and phonological aspects of voicing
assimilation in Najdi Arabic is to employ the numeric values of the phonetic distinctive
features proposed by Beckman et al. (2013). This issue will be discussed in detail in the next

section.
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The following section concentrates on the parallelism between the types of evidence
used in laryngeal realism in the light of the results of analysis of voicing contrast in Najdi
Avrabic in the present study.

9.3 The compatibility between the types of evidence used in laryngeal realism

The predictions of the theory of laryngeal realism originate from the assumption of a robust
connection between acoustic details and phonological features. Because of the complexity and
variance in the acoustic signal, laryngeal realism posits an articulatorily oriented explanation
that systematizes the evaluation of whether a specific acoustic feature is phonetically or
phonologically motivated. Specifically, phonologically motivated correlates are produced by
an active articulatory gesture whereas phonetically motivated correlates result from
coarticulation with no active gesture. Accordingly, the types of evidence that are used in
laryngeal realism include the phonetic cues of the segment, speech rate effects, and voicing
assimilation. Among the phonetic cues of the segment, the types of evidence for actively
specified Voiced stops include the presence of robust prevoicing in utterance-initial and
intervocalic positions. In contrast, the types of evidence for voiceless stops include the
presence of long lag aspiration in utterance-initial stops and active devoicing in intervocalic
stops. As for the speech rate effect, it is expected that prevoicing in specified Voiced stops
and aspiration in the specified Voiceless stops will be lengthened in slower rate speech in
comparison to fast rate speech. For voicing assimilation, laryngeal realism posits that
specified stops are expected to trigger some (de)voicing to the adjacent sound in stop-stops
clusters.

The previous paragraph is a brief synopsis of the main types of evidence proposed in
the literature of laryngeal realism. All these types have been tested in the present study of
voicing contrast in Najdi Arabic. As shown in Chapter 5, 6,7, and 8, here are the main
findings:

a) Voiced stops were realised with robust prevoicing, longer burst duration, longer
following vowel, higher burst intensity, and FO/F1/H1-H2 onset lowering in
utterance-initial position.

b) Voiced stops were realised with robust voicing in the closure that extends
throughout the closure phase, longer closure, short burst duration, longer following
vowel, high burst intensity, low H1-H2 offset, and low FO/F1 onset in utterance-

medial positions.
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¢) Voiced stops were passively devoiced in the majority of tokens in utterance-final
position. The distinction was maintained by release properties: high burst
intensity, short burst duration, low H1-H2 offset, and short aspiration.

d) Voiceless stops were realised with moderate aspiration in utterance-initial and
heavy aspiration in utterance-final positions and to a lesser extent in utterance-
medial positions (more aspirated tokens in iambic than trochaic structures), long
burst duration, low burst intensity, and high FO/F1 onset.

e) Voiceless stops were actively voiceless (no voicing in the closure) in utterance-
medial and utterance-final positions.

f) Voiceless stops were realised with long burst duration, low burst intensity, and
long aspiration.

g) Both prevoicing and aspiration were longer in normal speech rate in comparison to
fast speech rate.

h) Voiced stops in C2 trigger some voicing in voiceless stops in C1 (FO/F1 offset
lowering) and in voiced stops in C1 (more voicing in the closure, FO/F1 offset
lowering).

i) Voiceless stops in C2 trigger some devoicing in voiced stops in C1 (shorter

voicing)

It is notable that all the results accord with the predictions of laryngeal realism regarding the
phonetic cues of voiced and voiceless stops; the response of aspiration and prevoicing to
change in speech rate; and the triggering of (de)voicing in the preceding stops.

However, one of the issues in need of more attention is the degree of change in
aspiration and prevoicing as a response to speech rate. The present study extended the use of
speech rate effect to utterance-medial and utterance-final stops. The results revealed that
prevoicing is more affected by change in speech rate in utterance-initial position whereas
aspiration is more affected by change in speech rate in utterance-final position. Looking at the
former, this pattern has been found in Swedish and Qatari Arabic where the effect is shown
more in prevoicing than in aspiration (Beckman et al., 2011; Kulikov, 2020). Of note is that
the response of aspiration to change in speech rate in Najdi Arabic in initial stops (prevoicing:
24 ms, aspiration: 6.4 ms) is relatively small when compared to that found in Swedish
(prevoicing: 29.4, aspiration: 18.7 ms) or Qatari Arabic (prevoicing: 19 ms, aspiration: 12
ms). When comparing the results with voicing and aspirating languages, the difference
between normal and fast speech in prevoicing in Najdi Arabic is like that found in voicing

languages, such as Russian (Kulikov, 2012) and French (Kessinger and Blumstein, 1997).
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However, the difference in aspiration appears to be the smallest among aspirating languages
(Allen and Miller, 1999; Beckman et al., 2011). These differences might be caused by
variations within the studies in their participants’ ability to express the difference between
slow (or normal) and fast speech. Another possibility is that the small effect of speech rate on
aspiration is language-specific and related to Arabic phonology (Kulikov, 2020) which might
be the case for both Qatari and Najdi Arabic which showed the least effect of speech rate on
aspiration.

Comparing the results of Najdi and Qatari Arabic, in Qatari Arabic 77% of initial stop
tokens were prevoiced (Kulikov, 2020). In Najdi Arabic, on the other hand, 90% of tokens
were prevoiced. Kulikov (2020) argues that this devoicing in Qatari Arabic might be caused
by the growing use of English among younger native speakers of Qatari Arabic. These
differences lead us to consider the variation among dialects of Arabic in the phonetic
manifestation of voicing contrast. The mean aspiration found in Qatari Arabic in Kulikov’s
study was 54 ms for /t/ and 62 ms for /k/. In the Flege and Port (1981) study of Najdi Arabic,
mean aspiration was 37 ms for /t/ and 54 ms for /k/, while in the Alghamdi (1990) study of
Saudi Ghamidi dialects, mean aspiration was 32 ms for /t/ and 42 ms for /k/. In Alanazi’s
(2018) examination of North Saudi Arabic, mean aspiration was 58 ms for /t/ and 72 ms for
/k/. In the Al-Gamdi et al. (2019) study of Najdi Arabic, mean aspiration was 76 ms for /t/ and
82 ms for /k/. Table 7.2 below summarises the reported aspiration values across peninsular
Arabic dialects. (Prevoicing is not reported due to the fact that all the studies looked at stops
in non-utterance-initial position which made it possible that their voicing might be coming

from the preceding consonant).

Source Mean aspiration
Najdi Flege and Port (1981) It =37ms [kl =54 ms
Ghamidi Alghamdi (1990) tI=32ms [kl =42 ms
North Saudi Alanazi (2018) It/ =58 ms /k/ =72 ms
Najdi Al-Gamdi etal. (2019) /t/=76ms /k/ =82 ms
Qatari Kulikov (2020) ItI=54ms /k/ =62 ms
Najdi Present study It/ =45ms [kl =49 ms

Table 9.2. Mean aspiration for /t/ and /k/ in modern peninsular dialects of Arabic.

It can be noticed that the differences between means of aspiration among this subset of

modern Arabic dialects are not great, ranging from 32 to 76 for /t/ and from 42 to 82 for /Kk/.
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The variability in the phonetic cues of voiced and voiceless stops within across
dialects and the languages that show the features of both voicing and aspirating languages
raises questions about the features that specify voicing contrast in the phonology of these
languages. It has been proposed in the previous section on phonological implications in Najdi
Arabic that both [voice] and [spread glottis] are active in the phonology. To address the
variability among the phonetic cues in voicing and aspirating languages, Beckman et al.
(2013) proposed a framework using numeric values for phonetic distinctive features as a scale
to address the strength of the presence of the features in the phonology. Based on this
framework, voiceless stops in aspirating languages, such as German are specified with [9
spread glottis] while voiced stops are unspecified with [1 spread glottis], whereas voiced stops
in voicing languages, such as Russian are specified with [9 voice], and voiceless stops are
unspecified with [1 voice].

Applying the same framework to Najdi Arabic, based on the results of the acoustic
correlates in Najdi Arabic, it could be proposed that voiced stops in Najdi Arabic are specified
with [9 voice] while voiceless stops are specified with [8 spread glottis]. [9 voice] is evident
in case of Najdi Arabic because of two important findings: a) the presence of robust voicing
in the majority of the tokens in utterance-initial and utterance-medial intervocalic stops, b)
voiced stops in C2 position trigger voicing in the preceding C1 in stops-stops clusters. [8
spread glottis] for voiceless stops in Najdi Arabic is proposed because of two findings: a) the
presence of (moderate) aspiration in utterance-initial position, b) voiceless stops in C2 trigger
some devoicing in C1 in stop-stop clusters, c) the voiceless stops do not undergo passive
voicing in the majority of the tokens in utterance-medial intervocalic position. Considering
that the types of evidence proposed in laryngeal realism fit the findings found in Najdi Arabic,
it is recommended that a new category be added to the typology of Beckman et. al.’s

framework presented in table 9.3 below. (For intervocalic stops).
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Aspirating languages

German type

voiceless  [9sg] [@voice] Passive voice cannot apply, glottal width too great

voiced [1sg] [[@voice] Passive voice applies, small glottal width, no numerical
specification for [voice]

Icelandic type

voiceless  [9sg] [@voice] Passive voice cannot apply, glottal width too great

voiced [5sg] [@voice] Passive voice cannot apply, glottal width too great

Voicing languages

Russian

voiceless  [lvoice] [@sg] Passive voice cannot apply; phonetic rules do not change
numerical specifications

voiced [9voice] [Dsg] Active voice

Voicing Aspirating languages

Najdi Arabic
voiceless  [8sg] [[@voice] Passive voice cannot apply, glottal width too great
voiced [Ovoice] [[@sg] Active voice

Table 9.3 Summary of analysis in Beckman et al.’s framework (Najdi Arabic is added to the
analysis)

One of the contributions of the present study is providing a clear justification for
determining the numeric values for the phonetic distinctive features proposed in Beckman et
al. (2013). Moreover, the results of the present study enrich the framework by adding a
possible new category extending the predictions of laryngeal realism. It can be assumed that
for a language to be classified using the numeric distinctive phonetic features, it is crucial to
test VVoiced and Voiceless stops across the phonetic contexts that might be informative for the
specification of the stops such as utterance-initial and utterance-medial intervocalic, as well as
in stops-stop clusters. In terms of Arabic dialects, it could be assumed that the features for
Qatari Arabic are [8voice] and [8 spread glottis], where [8voice] results from the higher
percentage of devoiced voiced stops than in Najdi Arabic. Nevertheless, it is hard to
characterize the voicing system in Qatari Arabic without checking the phonetic manifestation

in the remaining positions not tested in Kulikov (2020).

9.4 Limitations of the present study and suggestions for future research.
The present study examined voicing contrast considering various linguistic and non-linguistic
factors by investigating various phonetic contexts exclusively for stops. It is important to look

at the other classes of obstruents, including fricatives and affricates, for by doing so, a clearer

224



picture of the laryngeal system of Najdi will emerge. Specifically, the specification of
fricatives can be examined by checking if Voiced and Voiceless fricatives trigger (de)voicing
in adjacent sounds. As the symmetry between the stops and fricatives has been proposed in
some studies under the operation of laryngeal realism (Jansen, 2004; Beckman and Ringen,
2009), it could be suggested that investigating fricatives in Najdi Arabic might enrich the
study of laryngeal phonology.

One of the main goals of the present study was to clarify which acoustic correlates
were robust in marking the voicing distinction in Najdi Arabic. Although a considerable
number of durational and spectral acoustic correlates have been found acoustically strong in
signalling the voicing distinction, the relative contribution of each correlate and how the
correlates mutually mark the distinction have not been examined in the present study. Such an
approach has been employed in various studies using Random Forests statistical analysis
which aims to specify the weight of each of the correlates in the voicing contrast (Al-Tamimi
and Khattab, 2018). Another way could be by testing the perceptual saliency proposed by
Jessen (2001) in which the importance of a correlate is determined by checking its role in
listeners’ judgement in perceiving the sound.

In a voicing assimilation experiment, the correlates tested were voicing duration, FO,
F1, and burst intensity. None of the other durational correlates were tested because of the
possibility of lengthening taking place in the baseline context in the experiment (utterance-
final position). It could be suggested the baseline context should be in a neutral position not
affected by lengthening as used in Jansen (2004).

An issue the present study has not discussed is a sound change that is possibly taking
place in the modern dialects of Saudi Arabia. As highlighted earlier, the presence of long lag
aspiration in Voiceless stops was found in Najdi Arabic, North Saudi Arabic, and Ghamidi
Saudi Arabic (Flege and Port, 1981; Alanazi, 2018; Alghamdi, 1990). Therefore, additional
studies are needed to decide the source and scale of the change in the voicing system of
modern Saudi Arabic dialects.

9.5 Conclusion and final remarks

The purpose of the present study was to investigate the phonetic and phonological aspects of
voicing contrast in stops in Najdi Arabic. The investigation was carried out considering
various contexts within the word and the utterance. Furthermore, the study looked at some
phonological processes including speech rate effect on voicing and aspiration, passive and
active voicing, final laryngeal neutralisation, and regressive voicing assimilation in stop-stop

clusters across word boundaries.
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The robust connection between the phonetic reality and the distinctive features lies at
the heart of the present study. As made evident throughout the stages of the analysis, the
integration model perspective was adopted by employing what has been used in the literature
of laryngeal realism as tools to examine the two-way interactions between the acoustic signal
and the phonological features in Najdi Arabic which is a variety that shows features of both
aspirating and voicing languages.

Chapter 1 started with an opening section that highlighted the purpose and the
importance of the present study. It concentrated on the general consensus with respect to
voicing contrast in aspirating and voicing languages and how the case of voicing contrast in
Najdi Arabic, as well as other languages that show the features of both aspirating and voicing
languages, is worthy of researchers’ attention. It also presented a brief sketch of the basic
principles of laryngeal realism that aimed to prepare the reader for the theoretical discussions
in the remaining part of Chapter 1. The remaining part of Chapter 1 focused on three essential
topics: distinctive features, the phonological and phonetic specification, and the phonetics-
phonology interactions. These three topics formed the basic foundation that the arguments
that the present study was built on. The first topic provided the context around the emergence
of distinctive features and how the notion of distinctivity in the acoustic signal is linked to the
phonological representation in the Jakobsonian framework. The second topic explored the
definition of specification and how to differentiate the phonetic behaviour of specified and
unspecified segments. The link between passive and active voicing and specification was
discussed as well. The third topic described the theoretical discussions that characterise the
interaction between phonetics and phonology and how this is implemented in the present
analysis.

Chapter 2 presented the phonetic and phonological aspects of voicing contrast across
languages. The theoretical models of voicing were discussed in the light of three main issues:
1) the nature of the distinctive features, 2) the connection between the phonetic reality and the
distinctive features, and 3) the predictions for languages that show features of aspirating and
voicing languages. A special section concentrated on the basic principles of the laryngeal
realism approach and the types of evidence employed to examine the connection between the
acoustic signal and the distinctive features. This chapter also focused on the production of
voicing and aspiration and the required articulatory adjustments to initiate, maintain, or inhibit
them. The acoustic correlates found to mark the distinction of voicing contrast in the literature
were discussed with a focus on the aspirating/voicing categorization and what that means in

the case of Najdi Arabic. A special section previewed the studies that looked at languages
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with two-way contrast that employ both aspiration and voicing to signal the voicing
distinction.

Chapter 3 was more specific to studies that looked at voicing contrast in stops in the
modern dialects of Arabic. This chapter was divided into two main subsections: 1) studies that
focused on phonetic aspects only and 2) studies that adopted the laryngeal realism approach in
the investigation of voicing contrast in dialects of Arabic. The basic features of Najdi Arabic
were presented. This chapter ended by presenting the rationale of the study and why it was
crucial to examine voicing contrast in Najdi Arabic. The research question and primary
predictions were discussed.

Chapter 4 presented the methods of the analysis including participants, stimuli,
procedures, acoustic analysis, and statistical analysis. To achieve the goals of the study and
answer the research questions, the acoustic and statistical analysis were carefully constructed
considering all variability in the data. The tokens produced by 32 native speakers of Najdi
Arabic were examined using Praat software to capture the acoustic details for the correlates
that signal the distinction between Voiceless and Voiced stops in Najdi Arabic. The extracted
results were analysed employing a series of Linear Mixed Effects (LMM) statistical models
that were built to investigate the voicing contrast in each context. A very detailed set of
criteria was used to describe voicing, devoicing, aspiration in the examined stops in each
context.

Chapter 5, 6, 7, and 8 presented the acoustic results for the correlates in Voiceless and
Voiced stops in utterance-initial, utterance-medial, utterance-final, and stop-stop clusters. The
section for each correlate was closed with a short summary that provided a brief discussion of
the results and linked them with the previous studies. The results of the analysis provided the
answers for the first research question: What are the acoustic correlates of stop-voicing
contrast in Najdi Arabic and how are they implemented across the following phonetic
contexts: utterance-initial, utterance-medial intervocalic, utterance-final, and across-word-
boundary clusters.

Chapter 9 reviewed the results of the acoustic analysis provided in each context in
Chapter 5, 6, 7, and 8 and discussed the phonological implications. There was adequate
evidence that Voiceless stops are specified with [spread glottis] while Voiced stops are
specified with [voice]. This was supported by the acoustic characteristics of Voiceless stops
which behave similar to aspirating languages and Voiced stops which behave similar to
voicing languages. The robust voicing found in Voiced stops in utterance-initial and
utterance-final contexts indicates the presence of active voicing. The presence of aspiration

and complete devoicing of closure in Voiceless stops across the contexts indicated the
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presence active devoicing. The results for the speech rate effect showed that both voicing and
aspiration were longer in slow speech compared to fast speech. The final devoicing (laryngeal
neutralisation) in stops in utterance-final stops indicated that Voiceless stops were heavily
aspirated while Voiced stops were passively devoiced. The neutralisation was incomplete in
that the distinction was preserved in the release properties. The results for regressive voicing
assimilation in stop-stop clusters showed that the two categories of voicing triggered some
(de)voicing in the preceding stop and they both showed resistance to change in the process.
All these findings presented in Chapter 9 provided the answer for the research question:
Employing the laryngeal realism approach, how does the voicing system of Najdi Arabic
behave in terms of the following processes: speech-rate effect on the acoustic correlates of
stops across the examined phonetic contexts, the acoustic activeness of voicing/devoicing of
stops across the examined phonetic contexts, and regressive voicing assimilation in across-
word-boundary clusters.

To answer the third question which stated that: is Najdi Arabic a voicing or an
aspirating language? What does that mean in terms of the phonological
representation/specification? The present work argues that Najdi Arabic takes a middle
position between voicing and aspirating languages and used the numeric distinctive features
proposed by Beckman et al. (2013) to describe the overspecification in voicing contrast in
Najdi Arabic. Based on the acoustic results, it was concluded that voicing contrast in Najdi
Arabic is specified with [8spread glottis] and [9 voice].

This study was an attempt to draw researchers’ attention to the phonetic and
phonological aspects of languages that show features of both aspirating and voicing
languages. It aimed to provide insightful analysis that will enrich the theories that focus on the
connection between phonetics and phonology. The present work might inspire more
investigations of the modern dialects of Arabic which showed variation in their laryngeal
systems. On the basis of the current study, I argue for more in-depth analysis of the phonetic
and phonological behaviour of Voiceless and Voiced stops in languages with two-way
contrast that contrast prevoiced and aspirated stops; it might be insufficient to limit the

investigation to reporting the duration values for moderate VOT.
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Appendix A

Demographic Survey

1. General information:

Item

Answer

>

What is your gender? ___Male __ Female

>

What is your age? _19-25  26-35 3545

What is your education level?

Were you born and raised in Riyadh? Yes No

Do you have any difficulty speaking or

Yes No

hearing? — —

Do you speak any language(s) beside
Arabic? Specify.

2. Dialect information:

Iltem

Answer

>

What is your native dialect?

>

Do you speak any other dialect beside your

native one?

Are you originally from Najd? Which area?

What is your parents’ native dialect?

Do your parents speak any other dialect

beside their native one?

Are your parents originally from Najd?

Which area?
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Appendix B

The list of words used in the analysis:

word transcription gloss word transcription gloss
1 <l /ba:t/ slept 48 &5 /fo:g/ up
2 ) /be:t/ house 49 B /su.g/ market
3 s /bo:n/ difference 50 G /bge:g/ city
4 &y /bu:k/ your dad 51 s /ta:bat/ she repented
5 G /bi:g/ stolen 52 &l /du:bak/ you just now
6 b /ta:b/ repented 53 = /yi:bah/ backbiting
7 s /tu:t/ blueberry 54 Gald /fa:dat/ benefited
8 O /ti:n/ figs 55 23 5 /du:dah/ worm
9 A5 /to:g/ longing 56 ol [si:dah/ straight
10 ot /te:s/ goat 57 Sl /sa:gat/ she drove
11 ol /da:s/ stepped 58 8 g /su:gak/ your market
12 s /do:m/ always 59 Sy /bi:gat/ stolen
13 O /de:n/ debt 60 il /ma:tat/ she died
14 253 /du:d/ worms 61 e /haba/ crawled
15 ¢l /di:k/ rooster 62 =P /ruba/ Name (F)
16 Js /ka:l/ weigh 63 4 /hiba/ you want
17 psS /ko:m/ group of 64 G /nada/ Name (F)
18 oS /ki:s/ bag 65 =2y /huda/ Name (F)
19 - /ke:f/ how 66 s /fida/ no worries
20 28 /ku:d/ almost 67 (s /saga/ water (V)
21 o /go:m/ tribe 68 & /bugal/ spots
22 o8 /ga:m/ woke up 69 Y /biga/ remained
23 < g8 /qu:t/ food 70 (e /mata/ when
24 /gi:l/ said 71 e /yutar/ shemaghs
25 A8 /ge:d/ chain 72 i [fitan/ difficulties
26 <L /ba:b/ door 73 oS /baka/ remained
27 i /si:b/ hall 74 S /buka/ behind
28 e /fe:b/ white hair 75 S [sikat/ hushed
29 Qs /60:b/ dress 76 <l 48 /gu:tak/ your food
30 i /du:b/ just now 77 i /dzi:tak/ I came
31 <l [fa:t/ passed 78 Sl /fa:kat/ she sued
32 Gisd /fo:t/ kicking 79 oSl /ha:kat/ she knitted
33 G /be:t/ house 80 IS /hi:kat/ was knitted
34 Cua /d3 it/ | came 81 Gl /[aba:b/ youth
35 G /tu:t/ blueberry 82 & 5 /tabu:k/ city
36 a4 /fa:d/ benefitted 83 48 /tabi:h/ you want it
37 25 /fo:d/ benefit 84 KR /sada:d/ pay
38 s /ke:d/ conspiracy 85 2 9 /sadu:d/ dams
39 as /ki:d/ was tricked 86 2 /dzadi:d/ new
40 353 /du:d/ worms 87 <l /laga:k/ he met you
41 s /dza:k/ came 88 psid /tagu:m/ stand
42 <ld /fi:k/ in you 89 Jab /Bagi:l/ heavy

90 USa /maki:n/ robust

43 g /buzk/ your dad 91 il /[ata:t/ chaos
44 &gl /fo:k/ thorns 92 psiS /katu:m/ secretive
45 <l /bre:k/ name 93 (e /mati:n/ fat
46 3l /da:g/ tasted 94 U /maka:n/ place
47 G /bi:g/ stolen 95 < S /faku:k/ doubts
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Appendix C

Tables for the statistical output of LMM models and the pairwise tests for the acoustic

correlates in initial, medial, final, and stop-stop clusters.

1. Aspiration in utterance-initial stops

Predictors  Estimatesstd. Error t p
(Intercept) 2323  1.27 1831  <0.001
sex_c 1.17 1.39 0.85 0.398
place_c 6.80 1.58 4.30 <0.001
rate_c -6.60 0.35 -19.07  <0.001
vowel_c -6.59 2.72 -2.42 0.015
voicing ¢ -3454 1.49 -23.23  <0.001

Table C-1. LMM results for aspiration in utterance-initial stops as a function of voicing
(Voiceless-Voiced), place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:),
and gender (male/female).

Rate \oicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr-vd FA <0.001 VIFA-vd FA <0.001

Table C-2. Pairwise comparison output for aspiration in utterance-initial stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINFA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINFrV-vdNrVvV <0.001
vd Nr B—-vd Nr A <0.001 VIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vdFAV <0.001

vd Nr A —vd NrV <0.001
viFAB-vdFAA <0.001
viFAB-vdFAV <0.001
viFAA-vdFAV <0.001
viFAB-vdFAA 0.008
Table C-3. Pairwise comparison output for aspiration in utterance-initial stops based on

voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar)
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Figure C.1 Boxplots of aspiration in utterance-initial stops classified by voicing (vl =

Voiceless, vd = Voiced), speech rate (FA = fast, Nr = Normal) and vowel type. The dashed
line represents the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
fiz/ 53.4 5.68 11.8 4.02 47.1 5.89 5.52 3.32
le:/ 43.2 5.62 11.7 3.73 36.8 5.75 5.75 3.17
la:/ 44.2 5.51 11.1 3.72 38 5.97 4,73 3.73
lo:/ 47.7 6.81 12.3 4.17 41.1 6.8 6.09 3.63
lu:/ 49.6 7.07 125 3.84 43.1 7.07 6.2 3.43

Table C.4. Means and standard deviations of aspiration for VVoiceless and VVoiced utterance-
initial stops grouped by speech rate and vowel type.

Rate Voicing

Pair p-value Pair p-value
VI Nri: —vl Nre: <0.001 VI Nri:-vd Nri: <0.001
VI Nri: — vl Nr a: <0.001 vl Nre: -vd Nre: <0.001
VI Nri: — vl Nro: <0.001 vI Nra: - vd Nr a: <0.001
VI Nri: — vl Nr u: <0.001 vINro:-vdNro: <0.001
vl Nre: — vl Nr a: 0.0484 VINru:-vd Nru: <0.001
vl Nr e: — vl Nr o: <0.001 vVIFAI:-vd FAI: <0.001
vl Nre: — vl Nr u: <0.001 vIFAe: -vdFAe: <0.001
vl Nr a: — vl Nr o: <0.001 vIFAa:-vd FAa: <0.001
vl Nr a: — vl Nr u: <0.001 vIFAo0:-vd FAo0: <0.001
vl Nr o: — vl Nr u: <0.001 vIFAu:-vd FAu: <0.001

vd Nr i: —vd Nr e: 0.966
vd Nri: —vd Nr a; 0.156
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vd Nr i: —vd Nr o: 0.271
vd Nri: —vd Nr u: 0.136
vd Nre: —vd Nr a: 0.163
vd Nr e: —vd Nr o: 0.25
vd Nre: —vd Nr u: 0.123
vd Nr a: —vd Nr o: 0.01
vd Nr a: —vd Nr u: 0.003
vd Nr o: —vd Nr u: 0.681
VIFAI:—VIFAe: <0.001
vIFAi: —VvIFAa: <0.001
vl FAi: — VI FA o: <0.001
vl FAi: —VvIFA u: <0.001
vl FAe: -Vl FA a: 0.02
vl FA e: -Vl FA o: <0.001
vlIFAe: - VvIFA u: <0.001
vl FA a: — vl FA o: <0.001
vl FA a: - vl FA u: <0.001
vl FA o: —VvI FA u: <0.001
vdFAI:-vdFAe: 0.628
vd FA i: —vd FA a: 0.1
vdFAI:-vdFAo0: 0.233
vd FAi:—vd FAu: 0.163
vdFAe:-vdFAa: 0.031
vd FAe:—-vd FAo: 0487
vd FAe:—-vd FAu: 0.366
vd FAa:-vd FAo: 0.003
vd FAa:-vd FAu: 0.002
vd FAo:—-vdFAu: 0.832
Table C-5. Pairwise comparison output for aspiration in utterance-initial stops based on
voicing, rate, and vowel type.

2. Aspiration in utterance-medial stops (Trochaic)

Predictors  Estimates std. Error t p

(Intercept)  18.58 0.77 24.22 <0.001
voicing_c -22.44 1.31 -17.08  <0.001
vowel_c 0.34 1.16 0.29 0.769
rate_c -3.79 0.28 -13.40 <0.001
Place ¢ 3.51 1.46 2.40 0.017
sex_c 0.61 1.08 0.57 0.571

Table C-6. LMM results for aspiration in utterance-medial stops (Trochaic) stops as a
function of voicing (Voiceless-Voiced), place (bilabial, alveolar, velar), rate (normal/fast),
vowel (i:/a:/u:), and gender (male/female).
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Rate Voicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA <0.001 VIFA-vd FA <0.001

Table C-7. Pairwise comparison output for aspiration in utterance-medial stops (Trochaic)

based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—vINrV <0.001 VINFA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrVv <0.001
vd NrB —vd Nr A <0.001 VIFAA-vdFAA <0.001
vd Nr B —vd NrV <0.001 VIFAV-vdFAV <0.001
vd Nr A —vd Nr V <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001

viFAB-vdFAA <0.001

Table C-8. Pairwise comparison output for aspiration in utterance-medial stops (Trochaic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).

3. Aspiration in utterance-medial stops (lambic)

Predictors Estimates std. Error t p

(Intercept) 23.38 1.93 12.12 <0.001
voicing_c -31.13 3.75 -8.29 <0.001
vowel_c -7.96 4.22 -1.89  0.059
rate_c -5.80 0.40 -14.60 <0.001
place_c 5.04 4.94 1.02 0.308
sex_c -0.14 1.19 -0.12  0.906

Table C-9. LMM results for aspiration in utterance-medial stops (iambic) stops as a function
of voicing (Voiceless-Voiced), place (bilabial, alveolar, velar), rate (normal/fast), vowel

(i:/e:/a:/o:/uz), and gender (male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vlFA  <0.001 VINr—vd Nr  <0.001
vd Nr—-vd FA <0.001 VIFA-vd FA <0.001

Table C-10. Pairwise comparison output for aspiration in utterance-medial stops (iambic)

based on voicing and rate.
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Rate Voicing

Pair p-value Pair p-value
VINr A—vINrV 0.0120 VINrA—vdNrA <0.001
VIFAA-VIFAV 0.0419 VINrV-vdNrVv <0.001
vd Nr B —vd Nr A 0.0075 VIFAA-vdFAA <0.001
vd Nr B —vd NrV <0.001 VIFAV-vdFAV <0.001

vd Nr A—vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV 0.0256

viFAA-vdFAV <0.001

viFAB-vdFAA <0.001
Table C-11. Pairwise comparison output for aspiration in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: vealr)

4. Aspiration in utterance-final stops

Predictors  Estimatesstd. Error  t p
(Intercept) 4057  2.41 16.87  <0.001
voicing_c  -54.12 2.99 -18.12  <0.001
vowel_c 0.41 4.36 0.09 0.925
rate_c -24.96 152 -16.42 <0.001
place_c 2.80 2.52 1.11 0.265
Sex_c 7.00 3.23 2.17 0.030

Table C-12. LMM results for aspiration in utterance-final stops in the function of voicing
(Voiceless-Voiced), place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/0:/u:),
and gender (male/female).

Rate \oicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr-vd FA <0.001 VIFA-vd FA <0.001

Table C-13. Pairwise comparison output for aspiration in utterance-final stops based on
voicing and rate.
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Rate Voicing

Pair p-value Pair p-value
VINr A—-vINrv 0.0751 VINrA—-vdNrA <0.001
VIFAA-VIFAV 03213 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd Nr V 0.007

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV 0.037

viFAB-vdFA A <0.001
Table C-14. Pairwise comparison output for aspiration in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: vealr)
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Figure C.2 Boxplots of aspiration in utterance-final stops classified by voicing (vl =
Voiceless, vd = Voiced), speech rate (FA = fast, Nr = Normal), and gender (F = female, M =

male). The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 57.4 17.3 24.2 5.65 50.6 13.5 0.86 5.01
male 86.6 16 27.7 8.1 62.3 12.5 3.27 5.45

Table C.15 Means and standard deviations of aspiration for Voiceless and Voiced utterance-
final stops grouped by speech rate and gender.

Rate Voicing
Pair p-value Pair p-value
VINrF—vINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM—vd NrM <0.001
vd NrF—vd NrM <0.001 VIFAF-VvdFAF <0.001
viFAF-vdFAM <0.001 VIFAM-vdFAM <0.001
Table C-16. Pairwise comparison output for aspiration in utterance-final stops based on
voicing, rate, and gender.
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5. % voicing in utterance-medial stops (trochaic)

Predictors  Estimates  std. Errort p
(Intercept)  51.08 0.40 128.60 <0.001
vowel_c -0.83 0.60 -1.39 0.166
rate_c 0.23 0.30 0.77 0.441
place _c -1.86 0.93 -2.00 0.045
voicing ¢ 96.21 0.76 127.29 <0.001
sex_c 0.67 0.62 1.09 0.277

Table C-17. LMM results for % voicing in utterance-medial stops (trochaic) as a function of
voicing (Voiceless-Voiced), place (bilabial, alveolar, velar), rate (normal/fast), vowel
(i:/a:/u:), and gender (male/female).

Rate Voicing

Pair p-value Pair p-value
VINr-vIFA  0.083 VINr—vd Nr  <0.001
vd Nr—vd FA  0.060 VIFA-vd FA <0.001

Table C-18. Pairwise comparison output for % voicing in utterance-medial stops (trochaic)
based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINFA-vdNrA <0.001
vVIFAA-VIFAV <0.001 VINFrV—-vdNrV 0.0906
vd Nr B —vd Nr A 0.00109 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vdFAV <0.001

vd Nr A —vd Nr V <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001

viFAB-vdFAA <0.001
Table C-19. Pairwise comparison output for % voicing in utterance-medial stops (trochaic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: vealr)
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6. % voicing in utterance-medial stops (iambic)

Predictors Estimates std. Error Statistic p
(Intercept) 50.45 0.28 183.29 <0.001

vowel_L ¢ -0.56 0.50 -1.11  0.265
rate_c 0.43 0.32 1.35 0.176
place _c -1.20 0.57 -2.10  0.036
voicing_c 98.14  0.46 212.98 <0.001

sex_c 0.71 0.57 1.25 0.211

Table C-20. LMM results for % voicing in utterance-medial stops (iambic) as a function of
voicing (Voiceless-Voiced), place (bilabial, alveolar, velar), rate (hormal/fast), vowel
(iz/a:/u:), and gender (male/female).

Rate \oicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—-vd FA <0.001 VIFA-vd FA <0.001

Table C-21. Pairwise comparison output for % voicing in utterance-medial stops (iambic)
based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A 0.119 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd NrV <0.001

viFAB-vdFA A 0.0623

viFAB-vdFAYV <0.001

viFAA-vdFAV <0.001
Table C-22. Pairwise comparison output for % voicing in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar)
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7. % voicing in utterance-final stops

Predictors  Estimates  std. Errort p
(Intercept)  9.32 1.63 571 <0.001
vowel_c 2.36 1.91 1.23 0.217
rate_c 3.18 1.26 2.53 0.011
place _c -0.76 2.06 -0.37 0.713
voicing_c 17.33 3.06 5.65 <0.001
sex_c -4.79 3.01 -1.59 0.111

Table C-23. LMM results for % voicing in utterance-final stops as a function of voicing
(Voiceless-Voiced), place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/0:/u:),
and gender (male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA <0.001 vIFA-vd FA <0.001

Table C-24. Pairwise comparison output for % voicing in utterance-final stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
vI Nr A —vI NrV 0.978 VINrA—vdNrA <0.001
vVIFAA-VIFAV 0.920 VINFrV-vdNrVvV <0.001
vd Nr B —vd Nr A 0.004 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V 0.103 VIFAV -vdFAV <0.001

vd Nr A —vd Nr V 0.216

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001

viFAB-vdFAA <0.001
Table C-25. Pairwise comparison output for % voicing in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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8. Prevoicing in utterance-initial stops

Predictors Estimatesstd. Error  t p
(Intercept) 52.69  1.58 33.43 <0.001
vowel_c -0.64 2.11 -0.30 0.761
rate_c -2459 1.13 -21.82 <0.001
place _c -3.22 2.14 -1.50 0.132
sex_c -3.33 2.84 -1.17  0.240

Table C-26. LMM results for prevoicing in utterance-initial VVoiced stops as a function of
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Place Rate

Pair p-value Pair p-value
NrB - Nr A 0.11 NrB-FAB <0.001
NrB - NrV <0.001 NrA-FAA <0.001
Nr A—NrV <0.001 NrV-FAV <0.001

FAB-FAA 012

FAB-FAV <0.001

FAA-FAV <0.001
Table C-27. Pairwise comparison output for prevoicing in utterance-initial VVoiced stops
based on place (B: bilabial/A: alveolar/V: velar) and rate.

9. Voicing duration in utterance-medial stops (trochaic)

Predictors Estimates std. Errort p
(Intercept) 24.39 0.78 31.27 <0.001

vowel_c -1.39 1.47 -0.95 0.343
rate_c -5.22 0.38 -13.69  <0.001
place_c -3.44 1.82 -1.89 0.059

voicing_ ¢ 4491 1.45 31.03 <0.001

sex_c -0.30 0.88 -0.34 0.731

Table C-28. LMM results for voicing duration in utterance-medial stops (trochaic) as a
function of voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and
gender (male/female).
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Rate Voicing

Pair p-value Pair p-value
VINr-vliFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA  <0.001 vIFA-vd FA <0.001

Table C-29. Pairwise comparison output for voicing duration in utterance-medial stops
(trochaic) based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—vINrV <0.001 VINrA—vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrVvV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-VvdFAA <0.001
vd Nr B —vd NrV <0.001 VIFAV-vdFAYV <0.001
vd Nr A—vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAYV <0.001

viFAB-vdFAA <0.001

Table C-30. Pairwise comparison output for voicing duration in utterance-medial stops
(trochaic) based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar)

10. Voicing duration in utterance-medial stops (iambic).

Predictors Estimates std. Errort p
(Intercept) 24.28 1.14 21.22 <0.001
vowel_c 2.22 2.45 0.9 0.382
rate_c -5.53 0.48 -11.41 <0.001
place_c 1.29 2.96 0.43 0.669
voicing_c  48.72 2.23 21.78 <0.001
sex_c -0.24 0.83 -0.28 0.776

Table C-31. LMM results for voicing duration in utterance-medial stops (iambic) as a
function of voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and

gender (male/female).

Rate Voicing

Pair p-value Pair p-value
VvINr—-vlFA  <0.001 VINr—vd Nr  <0.001
vd Nr—-vd FA <0.001 vlFA-vd FA <0.001

Table C-32. Pairwise comparison output for voicing duration in utterance-medial stops

(iambic) based on voicing and r

ate.
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Rate Voicing

Pair p-value Pair p-value
VINr A—vINrV <0.001 VINrA—vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr VvV <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd Nr V <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-VvdFAV <0.001

viFAB-vdFA A <0.001
Table C-32. Pairwise comparison output for voicing duration in utterance-medial stops
(iambic) based on voicing, rate, and place of articulation (B: bilabial/A: alveolar/V: velar).

11. Voicing duration in utterance-final stops

Predictors  Estimates std. Error t p
(Intercept)  6.92 1.21 571 <0.001
vowel_c 1.28 1.21 1.06 0.288
rate_c -0.56 0.89 -0.63 0.531
place_c -1.11 1.43 -0.77  0.440
voicing_c 12.70 2.25 5.64 <0.001
sex_c -3.32 2.30 -1.44  0.149

Table C-34. LMM results for voicing duration in utterance-medial stops (iambic) as a
function of voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/0:/u:),
and gender (male/female).

Rate Voicing

Pair p-value Pair p-value
VINr-vIFA 0.3 VINr—vd Nr  <0.001
vd Nr—vd FA  0.006 vIFA-vd FA <0.001

Table C-35. Pairwise comparison output for voicing duration in utterance-final stops based
on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
vI Nr A—vI NrV 0.987 VINrA—-—vd NrA <0.001
vVIFAA-VIFAV 0.986 VINFrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-VvdFAA <0.001
vd Nr B —vd Nr V 0.002 VIFAV-vdFAV <0.001

vd Nr A—vd NrV 0.455

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV 0.787
Table C-36. Pairwise comparison output for voicing duration in utterance-final stops based
on voicing, rate, and place of articulation (B: bilabial/A: alveolar/V: velar).
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12. Closure duration for utterance-medial stops (trochaic)

Predictors  Estimates std. Error  t p
(Intercept)  49.31 1.10 4494  <0.001
vowel_c 0.98 2.06 0.48 0.632
rate c -8.78 0.64 -13.78 <0.001
place ¢ 1.67 2.57 0.65 0.517
voicing_c -3.77 1.97 -1.92 0.055
sex_c -3.17 1.29 -2.45 0.014

Table C-37. LMM results for closure duration in utterance-medial stops (trochaic) as a
function of voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and
gender (male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vlFA—vd FA <0.001

Table C-38. Pairwise comparison output for closure duration in utterance-medial stops
(trochaic) based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA—vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-VvdFAA <0.001
vd Nr B —vd NrV <0.001 VIFAV-vdFAYV <0.001

vd Nr A—vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001
Table C-39. Pairwise comparison output for closure duration in utterance-medial stops
(trochaic) based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar)
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Figure C.3. Boxplots of the closure duration for utterance-medial stops (Trochaic) classified
by voicing (vl = Voiceless, vd = VVoiced), speech rate (FA = fast, Nr = Normal), and gender.
The dashed line represents the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female  58.2 7.04 51.8 5.97 50.8 7.61 44.2 6.63
male 53.9 6.04 51.7 5.62 43.8 6.03 41.5 6.01
Table C.41. Mean and standard deviation of closure duration for utterance-medial stops

(Trochaic) grouped by speech rate and gender.

Rate Voicing

Pair p-value Pair p-value

VINrF—vlINrM <0.001 VINrF—vdNrF <0.001

VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001

vd NrF—vd NrM 0.678 VIFAF-VvdFAF <0.001

viFAF-vdFAM <0.001 VIFAM-vdFAM <0.001
Table C-41. Pairwise comparison output for closure duration in utterance-medial stops
(trochaic) based on voicing, rate, and gender.
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13. Closure duration for utterance-medial stops (iambic)

Predictors  Estimates  std. Error t p
(Intercept) 50.90 1.54 33.02 <0.001
rate_c -10.39 0.85 -12.19 <0.001
place _c 541 3.66 1.48 0.139
voicing_ ¢ -3.28 2.64 -1.24 0.213
sex_c -1.62 1.51 -1.07 0.285
vowel_c 1.74 2.50 0.70 0.486

Table C-42. LMM results for closure duration in utterance-medial stops (iambic) as a
function of voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and
gender (male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vlFA—vd FA <0.001

Table C-43. Pairwise comparison output for closure duration in utterance-medial stops
(iambic) based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINFA-vdNrA <0.001
vVIFAA-VIFAV <0.001 VINFrV-vdNrVvV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-VvdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vdFAV <0.001

vd Nr A —vd Nr V <0.001

viFAB-vdFA A <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001
Table C-44. Pairwise comparison output for closure duration in utterance-medial stops
(iambic) based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar)
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14. Closure duration for utterance-final stops

Predictors Estimatesstd. Error  Statistic p

(Intercept) 78.66  2.26 34.74  <0.001
vowel_c 1.40 3.74 0.37 0.709
rate_c -25.54 1.52 -16.75  <0.001
place _c -0.45 4.01 -0.11 0.911
voicing_c  9.83 3.05 3.22 0.001
sex_c -1.31 3.61 -0.36 0.718

Table C-45. LMM results for closure duration in utterance-final stops as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vlFA—vd FA <0.001

Table C-46. Pairwise comparison output for closure duration in utterance-final stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrVv 0.642
vd Nr B —vd Nr A 0.00016 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vdFAV 0.953

vd Nr A —vd NrV <0.001

viFAB-vdFAA 0.0194

viFAB-vdFAYV <0.001

viFAA-vdFAV 0.0007
Table C-47. Pairwise comparison output for closure duration in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar)
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15. Burst duration for utterance-initial stops

Predictors Estimatesstd. Error t p
(Intercept) 2.54 0.17 1454 <0.001
vowel ¢ 029  0.20 149  0.137
rate_c 0.51 0.12 4,05 <0.001
place _c 0.71 0.21 3.35 0.001
voicing_c¢ -0.83 0.19 -4.31 <0.001
sex_c -0.21 0.32 -0.66  0.507

Table C-48. LMM results for burst duration in utterance-initial stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vlFA—vd FA <0.001

Table C-49. Pairwise comparison output for burst duration in utterance-initial stops based on
voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA—vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-VvdFAA <0.001
vd Nr B —vd NrV <0.001 VIFAV-vdFAYV <0.001

vd Nr A—vd NrV <0.001

viFAB-vdFAA 0.001

viFAB-vdFAV <0.001

viFAA-VvdFAYV <0.001
Table C-50. Pairwise comparison output for burst duration in utterance-initial stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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16. Burst duration for utterance-medial stops (trochaic)

Predictors Estimates std. Errort p
(Intercept) 2.43 0.13 18.61 <0.001
vowel_L ¢ 0.09 0.15 0.60 0.548
rate_c 0.46 0.12 3.96 <0.001
place _c 0.69 0.21 3.36 0.001
voicing_¢  -1.03 0.15 -7.00 <0.001
sex_c -0.31 0.23 -1.34 0.181

Table C-51. LMM results for burst duration in utterance-medial stops (trochaic) as a function
of voicing, place (bilabial, alveolar, velar), rate (hormal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—-vd FA <0.001 vIFA-vd FA <0.001

Table C-52. Pairwise comparison output for burst duration in utterance-medial stops
(trochaic) based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A —vINrVv <0.001 VINrA—vdNrA <0.001
VIFAA-VIFAYV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-VvdFAV <0.001

viFAA-vdFAV <0.001
Table C-53. Pairwise comparison output for burst duration in utterance-mediall stops
(trochaic) based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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17. Burst duration for utterance-medial stops (iambic)

Predictors Estimates std. Error t p
(Intercept) 2.63 0.18 14.49 <0.001
vowel_c -0.25 0.25 -0.99 0.320
rate_c 0.44 0.12 3.72 <0.001
place_c 0.92 0.32 293 0.003
voicing_ ¢ -1.22 0.25 -4.81 <0.001
sex_c -0.16 0.30 -0.53 0.597

Table C-54. LMM results for burst duration in utterance-medial stops (iambic) as a function
of voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vlFA—vd FA <0.001

Table C-55. Pairwise comparison output for burst duration in utterance-medial stops (iambic)
based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA—vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-VvdFAA <0.001
vd Nr B —vd NrV <0.001 VIFAV-vdFAYV <0.001

vd Nr A—vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001
Table C-56. Pairwise comparison output for burst duration in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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18. Burst duration for utterance-final stops

Predictors  Estimates std. Error  t p
(Intercept) 3.74 0.21 18.03 <0.001
vowel_c 0.01 0.20 0.07 0.947
rate_c -0.45 0.18 -2.54 0.011
place _c 0.65 0.20 3.18 0.001
voicing_ ¢ -1.23 0.17 -7.05 <0.001
sex_c 0.04 0.39 0.10 0.918

Table C-57. LMM results for burst duration in utterance-final stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vlFA—vd FA <0.001

Table C-58. Pairwise comparison output for burst duration in utterance-final stops based on
voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A —vINrVv <0.001 VINrA—vdNrA <0.001
VIFAA-VIFAYV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A 0.0018 VIFAA-VvdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd NrV 0.005

viFAB-vdFAA <0.001

viFAB-VvdFAV <0.001

viFAA-vdFAV <0.001
Table C-59. Pairwise comparison output for burst duration in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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19. Following vowel duration for utterance-initial stops (FVD)

Predictors  Estimates std. Errort p
(Intercept)  119.45 4.30 27.76 <0.001

vowel_c 4.62 8.45 0.55 0.584
rate_c -35.89 2.92 -12.31 <0.001
place _c 0.26 9.08 0.03 0.977
voicing_c 6.63 6.66 1.00 0.319
sex_c 11.14 5.01 2.22 0.026

Table C-60. LMM results for FVD in utterance-initial stops as a function of voicing, place
(bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender (male/female).

Rate Voicing

Pair p-value Pair p-value
vINr—vlFA  <0.001 vINr—-vd Nr  <0.001
vd Nr—-vd FA  <0.001 vlFA-vd FA <0.001

Table C-61. Pairwise comparison output for FVD in utterance-initial stops based on voicing
and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrVv 0.451 VINrA—-vdNrA <0.001
VIFAA-VIFAYV 0.385 VINrV-vdNrv <0.001
vd Nr B —vd Nr A <0.001 VIFAA-vdFA A <0.001
vd Nr B —vd NrV <0.001 VIFAV-VvdFAV <0.001

vd Nr A —vd Nr V 0.714

viFAB-vdFA A <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV 0.687
Table C-62. Pairwise comparison output for FVD in utterance-initial stops based on voicing,
rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.4. Boxplots of FVD for Voiceless and Voiced utterance-initial stops grouped by

voicing, speech rate and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 123 18.1 135 19.5 91.7 19.9 104 21.3
male 141 25.3 150 25.1 99.1 23.1 108 23

Table C.63. Mean and standard deviation of FVD for Voiceless and Voiced utterance-initial
stops grouped by voicing, speech rate and gender.

Rate Voicing

Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd NrF—-vd Nr M <0.001 VIFAF-VvdFAF <0.001
viFAF-vdFAM <0.001 VIFAM-vdFAM <0.001

Table C-64. Pairwise comparison output for FVD in utterance-initial stops based on voicing,

rate, and gender.
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20. Following vowel duration for utterance-medial stops (iambic)

Predictors Estimates std. Errort p
(Intercept) 106.91 5.54 19.29 <0.001

rate_c -32.16 2.23 -14.44 <0.001
place ¢ 12.25 8.05 1.52 0.128
voicing_c¢ 1157 6.21 1.86 0.063
sex_c 7.09 4.75 1.49 0.136
vowel_c -25.33 1215 -2.08 0.037

Table C-65. LMM results for FVD in utterance-medial stops (iambic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vlFA—vd FA <0.001

Table C-66. Pairwise comparison output for FVD in utterance-medial stops (iambic) based
on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrVv 0.032 VINrA—-vdNrA <0.001
VIFAA-VIFAV 0.047 VINrV-vdNrv <0.001
vd Nr B —vd Nr A <0.001 VIFAA-vdFA A <0.001
vd Nr B —vd NrV <0.001 VIFAV-VvdFAV <0.001

vd Nr A —vd Nr V 0.07

viFAB-vdFA A <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV 0.061
Table C-67. Pairwise comparison output for FVD in utterance-medial stops (iambic) based
on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.5. Boxplots of FVD for Voiceless Voiced utterance-medial stops (lambic) grouped
by voicing, speech rate, and vowel type.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
lizl 119 19.3 121 21 87.3 14.6 88.5 17.4
la:/ 118 18.5 130 17.5 86.1 13.4 97.4 12.9
lu:/ 102 19.2 110 16.2 70.1 13.3 77.4 11

Table C.68. Mean and standard deviation of FVD for Voiceless and Voiced utterance-medial
stops (Iambic) grouped by voicing, speech rate, and vowel type.

Rate \oicing

Pair p-value Pair p-value
VI Nri: —vl Nra: 0.623 VI Nri:-vd Nri: 0.266
VI Nri: — vl Nr u: <0.001 vl Nr a: - vd Nr a: <0.001
vl Nra: — vl Nr u: <0.001 vINru:-vd Nru: <0.001
vd Nri: —vd Nr a: <0.001 VIFAI:-vdFAI: 0.464
vd Nri: —vd Nr u: <0.001 vIFAa:-vdFAa: <0.001
vd Nr a: —vd Nr u: <0.001 vl FAu:-vd FAu: <0.001

VIFAIi:—VvIFA a: 0.509

vIFAI:—VIFA u: <0.001

vIFA a:—VvIFA u: <0.001

vd FAi:—vdFAa: <0.001

vd FAi:—vd FAu: <0.001

vd FAa:—vdFAu: <0.001
Table C-69. Pairwise comparison output for FVD in utterance-medial stops (iambic) based
on voicing, rate, and vowel type.

271



21. Preceding vowel duration for utterance-medial stops (trochaic)

Predictors  Estimates std. Errort p
(Intercept)  116.92 953  12.27 <0.001
rate_c -26.22 1.98 -13.23 <0.001
place _c -6.57 1411  -0.47 0.641
voicing_c 12.87 11.04 1.17 0.244
sex_c 7.49 4.78 1.57 0.117
vowel_c -68.79 21.88 -3.14 0.002

Table C-70. LMM results for PVD in utterance-medial stops (trochaic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr—vdNr  0.45
vd Nr—vd FA  <0.001 vVIFA-vdFA 0.17

Table C-71. Pairwise comparison output for PVD in utterance-medial stops (trochaic) based
on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—vlINrV 0.002 VINFA—-vdNrA 0.503
VIFAA-VIFAV <0.001 VINrV-vdNrV 0.0002
vd Nr B —vd Nr A 0.906 VIFAA-vdFAA 0.563
vd Nr B —vd Nr V <0.001 VIFAV-VvdFAV <0.001

vd Nr A —vd Nr V <0.001

viFAB-vdFAA 0.735

viFAB-vdFAYV <0.001

viFAA-vdFAV <0.001
Table C-72. Pairwise comparison output for PVD in utterance-medial stops (trochaic) based
on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.6. Boxplots of PVD for Voiceless and Voiced utterance-medial stops (Trochaic)
grouped by voicing, speech rate and vowel type.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
lizl 101 14.8 101 21.2 74.5 14 73.6 21.1
la:/ 119 16.1 124 15 92.9 13.3 97.3 12.1
fu:/ 120 15.8 115 13.4 95.4 11.4 89.7 10.5

Table C.73. Mean and standard deviation of PVD for Voiceless and Voiced utterance-medial
stops (Trochaic) grouped by voicing, speech rate and vowel type.

Rate \oicing

Pair p-value Pair p-value
VI Nri: —vl Nra: <0.001 VI Nri:-vd Nri: 0.781
VI Nri: — vl Nr u: <0.001 vl Nr a: - vd Nr a: 0.0003
vl Nr a: — vl Nr u: 0.775 VINru:-vdNru: 0.029
vd Nri: —vd Nr a: <0.001 vIFAI:-vdFAI: 0557
vd Nri: —vd Nr u: <0.001 vIFAa:-vdFAa: 0.0016
vd Nr a: —vd Nr u: <0.001 vIFAu:-vd FAu: 0.0033

VIFAI:—VvIFAa: <0.001

vIFAI:—VIFA u: <0.001

vIFA a:—VvIFA u: 0.193

vd FAi:—vdFAa: <0.001

vd FAi:—vd FAu: <0.001

vd FAa:—vdFAu: <0.001
Table C-74. Pairwise comparison output for PVD in utterance-medial stops (trochaic) based
on voicing, rate, and vowel type.
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22. Preceding vowel duration for utterance-final stops

Predictors  Estimates std. Errort p
(Intercept)  138.47 5.72 24.19 <0.001

vowel_c 2.28 6.28 0.36 0.716
rate_c -26.55 3.69 -7.20 <0.001
place ¢ 4.21 6.61 0.64 0.524
voicing_c 3.46 5.15 0.67 0.501
sex_c -10.78 10.15  -1.06 0.288

Table C-75. LMM results for PVD in utterance-final stops as a function of voicing, place
(bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/0:/u:), and gender (male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr—vdNr  0.94
vd Nr—vd FA <0.001 vIFA—vdFA 0.88

Table C-76. Pairwise comparison output for PVD in utterance-final stops based on voicing
and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—vlNrVv 0.68 VINrA—vdNrA 0.70
VIFAA-VIFAV 0.75 VINrV—-vdNrv 047
vd Nr B —vd Nr A 0.9 VIFAA-VvdFAA 0.75
vd Nr B —vd NrV 0.49 VIFAV-vdFAV 0.75

vd Nr A—vd NrV 0.49

viFAB-vdFAA 0.87

viFAB-vdFAV 0.60

viFAA-vdFAV 0.75
Table C-77. Pairwise output for PVD in utterance-final stops based on voicing, rate, place of
articulation (B: bilabial/A: alveolar/V: velar).
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23. Burst intensity for utterance-initial stops

Predictors  Estimates std. ErrorStatistic  p

(Intercept)  52.04 068  76.95 <0.001
vowel_c 1.05 1.16 0.90 0.369
rate_c 1.32 0.36 3.70 <0.001
place _c -4.17 1.22 -3.41 0.001
voicing_c 7.37 1.01 7.27 <0.001
sex_c 3.58 1.03 3.46 0.001

Table C-78. LMM results for burst intensity in utterance-initial stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA <0.001 vIFA-vd FA <0.001

Table C-79. Pairwise comparison output for burst intensity in utterance-initial stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vIFAA-VvdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-vdFAYV <0.001

viFAA-vdFAV <0.001
Table C-80. Pairwise comparison output for burst intensity in utterance-initial stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.7. Boxplots of the burst intensity for utterance-initial stops classified by voicing (vl
= Voiceless, vd = Voiced), speech rate, and gender. The dashed line represents the mean.
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Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Female 45.8 3.07 52.7 4.19 46.8 3.37 53.8 3.67
male 47.5 3.78 57.5 4.62 49.1 3.66 59.2 4.42
Table C.81. Mean and standard deviation of burst intensity for Voiceless and Voiced

utterance-initial stops grouped by voicing, speech rate and gender.

Rate Voicing
Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd NrF—-vd Nr M <0.001 VIFAF-VdFAF <0.001
viFAF-vdFAM <0.001 VIFAM-vdFAM <0.001
Table C-82. Pairwise comparison output for burst intensity in utterance-initial stops based on
voicing, rate, and gender.
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24. Burst intensity for utterance-medial stops (trochaic)

Predictors  Estimates std. Error t p
(Intercept)  52.46 0.67 78.80 <0.001
vowel_c 1.08 0.77 141 0.159
rate_c 1.28 0.32 3.97 <0.001
place _c -3.30 1.11 -2.98 0.003
voicing_c 8.32 0.91 9.19 <0.001
sex_c 4.70 1.08 4.33 <0.001

Table C-83. LMM results for burst intensity in utterance-medial stops (trochaic) as a function
of voicing, place (bilabial, alveolar, velar), rate (hormal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—-vd FA <0.001 vIFA-vd FA <0.001

Table C-84. Pairwise comparison output for burst intensity in utterance-medial stops
(trochaic) based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vVIFAA-VvdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd Nr V <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001
Table C-85. Pairwise comparison output for burst intensity in utterance-medial stops
(trochaic) based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.8. Boxplots of the burst intensity for utterance-medial stops (Trochaic) classified by
voicing (vl = Voiceless, vd = Voiced), speech rate, and gender. The dashed line represents the
mean.
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Voiceless normal Voiced normal Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Female 45.7 0.826 52.7 0.659 46.7 1.16 53.5 0.949
male 48.4 0.755 58.8 0.522 50.2 0.875 60.2 0.617
Table C.86. Mean and standard deviation of burst intensity for Voiceless and Voiced

utterance-medial stops (Trochaic) grouped by voicing, speech rate and gender.

Rate \oicing

Pair p-value Pair p-value

VINrF—vINrM <0.001 VINrF—vdNrF <0.001

VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001

vd NrF—-vd NrM <0.001 VIFAF-VvdFAF <0.001

viFAF-vdiFAM <0.001 vVIFAM-vdFAM <0.001
Table C-87. Pairwise comparison output for burst intensity in utterance-medial stops
(trochaic) based on voicing, rate, and gender.
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25. Burst intensity for utterance-medial stops (iambic)

Predictors Estimates std. Errort p
(Intercept) 51.29 0.86 59.36 <0.001

vowel_c 1.07 1.24 0.86 0.390
rate_c 1.15 0.40 2.89 0.004
place_c -3.24 1.59 -2.04 0.042
voicing_c  9.87 1.28 7.72 <0.001
sex_c 4.30 1.15 3.73 <0.001

Table C-88. LMM results for burst intensity in utterance-medial stops (iambic) as a function
of voicing, place (bilabial, alveolar, velar), rate (hormal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA 0.013 vIFA-vd FA <0.001

Table C-89. Pairwise comparison output for burst intensity in utterance-medial stops (iambic)
based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vIFAA-VvdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-vdFAYV <0.001

viFAA-vdFAV <0.001
Table C-90. Pairwise comparison output for burst intensity in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.9. Boxplots of the burst intensity for utterance-medial stops (lambic) classified by

voicing (vl = Voiceless, vd = Voiced), speech rate, and gender. The dashed line represents the
mean.

vl vd
voicing

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Female 45.3 3.48 51.9 4.36 46.2 3.43 52.6 3.66
male 47.5 4.44 57.6 4.55 49.1 4.26 58.9 4.15
Table C.91. Mean and standard deviation of burst intensity for Voiceless and Voiced

utterance-medial stops (Iambic) grouped by voicing, speech rate, and gender.

Rate \oicing
Pair p-value Pair p-value
VINrF—vINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd NrF—-vd NrM <0.001 VIFAF-vdFAF <0.001
viFAF-vdiFAM <0.001 vVIFAM-vdFAM <0.001
Table C-92. Pairwise comparison output for burst intensity in utterance-medial stops (iambic)
based on voicing, rate, and gender.
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26. Burst intensity for utterance-final stops

Predictors  Estimates std. Error  t p
(Intercept) 43.14 0.66 65.75  <0.001
vowel_c 1.23 0.37 3.35 0.001
rate_c 1.03 0.35 2.92 0.003
place_c 5.15 0.63 8.18 <0.001
voicing_c  2.26 0.38 5.99 <0.001
sex_c 1.23 1.30 0.94 0.347

Table C-93. LMM results for burst intensity in utterance-final stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA <0.001 vIFA-vd FA <0.001

Table C-94. Pairwise comparison output for burst intensity in utterance-final stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vVIFAA-VvdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vdFAV <0.001

vd Nr A —vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001
Table C-95. Pairwise comparison output for burst intensity in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).

281



Burst intensity dB

S

11

-
L

=
=]l

|

o

1

-

T

- | -

1

¥4

=

T
vl

T
vd

T T
vl vd

v vd
voicing

wd

vl

T
vd

Figure C.10. Boxplots of the burst intensity for Voiced utterance-final stops classified by
voicing (vl = Voiceless, vd = Voiced), speech rate, and vowel type. The dashed line

represents the mean.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
fi:/ 42.1 3.89 43.4 4.76 43.4 3.76 45 4.62
le:/ 42.6 4.05 43.7 4.84 44 3.88 45.2 45
la:/ 42.8 4.08 44.4 4.72 44 3.9 45.9 4.38
lo:/ 42.7 4,28 44.3 491 44.1 4.08 457 4.65
lu:/ 43.8 4.19 44,5 4.64 45 4.01 455 4.62

Table C.96. Mean and standard deviation of burst intensity for VVoiceless and Voiced
utterance-final stops grouped by voicing, speech rate, and vowel type.

Rate Voicing

Pair p-value Pair p-value
VI Nri: —vl Nre: 0.419 VI Nri:-vdNri: 0.005
VI Nri: — vl Nr a: 0.181 vl Nre: -vd Nre: 0.016
VI Nri: —vI Nro: 0.270 vl Nra: - vd Nr a: 0.0011
VI Nri: — vl Nr u: <0.001 VINro:-vdNro: <0.001
vl Nre: — vl Nr a: 0.606 VINru:-vdNru: 0.187
vl Nr e: — vl Nr o: 0.787 vIFAi:-vd FAi: 0.0015
vl Nre: — vl Nr u: 0.012 VIFAe:-vdFAe: 0.024
vl Nr a: — vl Nr o: 0.806 vIFAa:-vd FAa: <0.001
vl Nr a: — vl Nr u: 0.064 vlIFAo0:-vd FAo: <0.001
vlI Nr o: — vl Nr u: 0.028 vVIFAu:-vd FAu: 0.332
vd Nri: —vd Nre: 0.49

vd Nri: —vd Nr a: 0.017

vd Nr i: —vd Nr o: 0.036

vd Nri: —vd Nr u: 0.012

vd Nr e: —vd Nr a: 0.109

vd Nre: —vd Nr o: 0.187

vd Nr e: —vd Nr u: 0.087

vd Nr a: —vd Nr o: 0.805
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vd Nr a: — vd Nr u: 0.926
vd Nr o: —vd Nr u: 0.737
VIFAI:—VIFAe: 0.367
vIFAi: —VvIFAa: 0.344
vIFAi: — VI FA o: 0.233
vl FAi: —VvIFA u: 0.003
vIFAe:—-VIFAa: 0.981
vl FA e: — VI FA o: 0.817
vl FAe: - VI FA u: 0.075
vl FA a: — vl FA o: 0.827
vl FA a: - Vvl FA u: 0.0705
vl FA o: - vl FA u: 0.102
vd FAi: —vd FAe: 0.783
vdFAI:—-vdFAa: 0.079
vd FAi:—-vd FAo: 0.141
vdFAI:—-vdFAu: 0.375
vdFAe:—-vdFAa:. 0.156
vdFAe:—-vdFAo0: 0.256
vd FAe:-vd FAu: 0.561
vdFAa:.-vd FAo: 0.805
vdFAa:-vd FAu: 0454
vd FAo:—-vdFAu: 0.624
Table C-97. Pairwise comparison output for burst intensity in utterance-final stop based on
voicing, rate, vowel type

27. FO onset for utterance-initial stops

Predictors  Estimates std. Errort p
(Intercept)  198.72 3.47 57.21 <0.001

vowel ¢ 1.99 1.90 1.04  0.297
rate_c 4.96 1.30 3.82 <0.001
place c -1.35 2.14 -0.63  0.527

voicing_c -22.91 2.34 -9.80 <0.001

sex_c -75.57 6.77 -11.16 <0.001

Table C-98. LMM results for FO onset in utterance-initial stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vlIFA  0.0024 VINr—vd Nr  <0.001
vd Nr—vd FA  0.0041 vIFA-vd FA <0.001

Table C-99. Pairwise comparison output for FO onset in utterance-initial stops based on
voicing and rate.
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Rate Voicing

Pair p-value Pair p-value
VINr A—vINrV 0.303 VINrA—vdNrA <0.001
VIFAA-VIFAV 0.788 VINrV-vdNrVv <0.001
vd Nr B —vd Nr A 0.541 VIFAA-vdFAA <0.001
vd Nr B —vd NrV 0.23 VIFAV-vdFAYV <0.001

vd Nr A—vd NrV 0.543

viFAB-vdFAA 0455

viFAB-vdFAV 0.233

viFAA-vdFAV 0.654
Table C-100. Pairwise comparison output for FO onset in utterance-initial stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.11. Boxplots of FO onset for Voiceless and Voiced utterance-initial stops classified
by voicing (vl = Voiceless, vd = Voiced), speech rate, and gender. The dashed line represents
the mean.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 248 20.2 222 17.4 251 17.1 225 14.5
male 167 22.5 147 17.3 176 25.9 153 20.2

Table C.101. Mean and standard deviation of FO onset for Voiceless and Voiced utterance-
initial stops grouped by voicing, speech rate and gender.

Rate Voicing
Pair p-value Pair p-value
VINrF—vINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM—vd NrM <0.001
vd NrF—vd Nr M <0.001 VIFAF-VvdFAF <0.001
viFAF-vdFAM <0.001 vVIFAM-vdFAM <0.001
Table C-102. Pairwise comparison output for FO onset in utterance-initial stops based on
voicing, rate, and gender.
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28. FO onset for utterance-medial stops (trochaic)

Predictors Estimatesstd. ErrorStatistic p
(Intercept) 196.11 3.91 50.21 <0.001

rate_c 2.68 1.19 226  0.024
Jplace ¢ -2.48 290 -0.86  0.392
voicing_ ¢ -13.39 2.64 -5.07 <0.001

sex_c -13.73 7.30 -10.10 <0.001

Table C-103. LMM results for FO onset in utterance-medial stops (trochaic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), and gender (male/female).

Rate \oicing

Pair p-value Pair p-value
vINr—-vIFA  0.0013 VINr—vd Nr  <0.001
vd Nr—vd FA 0.009 vIFA-vdFA <0.001

Table C-104. Pairwise comparison output for FO onset in utterance-medial stops (trochaic)
based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrVv 0.95 VINrA-vdNrA <0.001
VIFAA-VIFAYV 0.613 VINrV-vdNrv <0.001
vd Nr B —vd Nr A 0.406 VIFAA-vdFAA <0.001
vd Nr B —vd Nr VvV 0.781 VIFAV-vdFAYV <0.001

vd Nr A —vd NrV 0.613

viFAB-vdFAA 071

viFAB-vdFAV 0912

viFAA-vdFAV 0.796
Table C-105. Pairwise comparison output for FO onset in utterance-medial stops (trochaic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.12. Boxplots of FO onset for Voiceless and Voiced utterance-medial stops
(Trochaic) grouped by voicing speech rate, and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Female 241 20.2 225 17.5 243 19.3 226 17.5
male 164 23.3 151 22.8 169 26.2 156 24.3
Table C.106. Mean and standard deviation of FO onset for Voiceless and Voiced utterance-

medial stops (Trochaic) grouped by voicing, speech rate and gender.

Rate Voicing
Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd NrF—-vd Nr M <0.001 VIFAF-VvdFAF <0.001
vi FAF-vdFAM <0.001 VIFAM-vdFAM <0.001
Table C-107. Pairwise comparison output for FO onset in utterance- medial stops (trochaic)
based on voicing, rate, and gender.
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29. FO onset for utterance-medial stops (iambic)

Predictors  Estimates std. Errort p
(Intercept)  199.41 4.14 48.22 <0.001
rate_c 2.57 1.47 1.75 0.081
place _c -3.44 2.26 -1.53 0.127

voicing_c -23.95 2.21 -10.82 <0.001
sex_c -72.12 7.80 -9.24 <0.001
vowel L ¢ 220 3.23 0.68 0.496

Table C-108. LMM results for FO onset in utterance-medial stops (iambic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr-vIFA  0.37 VINr—vd Nr  <0.001
vdNr—vd FA 0.22 vIFA-vd FA <0.001

Table C-109. Pairwise comparison output for FO onset in utterance-medial stops (iambic)
based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—vINrv 0.67 VINrA—vdNrA <0.001
VIFAA-VIFAV 0.85 VINrV-vdNrV <0.001
vd Nr B —vd Nr A 0.81 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V 0.62 VIFAV-vdFAV <0.001

vd Nr A —vd NrV 0.78

viFAB-vdFAA 0.67

viFAB-vdFAV 047

viFAA-vdFAV 0.78
Table C-110. Pairwise comparison output for FO onset in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.13. Boxplots of FO onset for Voiceless and utterance-medial stops (lambic) grouped
by voicing speech rate, and gender.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 251 18.8 222 18.8 250 16.4 221 17.2
male 172 24 149 21.3 180 28.4 154 24.9

Table C.111. Mean and standard deviation of FO onset for Voiceless and Voiced utterance-
medial stops (Iambic) grouped by voicing, speech rate, and gender.

Rate Voicing
Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd NrF—-vd Nr M <0.001 VIFAF-VdFAF <0.001
vi FAF-vdFAM <0.001 VIFAM-vdFAM <0.001
Table C-112. Pairwise comparison output for FO onset in utterance- medial stops (iambic)
based on voicing, rate, and gender.
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30. FO offset for utterance-medial stops (trochaic)

Predictors  Estimates std. Error t p
(Intercept)  181.34 3.99 45.39 <0.001
rate_c 2.84 1.72 1.65 0.099
place_c -6.63 2.33 -2.85 0.004
voicing_c -5.37 2.41 -2.23 0.026
sex_C -71.11 7.51 -9.47 <0.001
vowel_c 16.30 3.92 4,15 <0.001

Table C-113. LMM results for FO offset in utterance-medial stops (trochaic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a/u:), and gender
(male/female).

Rate Voicing
Pair p-value Pair p-value
VINr-vIFA  0.59 VINr—vdNr  0.42

vdNr—-vd FA 0.41 vIFA-vdFA 0.59
Table C-114. Pairwise comparison output for FO offset in utterance-medial stops (trochaic)
based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—vlINrV 0.168 VINFA-vdNrA 0.374
VIFAA-VIFAYV 0.374 VINrV-vdNrV 0.645
vd Nr B —vd Nr A 0.675 VIFAA-vdFAA 0578
vd Nr B —vd Nr VvV 0.168 VIFAV-vdFAV 0.656
vd Nr A —vd NrV 0.421

viFAB-VvdFAA 0.645

viFAB-vdFAV 0.168

viFAA-vdFAV 0421
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Table C-115. Pairwise comparison output for FO offset in utterance-medial stops (trochaic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.14. Boxplots of FO offset for Voiceless and Voiced utterance-medial stops
(Trochaic) grouped by voicing, speech rate and vowel type.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
lizl 185 46.9 186 42.4 188 43.8 189 40.1
la:/ 184 44.5 177 40.9 185 41.6 180 38.7
fu:/ 198 45.4 188 42.9 200 43.8 191 40.8

Table C.116. Mean and standard deviation of FO offset for VVoiceless and VVoiced utterance-
medial stops (Trochaic) grouped by voicing, speech rate and vowel type.

Rate Voicing

Pair p-value Pair p-value
VI Nri: —vI Nr a: 0.772 VI Nri:-vd Nri: 0.93

vI Nri: — vl Nru: 0.063 vl Nr a: - vd Nr a: 0.156
vl Nr a: — vl Nr u: 0.026 VINru:-vdNru: 0.135
vd Nri: —vd Nr a: 0.051 vIFAi:-vdFAi: 0.784
vd Nri: —vd Nr u: 0.616 vIFAa:-vd FAa: 0.265
vd Nr a: —vd Nr u: 0.016 vIFAu:-vd FAu: 0.156

vIFAI.-VIFAa: 0.618

vIFAI:—-VIFA u: 0.063

vl FAa: - VvIFA u: 0.016

vd FAi.—vdFAa: 0.026

vdFAi:—vdFAu: 0.647

vd FAa:—-vdFAu: 0.01
Table C-117. Pairwise comparison output for FO offset in utterance-medial stops (trochaic)
based on voicing, rate, vowel type.

290



@
@

FO offset Hz
-

100

=1
=1
L

-

voicing
Figure C.15. Boxplots of FO offset for Voiceless and Voiced utterance-medial stops
(Trochaic) grouped by voicing, speech rate and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 224 21.8 218 17.1 223 19.7 218 16
male 144 22.2 145 24.7 150 254 151 27.6

Table C.118. Mean and standard deviation of FO offset for VVoiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing, speech rate and gender.

Rate Voicing

Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF 0.0004
VIFAF-VIFAM <0.001 VINFM-vdNrM  0.693
vd NrF—-vd Nr M <0.001 VIFAF-VvdFAF 0.0048
viFAF-vdFAM <0.001 VIFAM-vdFAM 0.426

Table C-119. Pairwise comparison output for FO offset in utterance-medial stops (trochaic)
based on voicing, rate, and gender.
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31. FO offset for utterance-medial stops (iambic)

Predictors Estimates  std. ErrorStatistic p

(Intercept) 170.18 333 5111 <0.001
rate_c 3.53 0.97 3.63 <0.001
place_c -3.78 1.72 -2.19 0.028
voicing_c 1.34 1.53 0.87 0.382
sex_c -68.85 6.57 -10.48 <0.001

Table C-120. LMM results for FO offset in utterance-medial stops (iambic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), and gender (male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-viIFA  0.433 VINr—vd Nr  0.59
vd Nr—vd FA 0.067 vIFA—vd FA 0.373

Table C-121. Pairwise comparison output for FO offset in utterance-medial stops (iambic)
based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—vINrV 0.88 VINFA—-vdNrA 0.88
VIFAA-VIFAV 0.75 VINrV-vdNrVvV 0.98
vd Nr B —vd Nr A 0.75 VIFAA-vdFAA 0.75
vd Nr B —vd NrV 0.59 VIFAV-VvdFAV 084

vd Nr A —vd Nr V 0.75

viFAB-vdFAA 0.88

viFAB-vdFAV 059

viFAA-vdFAV 0.61
Table C-122. Pairwise comparison output for FO offset in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.16. Boxplots of FO offset for Voiceless and VVoiced utterance-medial stops (lambic)
grouped by voicing speech rate, and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 203 16.1 203 14.5 206 14.2 206 12.8
male 131 20.7 135 21.2 136 22.2 139 22.9

Table C.123. Mean and standard deviation of FO offset for Voiceless and Voiced utterance-

medial stops (Iambic) grouped by voicing, speech rate, and gender.

Rate Voicing

Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF 0.921
VIFAF-VIFAM <0.001 VINFM—-vdNrM  0.044
vd Nr F—-vd Nr M <0.001 VIFAF-VvdFAF 0.889
viFAF-vdFAM <0.001 VIFAM-vdFAM 0.149

Table C-124. Pairwise comparison output for FO offset in utterance-medial stops (iambic)

based on voicing, rate, and gender.
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32. FO offset for utterance-final stops

Predictors  Estimates  std. Errort p
(Intercept)  175.77 483  36.39 <0.001
vowel_c 5.28 3.61 1.46 0.144
rate_c -3.73 2.65 -1.41 0.160
place _c 3.48 3.71 0.94 0.349
voicing_ ¢ -3.01 3.33 -0.90 0.367
sex_c -91.89 9.30 -9.88 <0.001

Table C-125. LMM results for FO offset in utterance-final stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a/o:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr—vIFA  0.0742 VINr—vdNr  0.618
vd Nr—-vd FA 0.0014 vIFA-vdFA 0.177

Table C-126. Pairwise comparison output for FO offset in utterance-final stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—vlINrV 0.23 VINFA—-vdNrA 0452
VIFAA-VIFAV 0.053 VINrV-vdNrV 0.226
vd Nr B —vd Nr A 0.33 VIFAA-vdFAA 0.049
vd Nr B —vd Nr V 0.053 VIFAV-VvdFAV 04

vd Nr A —vd Nr V 0.43

viFAB-vdFAA 0971

viFAB-vdFAV 0.331

viFAA-vdFAV 0.3314
Table C-127. Pairwise comparison output for FO offset in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.17. Boxplots of FO offset for VVoiceless and Voiced utterance-final stops grouped by
voicing, speech rate, and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Female 234 36.9 229 29.5 224 28.2 218 23
male 132 25.2 132 22.9 130 24.1 128 21.8
Table C.128. Mean and standard deviation of FO offset for Voiceless and Voiced utterance-

final stops grouped by voicing, speech rate, and gender.

Rate Voicing
Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF 0.0036
VIFAF-VIFAM <0.001 VINFM—-vdNrM  0.865
vd Nr F—-vd Nr M <0.001 VIFAF-VvdFAF 0.0005
viFAF-vdFAM <0.001 VIFAM-vdFAM 0.143
Table C-129. Pairwise comparison output for FO offset in utterance-final stops based on
voicing, rate, and gender.
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33. F1 onset for utterance-initial stops

Predictors Estimates std. Errort p
(Intercept) 418.79 1521  27.53 <0.001

vowel L ¢ 62.73 3730  1.68 0.093
rate_c 11.57 1.75 6.60 <0.001
place_c -29.76 3748  -0.79 0.427
voicing_c  -38.69 28.98  -1.33 0.182
sex_c -44.27 9.60 -4.61 <0.001

Table C-130. LMM results for F1 onset in utterance-initial stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a/o:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA <0.001 vIFA-vd FA <0.001

Table C-131. Pairwise comparison output for F1 onset in utterance-initial stops based on
voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A—vlNrVv 0.273 VINrA—vdNrA <0.001
VIFAA-VIFAV 0.29 VINrV-vdNrVvV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-VvdFAA <0.001
vd Nr B —vd NrV <0.001 VIFAV-vdFAYV <0.001

vd Nr A —vd Nr V 0.066

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-VvdFAV 0.144
Table C-132. Pairwise comparison output for F1 onset in utterance-initial stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.18. Boxplots of F1 onset for Voiceless and Voiced utterance-initial stops grouped

voicing, speech rate and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 433 84.5 425 63.5 446 84.4 437 62.2
male 403 83.2 371 57.6 414 82.8 383 59

Table C.133. Mean and standard deviation of F1 onset for VVoiceless and VVoiced utterance-
initial stops grouped by voicing, speech rate and gender.

Rate Voicing

Pair p-value Pair p-value
VINrF—vINrM <0.001 VINrF—vdNrF 0.053
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd Nr F—vd NrM <0.001 VIFAF-VvdFAF 0.042
viFAF-vdFAM <0.001 VIFAM-vdFAM <0.001

Table C-134. Pairwise comparison output for F1 onset in utterance-initial stops based on

voicing, rate, and gender.
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34. F1 onset for utterance-medial stops (iambic)

Predictors Estimatesstd. Error  t p
(Intercept) 485.56 16.37 29.67 <0.001
rate_c 9.41 2.26 4,17 <0.001
place _c -41.36 24.01 -1.72  0.085
voicing_c -26.11  18.39 -1.42  0.156
sex_c -34.79  13.49 -2.58 0.010
vowel_c  -263.96 36.64 -7.20 <0.001

Table C-135. LMM results for F1 onset in utterance-medial stops (iambic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and gender

(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr—viFA  0.066 VINr—vd Nr  <0.001
vd Nr—vd FA  0.055 vlFA-vdFA <0.001

Table C-136. Pairwise comparison output for F1 onset in utterance-medial stops (iambic)

based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
vI Nr A —vI NrV 0.638 VINrA—vdNrA <0.001
VIFAA-VIFAV 0.841 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vdFAV <0.001
vd Nr A —vd NrV 0.904

viFAB-VvdFA A <0.001

viFAB-VvdFAV <0.001

viFAA-vdFAYV 0.982

Table C-137. Pairwise comparison output for F1 onset in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).

298



F1 onset Hz

AE]

voicing ’
Figure C.19. Boxplots of F1 onset for Voiceless Voiced utterance-medial stops (lambic)
grouped by voicing, speech rate, and vowel type.

Voiceless normal Voiced normal Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
lizl 319 32.6 323 33.5 326 30.7 332 33.6
la:/ 509 45.2 452 52.7 517 44.3 460 52.7
lu:/ 372 314 366 33.6 381 30.3 375 33.3

Table C.138. Mean and standard deviation of F1 onset for VVoiceless and VVoiced utterance-
medial stops (lambic) grouped by voicing, speech rate, and vowel type.

Rate \oicing

Pair p-value Pair p-value
VI Nri: —vl Nra: <0.001 VI Nri:-vd Nri: 0.276
VI Nri: — vl Nr u: <0.001 vl Nr a: - vd Nr a: <0.001
vl Nra: — vl Nr u: <0.001 VINru:-vd Nru: 0.153
vd Nri: —vd Nr a: <0.001 vIFAI:-vdFAI: 0.133
vd Nri: —vd Nr u: <0.001 vIFAa:-vdFAa: <0.001
vd Nr a: —vd Nr u: <0.001 vIFAu:-vd FAu: 0.122

VIFAI:—VvIFAa: <0.001

vIFAI:—VIFA u: <0.001

vIFA a:—VvIFA u: <0.001

vd FAi:—vdFAa: <0.001

vd FAi:—vd FAu: <0.001

vd FAa:—vdFAu: <0.001
Table C-139. Pairwise comparison output for F1 onset in utterance-medial stops (iambic)
based on voicing, rate, vowel type.
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Figure C.20. Boxplots of F1 onset for VVoiceless Voiced utterance-medial stops (lambic)
grouped by voicing, speech rate, and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 415 88.6 396 65.4 422 86.9 404 64.2
male 384 84.7 361 64.3 394 85.3 367 63.1

Table C.140. Means and standard deviations of F1 onset for VVoiceless and Voiced utterance-
medial stops (lambic) grouped by voicing, speech rate, and gender.

Rate Voicing

Pair p-value Pair p-value
VINrF—-vINrM <0.001 VINrF—vd NrF 0.0017
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd NrF—-vd Nr M <0.001 VIFAF-VdFAF 0.0034
viFAF-vdFAM <0.001 VIFAM-vdFAM <0.001

Table C-141. Pairwise comparison output for F1 onset in utterance-medial stops (iambic)
based on voicing, rate, and gender.
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35. F1 offset for utterance-medial stops (trochaic)

Predictors Estimatesstd. Error t p
(Intercept) 508.58 13.25 38.39 <0.001
rate_c 14.59 3.12 468 <0.001
place ¢ -64.11  17.83 -3.60 <0.001
voicing_ ¢ -9.15 14.80 -0.62 0.536
sex_c -46.54  14.99 -3.11  0.002
vowel ¢ -260.18 28.88 -9.01 <0.001

Table C-142. LMM results for F1 offset in utterance-medial stops (trochaic) as a function of
voicing, place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
vINr—viFA  0.007 VINr—vd Nr  <0.001
vd Nr—vd FA 0.055 vlIFA-vdFA <0.001

Table C-143. Pairwise comparison output for F1 offset in utterance-medial stops (trochaic)
based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A —vINrVv <0.001 VINrA—-vdNrA 0.075
VIFAA-VIFAYV <0.001 VINrV-vdNrV <0.001
vd Nr B —vd Nr A <0.001 VIFAA-vdFAA 0334
vd Nr B —vd Nr V <0.001 VIFAV-vdFAV <0.001

vd Nr A —vd NrV <0.001

viFAB-vdFAA <0.001

viFAB-VvdFAV <0.001

viFAA-vdFAV <0.001
Table C-144. Pairwise comparison output for F1 offset in utterance-medial stops (trochaic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.21. Boxplots of F1 offset for VVoiceless and Voiced utterance-medial stops
(Trochaic) grouped by voicing, speech rate and vowel type.

Voiceless normal

Voiced normal  Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
lizl 344 39.7 348 51 358 38.5 363 49.3
la:/ 500 54.5 492 63.1 511 50.5 504 60.4
fu:/ 363 38.4 371 42.4 379 36.6 385 40

Table C.145. Mean and standard deviation of F1 offset for VVoiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing, speech rate and vowel type.

Rate Voicing

Pair p-value Pair p-value
VI Nri: —vI Nra: <0.001 VI Nri:-vd Nri: 0.363
vI Nri: — vl Nru: 0.002 vl Nr a: - vd Nr a: 0.055
vl Nr a: — vl Nr u: <0.001 vINru:-vdNru: 0.18
vd Nri: —vd Nr a: <0.001 VIFAi:-vdFAi: 0.344
vd Nri: —vd Nr u: <0.001 vIFAa:-vdFAa: 0.111
vd Nr a: —vd Nr u: <0.001 vIFAu:-vd FAu: 0.294
vIFAi: —VvIFA a: <0.001

vI FAI: — VI FA u: 0.0015

vl FA a: — vl FA u: <0.001

vd FAi: —vd FA a: <0.001

vd FAi:—-vd FAu: <0.001

vd FAa:-vd FAu: <0.001

Table C-146. Pairwise comparison output for F1 offset in utterance-medial stops (trochaic)
based on voicing, rate, and vowel type.
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Figure C.22. Boxplots of F1 offset for Voiceless and VVoiced utterance-medial stops
(Trochaic) grouped by voicing, speech rate and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 437 88.7 425 81.6 449 83 438 78.3
male 407 86.3 371 71.9 421 86.5 385 71.4

Table C.147. Mean and standard deviation of F1 offset for Voiceless and Voiced utterance-
medial stops (Trochaic) grouped by voicing, speech rate and gender.

Rate \oicing

Pair p-value Pair p-value
VINrF—vINrM <0.001 VINrF—vdNrF 0.056
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd Nr F—vd NrM <0.001 VIFAF-VvdFAF 0.056
viFAF-vdiFAM <0.001 vVIFAM-vdFAM <0.001

Table C-148. Pairwise comparison output for F1 offset in utterance-medial stops (trochaic)

based on voicing, rate, and gender.
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36. F1 offset for utterance-final stops

Predictors

Estimatesstd. Errort p

(Intercept)

424.49

vowel L ¢ 11.75

rate_c
place_c
voicing_c

Sex_C

2.36
-90.70
24.84

-35.40

16.92

3521 033 0.739

2.95 0.80 0.424

3448 -2.63 0.009

29.06 0.85 0.393

13.38  -2.65 0.008

25.09 <0.001

Table C-149. LMM results for F1 offset in utterance-final stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u), and gender

(male/female).

Rate

Voicing

Pair p-value
VINr—vliFA  0.742
vd Nr—-vd FA 0.333

Pair p-value
VINr-vdNr 0.124
vIFA-vdFA 0.044

Table C-150. Pairwise comparison output for F1 offset in utterance-final stops based on

voicing and rate.

Rate \oicing

Pair p-value Pair p-value
vI Nr A —vI NrV 0.008 VINFA-vdNrA 0.928
vVIFAA-VIFAV 0.023 VINrV-vdNrv 0.002
vd Nr B —vd Nr A <0.001 VIFAA-vdFAA 0419
vd Nr B —vd Nr V <0.001 vVIFAV -vdFAYV 0.002
vd Nr A —vd NrV <0.001

viFAB-VvdFA A <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001

Table C-151. Pairwise comparison output for F1 offset in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.23. Boxplots of F1 offset for VVoiceless and utterance-final stops grouped by

voicing, speech rate, and gender.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast

Mean SD Mean SD Mean SD Mean SD
Female 420 68.2 446 75.9 420 64.7 448 74.1
male 407 86.4 392 79.2 409 85.1 396 80

Table C.152. Mean and standard deviation of F1 offset for Voiceless and Voiced utterance-
final stops grouped by voicing, speech rate, and gender.

Rate \oicing

Pair p-value Pair p-value
VINrF—vINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd Nr F —vd Nr M <0.001 VIFAF-VvdFAF <0.001
viFAF-vdiFAM <0.001 vVIFAM-vdFAM <0.001

Table C-153. Pairwise comparison output for F1 offset in utterance-final stops based on

voicing, rate, and gender.
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37. H1-H2 onset for utterance-initial stops

Predictors  Estimates std. Error t p

(Intercept) 4.69 0.52 9.07 <0.001
rate_c -0.57 0.16 -3.50 <0.001
place ¢ 1.04 0.77 1.35 0.177
voicing ¢ -1.81 0.74 -2.44 0.015
sex_c -1.35 0.76 -1.79 0.074
vowel L ¢ 0.76 0.77 0.98 0.326

Table C-154. LMM results for H1-H2 onset in utterance-initial stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Rate \oicing

Pair p-value Pair p-value
VINr-vlFA  <0.001 VINr-vd Nr  <0.001
vd Nr—vd FA <0.001 vIFA—vd FA <0.001

Table C-155. Pairwise comparison output for H1-H2 onset in utterance-initial stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrVv 0.022 VINrA—-vdNrA <0.001
VIFAA-VIFAV 0.04 VINrV-vdNrv <0.001
vd Nr B —vd Nr A <0.001 VIFAA-vdFA A <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vd FAV 0.0045

vd Nr A —vd Nr V <0.001

viFAB-vdFAA <0.001

viFAB-vdFAV <0.001

viFAA-vdFAV <0.001
Table C-156. Pairwise comparison output for H1-H2 onset in utterance-initial stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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38. H1-H2 onset for utterance-medial stops (iambic)

Predictors  Estimates std. Error t p
(Intercept) 3.02 0.86 351 <0.001
rate_c -0.36 0.18 -2.06  0.040
place _c 1.34 0.86 1.55 0.121
voicing ¢ -0.91 0.91 -1.00 0.318
sex_c -1.28 0.98 -1.31  0.191
vowel L ¢ 3.78 1.37 2.77  0.006

Table C-157. LMM results for H1-H2 onset in utterance-medial stops (iambic) as a function

of voicing, place (bilabial, alveolar, velar), rate (hormal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate Voicing
Pair p-value Pair p-value
VINr—vIFA  0.095 VINr—vd Nr  0.886

vd Nr—-vd FA 0.084 vIFA-vdFA 0.886
Table C-158. Pairwise comparison output for H1-H2 onset in utterance-medial stops (iambic)
based on voicing and rate.

Rate Voicing

Pair p-value Pair p-value
VINr A —vINrVv 0.0017 VINrA—-vdNrA 0.507
VIFAA-VIFAV 0.0033 VINrV-vdNrVv 0.233
vd Nr B —vd Nr A 0.097 vVIFAA-vdFAA 0.469
vd Nr B —vd Nr V 0.71 VIFAV-vdFAV 0.236
vd Nr A —vd NrV 0.223

viFAB-vdFAA 0.078

viFAB-vdFAV 0.507

viFAA-VvdFAYV 0.274
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Table C-159. Pairwise comparison output for H1-H2 onset in utterance-medial stops (iambic)
based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.24. Boxplots of H1-H2 onset for Voiceless and Voiced utterance-medial stops
(lambic) grouped by voicing, speech rate, and vowel type.

Voiceless normal Voiced normal Voiceless fast Voiced fast

Mean SD Mean SD Mean SD Mean SD
fiz/ 2.28 2.25 5.4 1.96 1.76 2.24 5.06 2.03
la:/ 8.72 3.52 3.59 2.29 8.49 3.58 3.2 2.44
lu:/ 3.22 2.49 5.23 2.12 2.92 2.30 4.78 2.19

Table C.160. Mean and standard deviation of H1-H2 onset for Voiceless and Voiced
utterance-medial stops (Iambic) grouped by voicing, speech rate, and vowel type.

Rate \oicing

Pair p-value Pair p-value
VI Nri: — vl Nr a: <0.001 VI Nri:-vd Nri: <0.001
VI Nri: — vl Nru: <0.001 vl Nr a: - vd Nr a: <0.001
vl Nra: — vl Nr u: <0.001 vINru:-vd Nru: <0.001
vd Nri: —vd Nr a: <0.001 vIFAI:-Vvd FAI: <0.001
vd Nri: —vd Nr u: 0.414 vlIFAa:-vd FAa: <0.001
vd Nr a: —vd Nr u: <0.001 vl FAu:-vd FAu: <0.001

VIFAI:—VIFAa: <0.001

vIFAI.-VvIFA u: <0.001

vIFA a: - VI FA u: <0.001

vdFAi:—-vdFAa: <0.001

vd FAi.—vd FAu: 0.198

vdFAa:-vd FAu: <0.001
Table C-161. Pairwise comparison output for H1-H2 onset in utterance-medial stops (iambic)
based on voicing, rate, vowel type
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39. H1-H2 offset for utterance-medial stops (trochaic)

Predictors Estimatesstd. Error t p
(Intercept) 6.35 0.66 9.63 <0.001
rate_c -0.39 0.19 -2.09 0.036
place ¢ 0.90 0.90 1.01 0.314
voicing_ ¢ -2.58 0.73 -3.53 <0.001
sex_c -3.88 0.73 -5.31 <0.001
vowel_c -2.27 1.49 -1.53 0.127

Table C-162. LMM results for H1-H2 offset in utterance-medial stops (trochaic) as a function
of voicing, place (bilabial, alveolar, velar), rate (hormal/fast), vowel (i:/a:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr-vIFA  0.016 VINr—vd Nr  <0.001
vd Nr—vd FA 0.016 vIFA-vd FA <0.001

Table C-163. Pairwise comparison output for H1-H2 offset in utterance-medial stops
(trochaic) based on voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrv <0.001 VINrA-vdNrA <0.001
VIFAA-VIFAV <0.001 VINrV-vdNrVvV <0.001
vd Nr B —vd Nr A 0.604 vVIFAA-vdFAA <0.001
vd Nr B —vd Nr V <0.001 VIFAV -vdFAV <0.001

vd Nr A —vd NrV 0.006

viFAB-vdFAA 0.693

viFAB-vdFAV 0.011

viFAA-vdFAV 0.036
Table C-164. Pairwise comparison output for H1-H2 offset in utterance-medial stops
(trochaic) based on voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).

309



intensity dB

e L

| T #

vl vd M vd
voicing

w4

Figure C.25. Boxplots of H1-H2 offset for VVoiceless and Voiced utterance-medial stops
(Trochaic) grouped by voicing, speech rate and gender.

Voiceless normal Voiced normal Voiceless fast Voiced fast
Mean SD Mean SD Mean SD Mean SD

Female 9.13 2.62 6.1 1.64 870 272 578 1.88
male 6.23 2.76 271  2.03 586 294  2.38 2.33

Table C.165. Mean and standard deviation of H1-H2 offset for Voiceless and Voiced
utterance-medial stops (Trochaic) grouped by voicing, speech rate and gender.

Rate Voicing

Pair p-value Pair p-value

VINrF—vlINrM <0.001 VINrF—vdNrF <0.001

VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001

vd NrF—-vd Nr M <0.001 VIFAF-VdFAF <0.001

vi FAF-vdFAM <0.001 VIFAM-vdFAM <0.001
Table C-166. Pairwise comparison output for H1-H2 offset in utterance-medial stops
(trochaic) based on voicing, rate, and gender.
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40. H1-H2 offset for utterance-final stops

Predictors Estimatesstd. Error  t p
(Intercept) 4.46 0.42 10.50 <0.001
rate_c -0.65 0.29 -2.24  0.025
place_c -0.08 0.65 -0.12  0.902
voicing_¢c -3.29  0.64 -5.19 <0.001
sex_c -3.47 0.73 -4.75 <0.001
vowel_c 0.13 0.60 0.21 0.833

Table C-167. LMM results for H1-H2 offset in utterance-final stops as a function of voicing,
place (bilabial, alveolar, velar), rate (normal/fast), vowel (i:/e:/a:/o:/u:), and gender
(male/female).

Rate Voicing

Pair p-value Pair p-value
VINr—-vIFA  <0.001 VINr—vd Nr  <0.001
vd Nr—vd FA <0.001 vIFA-vd FA <0.001

Table C-168. Pairwise comparison output for H1-H2 offset in utterance-final stops based on
voicing and rate.

Rate \oicing

Pair p-value Pair p-value
VINr A—-vINrVv 0.992 VINrA-vdNrA <0.001
VIFAA-VIFAYV 0.193 VINrV-vdNrv <0.001
vd Nr B —vd Nr A 0.256 VIFAA-vdFAA <0.001
vd Nr B —vd Nr VvV 0.88 VIFAV-vdFAV <0.001

vd Nr A —vd NrV 0.203

viFAB-vdFA A 0.0013

viFAB-vdFAV 0.509

viFAA-vdFAV 0.0101
Table C-169. Pairwise comparison output for H1-H2 offset in utterance-final stops based on
voicing, rate, place of articulation (B: bilabial/A: alveolar/V: velar).
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Figure C.26. Boxplots of H1-H2 offset for VVoiceless and Voiced utterance-final stops
grouped by voicing, speech rate, and vowel type.

Voiceless normal Voiced normal  Voiceless fast  Voiced fast
Mean SD Mean SD Mean SD Mean SD
Female 7.06 2.52 5.21 1.88 7.25 1.94 5.15 1.9
male 5.66 3.11 1.45 2.84 4.17 3.27 0.013 3.03
Table C.170. Mean and standard deviation of H1-H2 offset for Voiceless and Voiced

utterance-final stops grouped by voicing, speech rate, and gender

Rate Voicing
Pair p-value Pair p-value
VINrF—vlINrM <0.001 VINrF—vdNrF <0.001
VIFAF-VIFAM <0.001 VINrM —vd Nr M <0.001
vd NrF—-vd Nr M <0.001 VIFAF-VdFAF <0.001
viFAF-vdFAM <0.001 VIFAM-vdFAM <0.001
Table C-171. Pairwise comparison output for H1-H2 offset in utterance-final stops based on
voicing, rate, and gender.
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41. Voicing duration in C1 vs C1 baseline

Predictors Estimates std. Errort p
(Intercept) 14.58 4.37 3.33 0.001

sex_c -1.08 2.08 -0.52 0.605
context ¢ 15.66 7.74 2.02 0.043
place _c -2.22 1354 -0.16 0.870
voicing_ ¢ 27.36 8.43 3.25 0.001

cluster ¢ -2.77 1353 -0.20 0.838

Table C-172. LMM results for Voicing duration in stop-stop clusters as a function of voicing,
place (bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C1/C1 baseline), and gender
(male/female).

42. FO offset in C1 vs C1 baseline

Predictors Estimates std. Errort p
(Intercept) 172.30 4.77 36.11 <0.001

sex_c -83.83 7.87 -10.65 <0.001

context ¢ -11.20 6.80 -1.65 0.100

place_c 8.26 9.05 091 0.362
voicing_c  -4.05 5.85 -0.69  0.489
cluster ¢ 6.69 9.06 0.74 0.460

Table C-173. LMM results for FO offset in stop-stop clusters as a function of voicing, place
(bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C1/C1 baseline), and gender
(male/female).
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43. F1 offset in C1 vs C1 baseline

Predictors Estimates std. Errort p
(Intercept) 414.14 9.63 42.99 <0.001

sex_c -31.22 12.47  -250 0.012
context ¢ -40.50 16.61 -2.44  0.015
place_c -14.95 30.47 -0.49 0.624
voicing_c  -48.13 19.18 -251 0.012
cluster ¢ -31.62 30.10 -1.05 0.293

Table C-174. LMM results for F1 offset in stop-stop clusters as a function of voicing, place
(bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C1/C1 baseline), and gender
(male/female).

44. Burst intensity in C1 vc C1 baseline

Predictors Estimates std. Errort p
(Intercept) 42.92 0.83 51.55 <0.001

sex_c 2.90 1.53 1.90 0.058
context ¢ 1.51 0.94 1.60 0.110
place _c 6.75 1.53 440 <0.001
voicing_c  2.35 0.96 245 0.014
cluster ¢ -1.54 1.53 -1.00 0.316

Table C-175. LMM results for burst intensity in stop-stop clusters as a function of voicing,
place (bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C1/C1 baseline), and gender
(male/female).
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45. Voicing duration in C2 vs C2 baseline

Predictors Estimates std. Errort p
(Intercept) 53.49 3.67 14.58 <0.001

sex_c -71.78 3.93 -1.98 0.048
context ¢ -9.44 5.33 -1.77  0.077
cluster ¢ -11.11 13.24  -0.84 0.401

place_c 5.84 1131 052 0.605

Table C-176. LMM results for voicing duration in stop-stop clusters as a function of place
(bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C2/C2 baseline), and gender
(male/female).

46. FO onset in C2 vs C2 basline

Predictors Estimates  std. Errort p
(Intercept) 193.62 3.68 52.68 <0.001

sex_c -74.22 7.00 -10.61 <0.001
context ¢ -1.75 2.46 -0.71 0477
cluster ¢ -2.22 3.23 -0.69 0.491
voicing_ ¢  -16.21 2.70 -6.00 <0.001
place_c -9.46 2.86 -3.30 0.001

Table C-177. LMM results for FO onset in stop-stop clusters as a function of voicing, place
(bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C2/C2 baseline), and gender
(male/female).
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47. F1 onset in C2 vs C2 baseline

Predictors Estimates  std. Errort p
(Intercept) 500.30 16,51  30.31 <0.001

sex_c -53.79 26.18 -2.05 0.040
context ¢ -0.23 25.13 -0.01 0.993
cluster ¢ 6.60 3475 019 0.849
voicing_ ¢ -33.41 28.82 -1.16 0.246
place_c -17.63 31.98 -0.55 0.582

Table C-178. LMM results for FO onset in stop-stop clusters as a function of voicing, place
(bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C2/C2 baseline), and gender
(male/female).

48. Burst intensity in C2 vs C2 baseline

Predictors Estimates std. Errort p
(Intercept) 51.62 0.74 69.90 <0.001

sex_c 4.66 1.27 3.66 <0.001
context ¢ 0.11 0.74 0.15 0.879

cluster ¢ -7.52 0.84 -8.92 <0.001
voicing_ ¢ 8.20 0.87 9.39 <0.001
place _c -5.31 0.77 -6.89 <0.001

Table C-179. LMM results for burst intensity in stop-stop clusters as a function of voicing,
place (bilabial, alveolar, velar), cluster (/bk/kb/dg/tg/gt), context (C2/C2 baseline), and gender
(male/female).
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49. The interaction between FO onset and aspiration

The model: FO onset ~ rate_c + place_c + voicing_c + sex_c + Aspiration_c + context_c +
(1 + rate_c + place_c + voicing_c + Aspiration_c + context_c || speaker) +
(1 | word)

Predictors Estimates  std. Errort p
(Intercept) 194.81 3.54 55.06 <0.001

rate_c 3.52 1.26 2.79 0.005
place_c -2.70 1.86 -1.46  0.145
voicing_c -26.35 2.09 -12.62 <0.001
sex_c -69.97 6.93 -10.10 <0.001
Aspiration_ ¢ -4.99 1.32 -3.78  <0.001
context_c -0.64 1.57 -0.41 0.682

Table C-180. LMM results for FO onset as a function of voicing, place (bilabial, alveolar,
velar), aspiration (UASP: unaspirated/MASP: moderate aspiration/HASP: heavy aspiration),
context (initial/medial trochaic/medial iambic), rate (normal/fast), and gender (male/female).
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