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Normophonic Breathiness in Czech and Danish: Are Females

Breathier Than Males?

tMisa Hejna, *Pavel Sturm, *Lea Tyleckova, and *Tomas Bo¥il, t 4arhus C, Denmark, and * Praha 1, Czech Republic

SUMMARY: The present study compares the voice quality of female and male speech in two languages: Czech,
a Slavic language, and Danish, a Germanic language. For both languages, the results based on a total of 120
vocally healthy speakers are in line with the claim that females are universally breathier than males. This was sup-
ported by the Cepstral Peak Prominence (CPP) and H1*-H2* measures, which are generally known as the most
robust correlates of breathiness, and also by the H1*-A3* measure. However, the sex distinction was unsupported
or even contradictory when using some other measures suggested to reflect breathiness, which provides an incen-
tive to insist on employing a number of acoustic measures in future voice research. The perceptual component of
the study nevertheless suggests that these contradictory findings are due to differences in perceived roughness
rather than breathiness, and that CPP and H1*-H2* do reflect breathiness differences, and CPP in particular. We
therefore conclude that it is indeed the case that female speakers are breathier than male speakers. Finally, in
terms of the two robust measures (CPP and H1*-H2¥), no language-specific differences in the magnitude of the

effect of sex on breathiness were found.

Key Words: Breathiness—Phonation—Sex—Czech—Danish.

INTRODUCTION
The current study focuses on a phonatory setting known as
breathiness in a population of normophonic speakers. As
sociophoneticians have pointed out, understanding language-
specific characteristics of speech is important for speech path-
ologists as a baseline of what should be considered medically
normal as opposed to abnormal speech patterns (': p. 736).
In nonpathological voices at least, breathy phonation can
show variation that goes hand in hand with various socio-
pragmatic functions. For instance, an increase in breathiness
can cue the end of a turn,™ identity-related aspects (eg, ),
and interpersonal relationships and emotions (eg, *").
Breathiness has also been identified as one of the phenomena
sensitive to sex differences, with females being breathier than
males (eg, : pp. 229—230). At least two of these factors are
potentially of interest to clinicians, and they are certainly of
interest to sociolinguists: sex/gender and region. Presumably,
these variables are the two demographic characteristics of
speakers that clinicians deal with on a regular basis. It may
be important to know what to expect in terms of breathiness
levels of a female as opposed to a male speaker without a
vocal pathology, and what to expect of speakers of different
accents or languages. For instance, although the processes of
TH-fronting (eg, /6/ in thought becomes /f/; /63:t/ — [fo:t])
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and R-labialisation (eg, really sounds more like weally;
[1] = [v]) in British English have been approached as speech
impediments (*: p. 120;'% p. 53;'": p. 492), sociolinguists have
demonstrated their increasing presence in normal popula-
tions and identified them as sound changes in progress, with
increasing numbers of cases found in incrementally younger
generations (eg, '>~'*). To the linguist working within the
fields of sociolinguistics and language variation and change,
it is of interest to identify the constraints on linguistic varia-
tion and establish the nature of these constraints (eg, physio-
logical as opposed to social, or a combination of the two). To
the clinicians, understanding what the normal variation in
speech is can inform their decision-making when working
with their clients.

This study aims to describe variation in breathiness in the
nonpathological speech of Czech and Danish speakers. These
languages are targeted for two reasons, bearing the audiences
of clinicians and linguists in mind. Firstly, to the best of our
knowledge, values for the variation found in nonpathologi-
cally breathy voices have not been established for these two
languages. The second motivation is driven by the limited evi-
dence related to our understanding of breathiness variation in
sociolinguistic research. We therefore identify such gaps first.

Sex-related differences in breathiness

Nonpathological breathiness has been found to be higher in
females than in males in a number of studies and languages:
eg, Dutch,'® British English (RP and a northern accent'®),
several varieties of American English,'” French,'® Japa-
nese'”: p. 47 compared with pp. 52, 58-60,62,121,
Korean’”: p. 811, and Spanish’' (see also””*’). The pattern
has been observed frequently enough to lead to speculations
that females may be breathier than males due to physiologi-
cal reasons®: pp. 229—230; **: p. 623. The physiological cor-
relate is a more frequent presence of glottal gaps in female
speech (eg,”*: p. 2673; °~%7), although to the best of our
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knowledge it is not obvious whether these gaps are condi-
tioned physiologically and/or socially, since it is not clear
whether the higher presence of glottal gaps in healthy female
population presents a learnt articulatory pattern rather than
a result of morphological dimorphism. Helgason offers two
explanations: women may on the one hand spread their
vocal fold processes in order to “de-emphasize the fact that
they radiate at higher frequencies than men do” (Titze, 1989
in®: p. 229) or, on the other hand, because of differences in
vocal fold size (*: p. 229). Henton and Bladon ('®: p. 226)
speculate that there may be “a physiological basis for the
association between breathiness and arousal. An accompa-
niment to the release of sex hormones by the hypothalamus
is the release of other secretional lubrication to the body as
a whole, and the larynx does not escape this effect. If the lar-
ynx receives extra lubrication, then this may inhibit the abil-
ity of the vocal folds to adduct fully, resulting in an
inefficient phonation and producing breathy voice.” Hejna>*
suggests that increased breathiness in females might be
associated with the hormonal changes connected with the
menstrual cycle, which have been shown to be correlated
with physiological changes in the laryngeal structures.”’
Although these proposals have been put forward, it is not
known what the physiological causes behind females pro-
ducing more glottal gaps than males should be.

This study aims to contribute to our understanding of the
sociolinguistic question of whether females tend to be uni-
versally breathier than males, similarly to what has been
shown for f;. Ideally, a larger-scale cross-linguistic compari-
son should be sought; however, analyzing two languages at
a time is more manageable than including as many of the
world’s languages as possible. We focus on Czech and Dan-
ish because the sex-related information on breathiness is
missing in the literature. Thus, one of the languages chosen
for the analysis is a Slavic language (Czech), as this particu-
lar language group is understudied regarding normal pho-
natory properties of their speakers. Research looking into
the question of sex-conditioned differences in breathiness
exists for three Germanic languages: English, German, and
Swedish.” As two of these are West Germanic languages,
we selected Danish as our Germanic language of compari-
son to also explore whether the same sex-related difference
in breathiness occurs in North Germanic more generally.
This rationale is naturally of greater interest to linguists
than to clinicians, who might not be concerned with differ-
ent language backgrounds within their practice. However,
clinicians might still be interested in a description of nonpa-
thological voices: if females are generally breathier than
males, the evaluation of voices in terms of a breathiness
severity scale (from normal to severe pathology) will accom-
modate a different level of “normal” breathiness in females
than in males, depending on the magnitude of such effects.

Based on the above findings, two hypotheses are specifi-
cally tested, pertaining to the research questions of whether
female speakers are breathier than male speakers, and
whether there is any language-specific variation in the levels
of breathiness:

e H1: Female speakers will produce breathier phonation
than male speakers. This will be tested primarily via an
acoustic analysis employing a range of commonly-used
measures of breathiness (see below).

® H2: The two languages will show different magnitudes
of the sex-related differences in breathiness. This would
suggest a sociocultural conditioning, whereas the
absence of such an effect would be inconclusive about
physiological vs social constraints.

Testing these hypotheses requires tackling another ques-
tion: which measures predict sex differences in breathiness
robustly (if any)? In order to address this question, we need
to understand the nature of the measures available to iden-
tify variation in breathiness, and that of acoustic measures
in particular. A range of measures have been proposed, tar-
geting different aspects of voice quality. We predict that
some of the commonly used measures will capture sex-
related variation more strongly than others, and that the
measures will show variation in how closely they correlate
with one another. Moreover, it is also important to ask how
these measures map onto a perceptual evaluation of breathi-
ness for the reasons described in the next section, where we
provide more detail on the issue.

Physiological, acoustic, and perceptual correlates of
breathiness

Breathiness can be described as a voice of soft quality,
which reflects the holistic, perceptual nature of the phenom-
enon, with breathiness being the listener’s indirect response
to some acoustic (and articulatory) qualities of the voice.
Some voices are perceived as breathier than others, but the
specific acoustic correlates may differ (as discussed further
below), and a variety of labels have been used in describing
the different aspects of a breathy voice (eg, soft voice,
breathy voice, whisper, whispery voice, and murmur; see’').
It is especially important to differentiate between breathi-
ness as defined here and roughness, since they might share a
subset of similar acoustic correlates.”’* It is not surprising
that establishing the most robust correlates of breathiness is
not as straightforward as establishing correlates of some
other types of variation found in speech. In articulatory
terms, similarly to other phonation types, breathiness is a
complex phenomenon. It involves a periodic vibration of
the vocal folds and, at the same time, an abducted state of
the glottis (eg,’'). The resulting vibration is rather lax in
comparison to other phonatory settings, as the vocal folds
are not fully in contact (**: pp. 31 and 132; *: p. 418; **:
p. 175), enabling more air to escape through the glottis
(eg,””: p. 367; **: p. 385; **: p. 132; *°: p. 418; *”: pp. 87 and
447). As already mentioned, breathiness is also associated
with the presence of glottal gaps, which again enable more
air to pass through the glottis. Acoustically, breathiness
manifests itself in multilateral ways. Firstly, the sound wave
is associated with reduction in complexity, approaching
a quasisinusoidal waveform shape.*” In addition, the
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spectrographic information shows the loss of a clear for-
mant structure, in particular above the second (F2) and the
third (F3) formants (°”: p. 448). Crucially, however, there is
also an increased amount of glottal friction in these energy-
attenuated frequencies (eg,”: p. 256; *'**+%; 4. p_4). It is
not entirely clear which specific acoustic measures are the
best to capture differences in breathiness (eg,’’) and to what
extent the most commonly used measures are correla-
ted. When approaching phonatory variation, researchers
typically use more than one measure (eg,***’ for clinical
studies; and*****" for linguistic studies), and the measures
employed differ researcher by researcher. The debates
about which measures are the most appropriate are still
ongoing (eg,***"; °1).

Furthermore, when considering which of the proposed
measures to employ, it is useful to distinguish between clini-
cal research or evaluation on the one hand, which seems to
focus on the severity of vocal pathology, and linguistic
investigation on the other. Techniques and standardized rat-
ing protocols used by voice clinicians are not necessarily
appropriate for investigating and understanding vocal com-
munication and specifically variation in voice quality within
normophonic voices which is conditioned socially or
which is due to sexual dimorphism. For instance, clinicians
may rely on perceptual assessment procedures such as the
Grade, Roughness, Breathiness, Asthenia and Strain scale
(GRBAS™) and, more recently, on global tools such as the
Acoustic Breathiness Index (ABI; eg,”). ABI has been
shown to reliably predict pathological breathiness and offers
the advantage of not being subject to the factors that human
assessors may be, such as fatigue.’” The reason why linguists
may not turn to GRBAS (and similar assessment frame-
works) is because they tend to be primarily interested in nor-
mophonic variation and because the magnitude of the
differences of interest may be fairly small. However, consid-
ering what the results of tools such as ABI suggest, relying
on one specific measure should be avoided. This is because
different measures reflect different aspects of phonation and
may also reflect different aspects of a single phonatory set-
ting, such as breathiness. Including multiple measures
should therefore be seen as beneficial, also for reasons of
cross-disciplinary and better cross-linguistic comparisons.
Reporting results relying on multiple individual measures
may be even more useful if the researchers tap into the rela-
tionship between these measures. A number of studies look
into the correlations between individual acoustic measures
and the auditory percepts (eg,*®), something which is not
done in linguistics on a general basis. To bridge the gap
between clinical phonetics and sociophonetics of phonation,
we therefore use individual acoustic measures (as customary
in linguistics) but combine these with intermeasure analyses
as well as perceptual assessment (as customary in clinical
work).

The acoustic measures used to quantify breathiness can
be classified according to what aspects of the acoustic signal
they capture: (1) periodicity of the signal/amount of noise in
the signal, (2) spectral shape, and (3) short-term frequency/

amplitude perturbation.” We provide a summary of the
measures that are regularly used for the purposes of differ-
entiating breathiness from other voice qualities or account-
ing for variation within breathiness levels by clinicians and
linguists.

® Cepstral Peak Prominence (CPP) and smoothed CPP
are considered to be rather robust acoustic measures
of overall voice quality, especially of breathiness
(eg,” "), and of overall severity of dysphonia in both
sustained vowel samples and continuous speech. More-
over, CPP is also the strongest contributor to predict-
ing phonatory types in multidimensional measures,
such as Acoustic Voice Quality Index™® and Cepstral
and Spectral Index of Dysphonia.” Additionally, CPP
is included in ASHA’s “Recommended Protocol for
Instrumental Assessment of Voice” as the preferred
acoustic measure to assess both the amount of noise,
and the overall vocal quality.”” The CPP measure rep-
resents the difference in amplitude level between the
first “rahmonic” (anagram of harmonic and often asso-
ciated with f;) and the corresponding value on the lin-
ear regression line exactly below the peak relating
“quefrency” (anagram of frequency) to cepstral magni-
tude.” The more periodic a voice signal is, the more it
displays a well-defined harmonic structure. As a result,
the cepstral peak will be more prominent and will pro-
duce higher CPP values.””® CPP has been found to
correlate substantially with perceptual evaluation of
voice,’’ and its applications have been extended to the
analysis of different phonation and dysphonia types.®*
For instance, Esposito® found that CPP can help dis-
tinguish breathy from modal and creaky phonations.
On the other hand, it cannot help in discriminating
between modal and creaky phonations. Cannito et al**
reported that CPP, independently of other measures
included in the study, was correlated with both per-
ceived breathiness and roughness. Similar findings
were reported by Barsties et al.™

® Harmonics-to-noise ratio (HNR) is a measure quanti-
fying the amount of noise in a voice signal and is calcu-
lated as the ratio of the energy at harmonic frequencies
relative to the amount of energy at inharmonic fre-
quencies. The higher the HNR value, the more sonor-
ant and harmonic the voice.®” Some studies suggest
that HNR is an acoustic correlate of breathiness, >’
while others provide contrastive findings.®™®” The
inconsistent findings about the role of HNR as an
acoustic correlate of breathy voice could be explained
by potentially erroneous HNR measurement when
pitch (f;) tracking is not sufficiently accurate.’”°’

® Measures of the spectral shape/slope include parame-
ters reflecting the harmonic source spectrum, com-
paring the differences in dB between the relative
amplitudes of two harmonics, and parameters relating
to the overall spectral shape/slope (spectral tilt) of the
source spectrum, comparing the amount of energy in
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different frequency bands and using an Long-Term
Average Spectrum analytic method. The difference in
relative amplitude between the first and second har-
monics (HI*-H2%*) is associated with the relative length
of the open phase of the glottal oscillation.*"*® A slow
or incomplete closing phase has been shown to increase
the H1*-H2* ratio. Thus, in breathy voices, the ampli-
tude of the first harmonic is relatively high compared
to the following, relatively weaker harmonics.®' Bars-
ties v. Latoszek et al’” found H1*-H2* to be one of the
most promising acoustic measures to predict breathi-
ness, and a number of studies also noted strong correla-
tions with perceived breathiness.”* %% In addition,
H1*-H2* is considered a successful measure for distin-
guishing phonations in a variety of languages.*’->"-%’
The findings reported by Hartl et al°® are nevertheless
somewhat contradictory (see also Simpson®’ for a cri-
tique of H1-H2 measures across sexes, drawing atten-
tion to a confound between breathiness and nasality).
Similarly, H2*-H4* has also been proved to be an
important measure when distinguishing breathy from
modal phonation (especially in combination with H1*-
H2*) in languages with phonemic contrast in voice
quality (eg, in White Hmong"”). Increased values of
H2*-H4* (as well as those of H1*-H2*) are likely to
indicate perceived phonemic breathiness (ie, steep drop
in harmonic energy in lower frequencies’”).

HI*-AI1* is a measure of the amplitude of the first har-
monic relative to that of the first-formant prominence.
Similarly, HI*-A2* refers to the same measure, which
nevertheless uses the second formant prominence, and
HI*-A3* the third. H1*-A1* and H1*-A3* can suc-
cessfully distinguish between breathy and clear vowels
in Khmer (along with H1*-H2*%"). Garellek and Keat-
ing’” also mention that, along with HI1*-H2*, the H1*-
A2* measure can best distinguish each phonation type
in Jalapa Mazatec.

Some studies investigating measures of the overall spec-
tral shapelslope (spectral tilt), which compare energy at
high and low frequency bands, have suggested that a
higher spectral tilt (lower high frequency energy) is
related to an increase in perceived breathiness.*™”" The
less abrupt opening and closing of the glottis during
breathy phonation results in attenuation of high fre-
quency harmonics. However, the measures of the over-
all spectral shape can be affected by the presence of
aspiration noise at high frequencies caused by the
increased amount of turbulent airflow during the glot-
tal open phase.*'-*

Jitter and shimmer reflect short-term perturbation in
fundamental frequency and amplitude, respectively.
Jitter represents the amount of variability in the dura-
tion of successive pitch periods, while shimmer repre-
sents the amount of amplitude variability across
successive glottal pulses.”” Although these traditional
perturbation measures are commonly used in voice
research, especially in dysphonic speakers, their

reliability might be somewhat limited, as they rely on
the identification of cycles of vocal fold vibration,
which could be problematic in severely dysphonic or
aperiodic voice signals, or in continuous speech sam-
ples containing variations in pitch and loudness as well
as rapid consonant-vowel and vowel-consonant
transitions.’>"?

To summarize, this paper focuses on two central hypothe-
ses. The first hypothesis is that female speakers in Czech and
Danish will be breathier than male speakers. The second
hypothesis is that the two languages will show different
magnitudes of the sex-related differences in breathiness
(without predicting the direction of the effect). The findings
might jointly suggest what mechanism is responsible for the
sex-related effects on breathiness (ie, physiological or socio-
linguistic/cultural). We primarily employ acoustic analyses
based on CPP, H1*-H2* H2*-H4*, H1*-Al* HI1*-A2*,
H1*-A3*, and HNR to approach the hypotheses, but the
interpretation of the measures is aided by perceptual corre-
lates of breathiness as well, in order to bring a more holistic
approach to the sociophonetics of breathiness.

MATERIAL AND METHODS

Speakers

The sample of participants comprised 60 native speakers of
Czech (30 female, 30 male) and 60 native speakers of Danish
(30 female, 30 male). All participants were aged between 18
and 45 years at the time of the data collection (see Figure 1),
which took place in 2018. This age range was selected because
we aimed to target menstruating females since it has been
shown that the phonatory properties of menstruating female
speakers can differ from those that have not commenced men-
struation within their lifespan or that have started their
menopause.”””*’”> Menarche can be safely assumed to have
begun for our female speakers by the age of 18. Regarding the

Czech F Czech M

Danish F

Count

Danish M

A I il

20 25 30 35 40 45 20 25 30 35 40 45
Age

FIGURE 1. Age distribution with the number of speakers per

specific age. Females (F) are shown on the left, males (M) on the
right.
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upper age limit, menopause rarely sets in prior to 40 years of
age (eg,’®). Moreover, female participants were also asked
about their cycle and whether they used contraception at the
time of the recording or before.

Seven of the Czech speakers were self-reported regular
and/or chain smokers. Two of the Danish speakers reported
to be regular smokers at the time of recording, one speaker
reported quitting smoking 1 month prior to recording, and
three speakers had quit at least 2.5 years before the data col-
lection. Whether a participant was or was not a regular
smoker at the time of recording was included as one of the
control variables in the statistical analyses. The speakers’
vocal health was assessed perceptually by the experimenters
and confirmed by self-reporting. No subjects reported any
diagnosed speech pathologies and no participants were
vocally indisposed due to illness at the time of recording.
Moreover, this was further confirmed in the perceptual eval-
uation by three experts (see below), who reported all speak-
ers to fall within normal variation.

As regards the regional background of the participants,
35 Czech speakers grew up in Prague or Central Bohemia, 9
in North Bohemia, 5 in South Bohemia, 4 in East Bohemia,
4 in Moravia, and 3 in Silesia. 50 of the Danish speakers
grew up in Jutland, 5 in Fyn, 1 in Lolland, 1 in Samsg, 1 in
Zealand, and 2 in mixed regions.

Material

Two sets of materials must be used if we aim to investigate
two languages. From a clinician’s perspective, it might be
best to examine a sustained [a]-like vowel to ensure direct
comparison between speakers, and to use a standardized
protocol of voice evaluation. However, this is problematic
for several reasons. First, a range of standardized protocols
of voice evaluation is available and different protocols and
software solutions are used in different countries (eg,””’®).
In Denmark, the Max Manus software is used (Martin
Wirenfeldt Nielsen, Danskpatologiselsab, personal commu-
nication 2019), although the Digital Voice Handicap Index
software application has been designed for languages that
also include Danish and Czech.”” In the Czech Republic,
the prevalent option among voice disorder clinicians is the
GRBAS scale (Miroslava Hrbkova, Phoniatrics Clinic in
Prague, Mojmir Lejska and Radan Havlik, Centre for
Speech, Voice and Hearing Impediments in Brno, personal
communication 2019). Second and more importantly, our
goal is to describe speech as linguistic behavior in a commu-
nicative setting. That precludes using sustained vowels, and
favors (semi-)spontaneous recordings. However, a large
number of factors, often unknown, come into play in terms
of breathiness when using uncontrolled material. Therefore,
controlled production of specific texts is needed. Reading a
coherent passage is more natural than producing a list of
unconnected sentences read in isolation. Moreover, having
the same passage enables us to control for segmental and
prosodic variation across the speakers of the given language
as much as possible.

The inherent problem behind read passage materials
nonetheless is that Czech and Danish have different phono-
logical systems, so segmentally direct comparisons are
therefore not possible. Voice quality studies examining
English frequently use the Rainbow Passage,” which is bal-
anced for use in the English language®': p. 1-2; *: p. 2) and
is used by both clinicians’* and linguists®* for analyses of
voice (see also references in Clopper and Pisoni®).
Although its translation will not necessarily result in the
same type of segmental balancing, and it could also be
matched with other read passages segmentally more suitable
for Czech and Danish, we translated the text into the two
languages (see Appendices A and B). The motivation
behind this choice is as follows. Formality and topics or spe-
cific lexical content are well-known to affect various proper-
ties of speech, including subsegments, segments, and
suprasegments,”>***7545 " which is in our mind a bigger
issue to tackle than a potential segmental imbalance. Our
results will thus be more directly comparable to the English
studies (frequently using this passage) and, more impor-
tantly, the two languages investigated here can be compared
directly. If two different texts had been employed instead,
they would have been unbalanced in the lexical and expres-
sive meanings, which would have introduced a potential
confound of language and text, known to affect phonetic
aspects of language as well. Our primary concern was con-
trolling for language-external variation maximally and lan-
guage-internal variation as much as the typologically
different phonological systems of the two languages allow.
Finally, we partially controlled for the segmental imbalance
by excluding high vowels (compare Simpson”’) and by con-
sidering vowel height and vowel duration in the statistical
analysis. This is further advantageous in capturing some of
the variability due to vowel reduction occurring in con-
nected speech (these processes mean that even correspond-
ing phonemes in Czech and Danish would not in fact be
realized identically). Also note that our analysis is con-
cerned with vowels only, so many of the differences related
to consonants are not relevant. Furthermore, coarticulatory
processes of Danish are notoriously known for their typo-
logical markedness in linguistic phonology, making a direct
phonetic comparison with other languages very problematic,
if not impossible. The decisions we make here are in line
with what has been acknowledged about the difficulties in
cross-linguistic designs': p. 721.

Crucially with regard to our analyses, the Czech material
contained the phoneme /a(z)/, with 34 tokens per speaker in
total. The Danish version of the text does not have a suffi-
cient number of tokens of any nonhigh vowel phoneme, so
the following nonhigh phonemes were chosen: /o(:)/ (12
tokens), /a/ (10 tokens), and /a(:)/ (7 tokens), yielding 29
tokens per speaker in total. Note that the short and long
phonemes were not distinguished in the analyses in terms of
their phonological length category but rather by phonetic
duration. Appendices A and B enumerate the Czech and
Danish target words. Following a reviewer’s comment, we
conducted a post hoc analysis comparing the [a]-like vowels,
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which correspond as directly as possible in the two lan-
guages (2 x 5 tokens). The mean values indicated similar
trends in all the investigated parameters (except for Czech
speakers with regard to H1*-A3*). Our overall results there-
fore agree with this small but balanced subset.

Recording sessions

The recording sessions took place in a professional, sound-
treated studio (either at the Institute of Phonetics at Charles
University, Czech Republic, or at the Department of
English at Aarhus University, Denmark) with practically no
ambient background noise. The signal-to-noise ratio was
well above the 15 dB value recommended for voice measure-
ments.” For the Czech data, the mean SNR value was
42.6 dB (SD =4.8 dB, min =29.4 dB, max = 51.0 dB), and
35.1 dB for the Danish data (SD =3.6 dB, min =28.3 dB,
max =43.2 dB). A pair of comparable condenser micro-
phones with a flat frequency response and a cardioid polar
pattern was used for the entire data collection. Specifically,
the Danish material was recorded on a Sony ECM-959A
microphone into a Zoom H5 Handy Recorder, whereas the
Czech material was obtained with an AKG C4500B-BC
microphone connected directly to a computer’s sound card.
The recordings were saved as uncompressed mono .wav files
(with 44.1 kHz sampling rate and 16-bit quantization). In
both cases, the participants were seated 20—30 cm in front
of the microphone and were instructed to move minimally
during the recording session. Such a distance is recom-
mended for recording human voice production accurately in
terms of spectral properties as it avoids the proximity
effect.”’”> The recording conditions were thus kept as con-
stant as possible across speakers and languages.

Given the lexical content of the text, we wanted to pre-
vent any speaker-specific differences in the reading style,
most importantly, a child-directed speech or “telling a
story” speech style, which is associated with specific voice
qualities.” The participants were therefore asked to imagine
that they were weather experts speaking matter-of-factly on
the radio to an adult audience. The instructions were the
same for both the Czech and the Danish participants.

Acoustic analysis

False starts and similar parts of the recordings were
removed. After transliteration of Danish words into Czech
orthography, the recordings of both languages were sub-
jected to automatic forced alignment using the Prague
Labeller algorithm.” The target vowel boundaries were
afterward corrected manually based on the phonetically
motivated recommendations for segmentation of the speech
signal.”

The following restrictive criteria were set prior to analy-
ses. First, as nonmodal phonation is known to cue the end
of a turn or an utterance,”’®’””® target segments in such con-
texts were not considered. For the sake of simplicity, utter-
ance end was defined as the final syllable of a word which
immediately preceded a full stop in the reading passage.

Second, we omitted any portions of the target vowels which
contained creaky phonation (this occasionally meant entire
vowels). The motivation was that certain acoustic measures
may not discriminate well between breathy and creaky pho-
nation (eg, HNR”’; CPP*), so excluding creaky intervals
will disambiguate any potential measurement-related con-
founds. Importantly, creak was found only in 1.5% (n=31)
of the Czech data and 4% (n = 57) of the Danish data. Fur-
thermore, this approach enabled us to avoid sted in the
Danish data, at least when realized as creaky phonation
(see'”’ for more information on the phonetic realisation of
sted). Finally, the minimal duration of a target interval was
set to 40 milliseconds, ensuring a sufficient number of points
in each token for parameter extraction. This means that
vowels shorter than 40 milliseconds or vowels substantially
shortened by creak were not considered. As mentioned
above, there were approximately 30 tokens per speaker to
be analyzed. Figure 2 shows an illustration of the target
interval determination and parameter extraction.

Several measures related to breathiness, as well as other
relevant variables, were extracted in VoiceSauce, a free
stand-alone software'"'? that is widely used in the study of
phonation by linguists (eg,'’*'"*). The following measures
were extracted automatically with the software: f, F1 values,
the spectral magnitudes of H1*-H2*' H2*-H4* HI*-Al1*,
HI1*-A2* H1*-A3* CPP, HNR, and the duration of the rel-
evant vowel interval. For male speakers, f; range was set to
the minimum of 60 Hz and the maximum of 400 Hz. For
female speakers, the selected range was 90—500 Hz. F was
quantified with the default Straight algorithm at 1-millisec-
ond intervals and the maximum duration selected in the set-
tings was 10 seconds. F1 was established using the Snack
algorithm, as this method is more optimal when the Straight
algorithm is used to calculate f,. (For more details on the
Snack and Straight algorithms used for f, and formant values
estimation, see'"'%>19) When extracting F1, pre-emphasis
was set to 0.96, window length to 25 milliseconds, and the
frame shift to 1 milliseconds.

Regarding the VoiceSauce settings related to the remain-
ing measures, CPP calculations are based on the algorithm
described in Hillenbrand et al’> and HNR measures extrac-
tion is derived by de Krom’s algorithm.'’” In both parame-
ters, a variable window length equal to five pitch periods
was used for the calculations by default (for more detailed
information, seemz’mg). However, unlike CPP, which covers
the entire frequency range, HNR calculations are carried
out in four different frequency ranges: 0—500 Hz, 0
—1.5 kHz, 0-2.5 kHz, and 0—3.5 kHz. Only the last HNR
measure (HNR35), with the largest frequency range, was
selected to include calculations in higher frequency
regions.'”” Finally, harmonic spectra magnitudes were
computed pitch-synchronously using a default three-cycle
window.

!The asterisk denotes harmonic amplitudes measures corrected for the effect of F1,
F2, and F3 vocal tract resonances to enable researchers to make comparisons among
different speakers and vowels.
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FIGURE 2. Illustration of segmentation and target interval selection. An unproblematic vowel on the left (target = vowel duration), a

problematic vowel on the right (most of the vowel’s duration is excluded due to creaky voice, its presence marked by the black rectangle).
Parameters were extracted only from the target parts of the signal (yellow rectangles). Each interval was at least 40-millisecond long (in this
example: 76 milliseconds and 75 milliseconds). (Color version available online.)

breathy/soft —__:L___— rough/harsh

FIGURE 3. The rating scale used in the perceptual evaluation. The arrow can be moved anywhere from its initial position indicating modal

phonation.

Perceptual analysis

Since the acoustic measures we used may reflect different
aspects of breathiness (or voice quality in general), percep-
tual evaluation of the voices was needed as a check to pro-
vide more conclusive interpretations. All the stimuli were
evaluated by 3 speech therapists.” Preliminary auditory
evaluation by the authors corroborated with a visual inspec-
tion of spectrograms did not identify any severe (pathologi-
cal) breathiness in the sample (or any other voice disorder).
Therefore, the evaluation scale was designed to describe
nonpathological voices (unlike the GRBAS scale discussed
earlier). Crucially, breathiness, a state of soft phonation,
might be confounded with roughness, which is in the
extreme (ie, pathological) case characterized as harsh,
crackling, more aperiodic phonation with rapid amplitude/

2Rater 1 (female, 32 years, native speaker of Czech) graduated in Phonetics in
Prague (MA) and also in Speech and Hearing Therapy in Brno (MA). She had worked
as a clinical speech therapist for 4 years. Currently, she is employed at the Institute of
Phonetics, Prague. Rater 2 (female, 33 years, native speaker of Czech) graduated in
Speech and Hearing Therapy in Brno (MA). She had worked as a clinical speech ther-
apist for 2 years. Currently, she is employed as a voice lecturer at the Theatre Faculty
of the Academy of Performing Arts, Prague. Rater 3 (female, 40 years, native speaker
of Slovenian, but L2 speaker of Czech) graduated in Speech and Language Therapy
in Lublin (BA), Clinical Linguistics in Potsdam (MSc) and Speech Science in Edin-
burg (PhD). She had worked as a speech and language therapist for two years, fol-
lowed by several years of academic research in the field. She is currently employed at
the Institute of Phonetics, Prague.

frequency fluctuations.” The experts were asked to evaluate
how far a given stimulus deviates from modal phonation
toward breathy/soft voice or toward rough/harsh voice.
They indicated their choice on a continuous visual analogue
scale ranging from 0 (modal) to the two extremes (see
Figure 3). This procedure was adopted in order to make
sure that the acoustic measures do not misidentify rough-
ness for breathiness. Most speakers were expected to be
modal or mildly deviating. Since the data did not include
any portion with creaky phonation, this aspect of voice was
not considered. The scale was explained in detail and it was
ensured as much as possible that all raters interpreted the
scale and task in a similar way.

In order for the results to be maximally relevant, the stim-
uli consisted of exactly the same material as the acoustic
analyses. The target vowel intervals (see previous section)
were cut out from each recording and concatenated with an
overlap of 5 milliseconds between the neighboring intervals.
The resulting sound was normalized to 70 dB RMS in Praat.
The sound was duplicated to obtain sufficiently long stimu-
lus durations (median=4.2 seconds, min=2.1 seconds,
max = 5.7 seconds). The obvious advantage of this proce-
dure is that all lexical meaning is lost, and the two languages
can be evaluated more easily by the expert listeners, focus-
ing the attention entirely on the voice of the speakers. A
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practice session was necessary to become familiarized with
the atypical aspect of the speech material and thus increase
the ecological validity of the task (the listeners’ internal
evaluation criteria were expected to adjust during familiari-
zation).

The experiment was administered individually in Praat
via the Demo Window environment using headphones
(Sennheiser HD599) in a sound-treated studio. The listeners
were told that they were going to evaluate recordings of dif-
ferent speakers for the purposes of voice quality assessment.
They were warned about the atypicality of the stimuli (eg,
rapid alternations of vowels and frequent £, jumps between
them). The arrow (slider) was initially positioned in the mid-
dle, indicating modal phonation. The raters were encour-
aged to move the arrow anywhere on the scale toward the
extremes. They evaluated Czech voices first and Danish voi-
ces on the subsequent day. In each session, the listeners
heard 60 speakers plus 10 repetitions as a check of intrarater
consistency. The 60 target trials were randomized and pre-
sented in four blocks of 15 trials, separated by short breaks.
Each trial was preceded by a short noise-like sweep to
desensitize the listeners and reduce order effects. The raters
could listen to the stimulus repeatedly by pressing a button.
The 10 repeated trials were presented at the end of the ses-
sion. The duration of a single session was approximately
30 minutes.

The perceptual ratings were then analyzed as such and
also correlated with the acoustic measures of breathiness.
However, it must be emphasized that the perceptual analysis
is only viewed as complementary to make better sense of the
primary experiment, allowing for a more conclusive inter-
pretation of the acoustic analyses.

Statistics

As the acoustic parameters were extracted in 1-millisecond
steps, the values for each target token were first averaged,
yielding one value per token. The statistical analyses were
conducted in R''" with RStudio.'"" Linear mixed effects
(LME) regression models were constructed using the /nme4
package,''? accounting for both fixed and random effects.
The basic model was specified with the fixed effects of LAN-
GUAGE (Czech x Danish), sex (female x male), SMOKER
(yes x no), AGE (in years), F; (in Hz), ry (in Hz), CREAK
(yes X n0), NASAL CONTEXT (yes x no), and DURATION (in
milliseconds). The random effects structure included the
random intercepts for SPEAKER and WORD, as well as the ran-
dom slope for sex. The statistical evaluation of the relevant
predictors (sEx and LANGUAGE) was done by comparing the
basic model with a reduced model lacking the fixed effect in
question using likelihood ratio tests. All the other predic-
tors, whether statistically significant or not, were always
part of the model. Furthermore, the significance of the inter-
action between sEx and LANGUAGE was evaluated in the
same way. The alpha level of 0.05 was used to establish the
significance of any differences found; given the structure of
our effects, alpha adjustment for post hoc comparison was
not necessary. Summaries of the final model (with or with-
out the interaction) are presented for each parameter in
Appendix C. Effect plots were constructed using the effects
package.'"”

RESULTS
Mean between-group differences in raw values are shown in
Table 1 for each of the seven breathiness measures. The

TABLE 1.
Mean Values of Breathiness Measures Grouped by Sex and Language (F =female, M = male). Standard Deviation is Given
in Brackets
Czech Danish

Measure Sex Mean (SD) Difference F-M Mean (SD) Difference F-M
CPP F 22.5 dB (2.4 dB) —-0.6dB 21.5dB (2.3 dB) -0.3dB

M 23.1dB (2.4 dB) 21.8 dB (2.5 dB)
HNR F 34 dB (5.5 dB) 9.5dB 41.6 dB (7.3 dB) 9.9dB

M 24.5 dB (6.1 dB) 31.7 dB (6.8 dB)
H1*-H2* F 7.2 dB (4.2 dB) 5.9dB 6.8 dB (4 dB) 5.7 dB

M 1.3 dB (2.8 dB) 1.1 dB (4.2 dB)
H2*-H4* F 1.1 dB (8.2 dB) -9.6dB 1.6 dB (5.9 dB) -4.7dB

M 10.7 dB (5 dB) 6.3 dB (5.9 dB)
H1*-A1* F 22.1dB (7.7 dB) —1dB 18.4 dB (5.2 dB) -0.1dB

M 23.1dB (5.3 dB) 18.3 dB (6.6 dB)
H1*-A2* F 17.8 dB (9 dB) —-1.2dB 18.7 dB (6.4 dB) 0.5dB

M 19 dB (6.5 dB) 18.2 dB (8.5 dB)
H1*-A3* F 14.7 dB (9 dB) 0.1dB 11.6 dB (8.3 dB) 1.6 dB

M 14.6 dB (7.6 dB) 10 dB (11.4 dB)
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FIGURE 4. Density plots showing the distribution of the extracted values of breathiness measures grouped by sex (color) and language

(line type).

distribution of these values is shown as density plots in
Figure 4. Results of the statistical analysis are provided
below for each measure separately, along with effect plots
taking into account all the variables that have been included
in the model (Figures 5—11). As a result, effect plots may
differ from the raw values in Table 1 and Figure 4.

Periodicity-related acoustic measures

Analyses of CPP (Figure 5) revealed that females are
breathier in both languages, as they showed lower CPP val-
ues (x> (1)=7.54, P < 0.01). Czech speakers exhibited lower
degrees of breathiness than Danish speakers (x> (1) =12.9,
P < 0.001). However, no significant interactions between
sex and LANGUAGE were found (x* (1) =0.9, P =0.35).

Czech Danish
30-
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a 20- e .
(&)
15+
female male female male

Sex

FIGURE 5. Effect plots of CPP by language and sex (mean and
95% CI intervals). The scatter plot shows the distribution of the

raw data.
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FIGURE 6. Effect plots of HNR by language and sex (mean and
95% CI intervals). The scatter plot shows the distribution of the

raw data.
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FIGURE 7. Effect plots of H1*-H2* by language and sex (mean
and 95% CI intervals). The scatter plot shows the distribution of

the raw data.
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FIGURE 8. Effect plots of H2*-H4* by language and sex (mean
and 95% CI intervals). The scatter plot shows the distribution of
the raw data.
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FIGURE 9. Effect plots of HI1*-A1* by language and sex (mean
and 95% CI intervals). The scatter plot shows the distribution of
the raw data.

In the analysis of HNRs, males yielded lower HNR val-
ues than females in both languages (x> (1)=83.9, P <
0.001). This suggests that male voices have more aperiodic
signal, which can be attributed to either breathiness or
roughness (or indeed a combination of the two). In addition,
Czechs proved to be breathier (or rougher) than Danes (x*
(1)=31.2, P < 0.001). No significant interaction between
sex and LANGUAGE was found (x> (1)=0.4, P=0.53), as
seen in Figure 6.

Czech Danish
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FIGURE 10. H1*-A2* by language and sex (mean and 95% CI
intervals). The scatter plot shows the distribution of the raw data.

Sex

FIGURE 11. HI1*-A3* by language and sex (mean and 95% CI
intervals). The scatter plot shows the distribution of the raw data.

Measures based on harmonic spectra magnitudes
Analyses of H1*-H2* show that females are breathier in
both languages, as indicated by higher H1*-H2* values (x*
(1)=16.5, P < 0.001). LANGUAGE was not a significant pre-
dictor (x* (1)=2.0, P=0.16). Similarly to CPP, no signifi-
cant interactions were found between the two factors (x>
(1)=0.1, P=0.8; see Figure 7).

H2*-H4* analyses indicate that males are breathier than
females, showing higher H2*-H4* values (x> (1)=18.2, P <
0.001). In general, LANGUAGE did not have a uniform effect
on the measure (x> (1)=0.4, P=0.51). There was a signifi-
cant interaction between sex and LANGUAGE (x> (1) = 26.6,
P < 0.001); namely, the sex difference was apparent only in
Czech (Figure 8).

The amplitude of the first harmonic relative to that of the
first formant prominence, H1*-A1%*, did not reveal a sex dif-
ference (x* (1)=0.02, P=0.9). However, LANGUAGE
affected this correlate of breathiness significantly (x*
(1)=13.2, P < 0.001): Czech speakers seem to be breathier
than Danish speakers, displaying higher values (Figure 9).
The interaction between SEx and LANGUAGE did not reach
significance (x* (1) = 3.1, P =0.08).

Analyses of H1*-A2* do not suggest any overall sex dif-
ference (x> (1)=0.4, P=0.54), but the Danish speakers
were generally breathier than the Czech speakers (x°
(1)=13.8, P < 0.001). However, a significant interaction
between sEx and LANGUAGE was found (x* (1)=4.4, P <
0.05). In particular, the effect plots in Figure 10 suggest that
female speakers are breathier than male speakers in Danish,
whereas the Czech speakers exhibit no or mild differences in
the opposite direction.

Finally, with regard to H1*-A3*, female speakers dis-
played higher values (Figure 11), and are thus generally
breathier than male speakers (x> (1)=4.4, P < 0.05). No
effect of LANGUAGE is reported (x* (1)=0.2, P =0.63), nor
was there a significant interaction between the two factors
(> (1)=2.4, P=0.12).

Relationship between breathiness measures
Seeing that the individual measures do not show the same
results and render an overall interpretation rather
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FIGURE 12. Correlations between breathiness measures (females on the left, males on the right).

challenging, we now turn to an analysis which aims to estab-
lish the relationship of these individual measures in our
data. We first inspect the correlations between the individual
measures for the two sexes and then the results of a Principal
Component Analysis (PCA).

Generally, we find that most of the measures used here
are uncorrelated or they correlate only moderately (r <
0.40). The direction of the correlation is not consistent, even
with measures that share the same monotonic relationship
(eg, H1*-H2* and H2*-H4*). Figure 12 shows the results
for females and males separately. For both groups, we
observe strong positive correlations (r = 0.67—0.77) between
harmonic spectra magnitude measures that involve the
amplitude of a formant. In contrast to males, females also
exhibit moderate to strong positive correlations between
these measures and H2*-H4*. In addition, the male data
reveal a moderate negative correlation between H1*-H2*
and H2*-H4*.

The correlations considered separately for the two lan-
guages did not show any particularly noticeable differences;
again, the formant-related harmonic magnitude measures
were positively correlated, and this correlation was strong
or very strong (r = 0.66—0.83).

The relationships between measures can further be
explored in a PCA, an algorithm used for dimensionality
reduction. Importantly, the original seven measures, corre-
lated to some degree, are transformed so that the resulting
seven components are mutually uncorrelated (orthogonal).
The first component, PC1, captured 39% of the raw vari-
ability in the parameters, and was most strongly correlated
with H1*-A1*, HI*-A2* and HI*-A3* (r=-0.87 to
—0.88). PC2 was most strongly correlated with HI1*-H2*
(r=0.87) and HNR (r=0.71). PC3 correlated with CPP

(r=0.95). In addition, H2*-H4* correlated strongly with
both PC1 (r = —0.59) and PC2 (r = —0.62). Taken together,
the three PCs captured 80% of the raw variability in the
seven measures (see Appendix D). The relevant conclusion
about the seven measures employed here is that although
the three formant-related harmonic amplitude measures
seem to introduce a single source of variation to the data,
CPP provides independent information, and so does to a
large degree H1*-H2*. These results are consistent with the
strong positive correlations found for the formant-related
measures in the correlation analysis.

Perceptual analysis

Rater consistency

Because the data were assessed by three raters (all being
speech therapists, see Material and methods), tests of both
inter- and intrarater reliability were conducted. Intrarater
reliability was checked by repeating 10 out of the 60 test
items for each language and computing the difference
between the second and the first occurrences. The three eval-
uators differed in their consistency: Rater 3 was more con-
sistent (mean score difference =0.09, SD =0.11) than the
other two raters (Rater 1: mean difference=0.21,
SD =0.28; Rater 2: mean difference =0.37, SD =0.24).
However, the better consistency of Rater 3 is due to a more
frequent use of the modal category (middle of the scale) and
a less frequent use of the extremes. Furthermore, the two
other raters reported that it was sometimes difficult to
decide whether a specific voice was extremely breathy or
extremely rough, as it seemed to be a combination of both.
Indeed, Rater 3 never switched the two sides of the scale in
the repeated items, whereas Raters 1 and 2 both switched
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the direction 7 times (35 % of cases). When computed
regardless of the direction, the mean differences were much
lower for the two evaluators (0.14 for Rater 1, 0.06 for
Rater 2).

Inter-rater reliability was estimated in terms of the corre-
lation between the mean score for each item and the individ-
ual rater’s evaluation. Two of the three raters showed a high
degree of agreement. The correlation coefficients were
r=0.85 (CI=0.79-0.89) for Rater 1, r=0.78 (CI1=0.70
—0.85) for Rater 2, and r=0.56 (CI = 0.42—0.67) for Rater
3. Correlation plots (not included here) make it clear that
Rater 3 used the modal option most frequently, resulting in
more substantial disagreements with the mean score. The
main difference between the three raters thus appears to be
due to the extent to which the entire scale was employed,
and how consistently they identified the deviation from
modal phonation as breathiness vs roughness.

Speaker evaluation

The perceptual evaluation by the three experts suggests that
females are perceived as breathier than males and, at the
same time, male voices are perceived as rougher than female
voices (Figure 13). The 0.5 value indicates perceived modal
phonation, the 0 value reflects breathy phonation, and
roughness is indicated by the value of 1 on the rating scale.
There is greater variability in the Danish speakers than in
the Czech speakers. Specifically, some of the Danish male
and female speakers are assessed as leaning toward the
breathier end of the scale.

Correlation between acoustic measures and
perceptual evaluation

In order to interpret the individual analyses as a whole, we
first performed an LME regression with perceptual score
(the mean perceptual assessment of the three clinicians) as
the dependent variable and the seven individual acoustic
measures as predictors (with worD as a random effect).
Table 2 provides the estimates and, in the final column, the
results of likelihood-ratio tests assessing the significance of
a predictor’s contribution to the perceptual score (by

TABLE 2.
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FIGURE 13. Perceptual assessment of the 60 speakers grouped
by sex and language on a breathiness (B) to roughness (R) scale.
Modal phonation corresponds to 0.5.

comparing the full model to a reduced model). The stron-
gest predictors of the perceptual score are CPP and HNR,
followed by HI*-H2*. The parameter estimates indicate
that higher values of CPP were perceived as less breathy (or
rougher), higher values of HNR as more breathy (less
rough), and the same was true for H1*-H2*. The remaining
four measures did not affect the model’s goodness of fit sub-
stantially, and were therefore not statistically significant in
the perceptual assessment. However, as the PCA analysis
suggested, the formant-related measures are highly corre-
lated—what this means is that omitting one of the three
may not have an effect, but omitting all of them could.
Indeed, when using only five measures (eg, with H1*-A1* in
the full model to the exclusion of H1*-A2* and H1*-A3%),
the contribution of the formant-related measure becomes
statistically significant (and in the direction where higher
parameter values are associated with less rough or breathier

Estimates of Fixed Effects from an LME Model of Perceptual Score (0=Breathiness, 0.5=Modal Phonation,

1=Roughness)

Fixed Effect Estimate SE t value LR test Result
Intercept 0.344 2.82e—02 12.195

CPP 2.14e—02 1.25e—-03 17.153 %2 (1)=249.2, P< 0.001
HNR —7.43e—03 4.48e—04 —-16.574 %2 (1)=226.6, P< 0.001
H1*-H2* —3.65e—03 7.53e—04 —4.846 %2 (1)=22.4, P< 0.001
H2*-H4* 7.87e—04 4.73e—04 1.663 %2 (1)=2.8, P=0.09
H1*-A1* —8.81e—05 6.88e—04 —-0.128 %2 (1)=0.01, P=0.90
H1*-A2* —6.45e—04 6.61e—04 —0.975 %?(1)=0.87, P=0.35
H1*-A3* —4.19e—-04 4.85e—04 —0.865 %2 (1)=0.68, P=0.41
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FIGURE 14. Scatterplots with trendlines (and 95% confidence bands). X-axis shows extracted mean values for CPP and HNR, y-axis dis-

plays the perceptual assessment of the 60 speakers.

evaluations). H2*-H4* thus remains the only predictor in
the model without a significant effect on the evaluation.

Secondly, we inspected Pearson correlations between the
perceptual assessment and the individual acoustic measures
(averaged across words). Discussing each measure sepa-
rately circumvents the problem of high covariance between
some of the measures, and may shed light on the interpreta-
tion of the perceptual scale even further (eg, whether a
decrease on the scale means higher breathiness or lower
roughness).

In the following figures, the perceptual dimension of the
scatterplots is always the same. Therefore, males are associ-
ated with values mostly above the line (indicating rough-
ness), and females are dispersed more evenly around, above,
and below the line (some voices being evaluated as rough,
some as breathy, some approximately modal). The interest-
ing information is how the acoustic values map onto these
evaluations. A significant correlation means that the acous-
tic measure is relevant for predicting the perceptual score.
In contrast, the lack of a correlation will indicate that the
measure captures acoustic aspects different from those used
by the evaluators as a basis for their decision.

In Figure 14, the acoustic values for the periodicity meas-
ures (CPP and HNR) are plotted against the perceptual
evaluation score. Lower CPP values (ie, less periodic signal/
less clearly defined harmonic structure) correlate with lower
perceptual scores, ie, with more breathiness and less rough-
ness. The correlation was significant in male speakers (Cz:
r=0.43, P=0.018; Dn: r=0.51, P =0.004) but insignificant
in females (Cz: r =0.32, P=0.082; Dn: r=0.31, P =0.098).
The CPP measure seems to reflect perceived roughness as
well as breathiness.

In contrast, lower HNR values (ie, more aperiodic signal/
higher amount of noise) were associated with higher percep-
tual evaluation scores, that is, with more perceived rough-
ness (lower panel of Figure 14). The HNR measure overall
seems to reflect perceived roughness rather than breathiness

in our speakers. Again, there was a strong correlation in the
males speakers (Cz: r=—-0.41, P=0.026; Dn: r=-0.47,
P=0.009), indicating a link to perceived roughness,
whereas there was no significant correlation in the female
speakers (Cz: r = —0.21, P =0.260; Dn: r = 0.14, P = 0.476).

Moving to the measures of the spectral shape/slope,
firstly, we report that the H1*-H2* lower values (indicating
less prominent/weaker first harmonic relative to the second
one, thus suggesting less breathiness) mostly correlate with
perceived roughness in both Czech and Danish male speak-
ers (upper panel in Figure 15; Cz: r = —0.45, P= 0.013; Dn:
r=-0.49, P=0.006). In contrast, there was no significant
correlation in the female speakers (only a tendency in Dan-
ish; Cz: r=-0.004, P=0.985; Dn: r=-0.22, P=0.402),
suggesting that H1*-H2* seems to reflect perceived rough-
ness rather than breathiness.

Secondly, no correlation between H2*-H4* values and
perceptual assessment is apparent in females (Cz:
r=-0.08, P=0.689; Dn: r=—0.01, P=0.951) and Czech
males (r=0.09, P=0.643; see lower panel, Figure 15). In
the Danish males, there is a slight tendency for higher val-
ues of the parameter (potentially suggesting more breathi-
ness) to be evaluated as rougher (r=0.25, P=0.179).
Thus, H2*-H4* secems to be associated with perceived
roughness rather than breathiness (even more clearly than
H1*-H2*, as males are to the right on the x-axis than
females, not vice versa).

Finally, HI*-A1*, HI*-A2*, and HI1*-A3* show no sig-
nificant correlation with perceived breathiness in Czech
speakers (Figure 16; for HI1*-A3*: P > 0.8; otherwise
P=0.2—-0.4). In Danish male speakers, however, stronger
negative correlations between spectral shape/slope values
and perceived breathiness can be observed (r=—0.48 to
—0.64; P < 0.01). Even though Danish males are mostly per-
ceived as rough rather than breathy, higher acoustic values
are rated as more modal and, especially for the highest val-
ues, as breathier. There was no significant correlation in
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FIGURE 15. Scatterplots with trendlines (and 95% confidence bands). X-axis shows extracted mean values for H1*-H2* and H2*-H4*, y-

axis displays the perceptual assessment of the 60 speakers.
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FIGURE 16. Scatterplots with trendlines (and 95% confidence bands). X-axis shows extracted mean values for H1*-A1* and H1*-A2* and
H1*-A3*, y-axis displays the perceptual assessment of the 60 speakers.

Danish female speakers (for H1*-A1*: r=0.23, P=0.213;
otherwise P > 0.8).

DISCUSSION
The current paper focused on two primary, broader research
questions and hypotheses. We report that our Hypothesis 1
is generally supported: female speakers are indeed breathier
than male speakers in both Czech and Danish on the whole.

Furthermore, some—although not many-language-specific
differences in breathiness have been identified, which sug-
gests that breathiness levels are indeed language specific to
an extent in our dataset. However, the reported sex differen-
ces were generally consistent across the two languages (H2).
In order to shed further light on these two hypotheses, we
needed to address the issue of which measures predict sex
differences in breathiness robustly (if any). The production
and the perception components of our analyses consistently
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point toward CPP being the most reliable indicator of sex-
related differences in breathiness (as well as roughness). We
discuss the implications of the findings with respect to the
hypotheses in more detail in what follows.

Sex-related differences in breathiness

From an acoustic point of view, the conclusion that female
speakers in our dataset are generally breathier than male
speakers is unambiguously suggested by the results based on
CPP, HI1*-H2* and H1*-A3*, and meshes well with the gen-
eral claims about breathiness being a female characteris-
tic.'® Although this means only three measures out of seven,
this is a crucial finding because CPP is considered a robust
correlate of perceived breathiness,”®'~°*°7 and H1*-H2* is
generally considered an acoustic measure well-suited to
characterize differences along the glottal constriction con-
tinuum and is often associated with glottal open quo-
tient*®''; it is also regarded as one of the most promising
acoustic parameters to predict breathiness.”” HI1*-A3*,
which reflects the source spectral tilt at higher formant fre-
quencies,''” also significantly yielded higher means in
female speakers, suggesting a higher degree of breathiness
in women. Moreover, perceptual evaluation by three experts
(speech therapists) has shown that females in both languages
are rated as breathier than males, who in contrast received
higher roughness ratings. Nevertheless, the voices were still
perceived within normophonic variation; no pathological
cases were reported. Finally, when the seven acoustic
parameters were taken as predictors of the perceptual score,
CPP and HI*-H2* were among the best three predictors
(along with HNR). H1*-A3* contributed to the model sig-
nificantly only when considered alone (ie, without H1*-A1*
and H1*-A2%), as the three measures appear to be highly
correlated (this was also suggested by the correlation plots
and by a PCA).

However, HNR and H2*-H4* point to the very opposite
conclusion: male speakers’ voices seem to be more aperiodic
and breathier than female speakers’. In both Czech and
Danish, our results show significant sex differences with
higher HNR values in female speakers than in male speak-
ers. This is in line with the results reported by Dehqan,
Ansari, and Bakhtiar for Iranian speakers,' 16 Ambreen et al
for Pakistani speakers,''” and Goy et al for English speak-
ers.''® Nevertheless, such findings are incongruous with the
expectation that women should have lower HNR as they
are assumed to be breathier than men, and their voice sig-
nals should thus exhibit higher amount of noise. However,
HNR generally reflects aperiodicity rather than breathiness
per se. Unlike CPP, HNR calculations might be affected by
a number of factors, as explained by de Krom: “All kinds of
signal properties may result in a noise-like appearance of
the spectrum, such as a perturbation of the excitation sig-
nal (jitter and shimmer), rapid directional changes in fun-
damental frequency, formant transitions, and so forth.”
("°7: p. 255). Thus, it can also reflect differences in per-
ceived roughness. Indeed, the perceptual aspect of our

analysis points out to HNR reflecting the fact that the male
speakers were evaluated as rougher than the female speak-
ers. Such an interpretation then renders the production
results related to HNR not inconsistent with the claim that
female speakers are generally reported to be breathier than
male speakers. In our dataset, HNR reflects roughness
rather than breathiness.

As for H2*-H4*, which is also commonly used to distin-
guish modal from breathy phonation,*’ our results do not
suggest a higher degree of breathiness in female speakers,
regardless of language. Acoustically, Czech males were
breathier in terms of this measure than females, contrary to
the perceptual evaluation (in which males were generally
evaluated as rougher; furthermore, there was some degree
of relationship between higher H2*-H4* values and
increased perceived roughness in the Danish male speakers).
The production-perception link shows clearly that H2*-H4*
does not capture breathiness variation efficiently. Moreover,
studies that have successfully used this measure*’ focused on
phonemic contrasts rather than sociophonetic variation
within phonemic categories. It might be the case that this
measure is less sensitive to breathiness fluctuation than for
instance H1*-H2*. Our finding corresponds to the results of
Chen, Feng et al,''"” who also reported higher H2*-H4*
mean values in male speakers, whereas Garellek, Samlan
et al®® reported lower H2*-H4* values in males. This dis-
crepancy could be explained further by different metho-
dological approaches: Chen, Feng et al’s parameter
extraction, similarly to ours, was based on read speech,
whereas Garellek, Samlan et al’s calculations used samples
of sustained [a] which were inverse-filtered and copy-synthe-
sized. It should also be borne in mind that H4 corresponds
to 960 Hz in average female speakers and 480 Hz in males.
Therefore, this measure may be more substantially affected
by articulation (vowel reductions or vowel categories) than
H1*-H2*, and may not necessarily be reliable for speech
materials other than sustained low vowels. In any case, the
H2*-H4* measure requires further exploration.

Finally, H1*-A1* did not show any significant sex differ-
ence in production. Similarly, H1*-A2* did not suggest a
sex difference on the whole, but a closer inspection reveals
that when the two languages are considered separately,
females are breathier than males in Danish, thus following
the generally reported trend for females to be breathier. As
formants come into play with these measures, the same cau-
tious note applies here as to H2*-H4*. Although the meas-
urements are supposed to be corrected for the effects of F1,
F2, and F3 vocal tract resonances on harmonic amplitudes,
the VoiceSauce algorithm is automatic, and it is common
knowledge that formant measurements frequently show
errors and differ from those manually corrected. The extrac-
tion and correction of the investigated measures may thus
not be reliable. In terms of perception, there seems to be no
correlation between the three formant-related harmonic
amplitude measures and perceived breathiness, except for
the Danish male speakers. Moreover, the three parameters
map onto perceptual scores almost identically (in contrast
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to the acoustic results, where only H1*-A3* showed a con-
sistent difference). Taken together, we recommend that for-
mant-related harmonic amplitude measures should be
employed only in highly comparable conditions: identical
(and unreduced) vowels, eg, sustained vowels used for voice
disorder evaluations.

Language-specific differences in breathiness

We were also interested in the question of language-specific
details of breathiness. We postulated that if the two lan-
guages show different magnitudes of the sex-related differ-
ences in breathiness, this will suggest a sociocultural
conditioning at play, whereas the absence of such an effect
would be inconclusive about physiological vs social con-
straints (H2). We would like to argue that this hypothesis is
not supported by the results reported here. At first blush,
the fact that some measures point to differences between the
Czech and Danish speakers do indeed suggest that we are
dealing with language-specific differences in breathiness.
A comparison of Czech and Danish in terms of CPP and
H1*-A2* indicates that Czech speakers are less breathy
than Danish speakers, whereas HNR and HI1*-A1* suggest
the opposite. More crucially, H2*-H4* and HI1*-A2*
showed a significant interaction between language and sex.
With respect to H2*-H4*, the sex differences were more
pronounced in Czech speakers than in Danish speakers
(with female speakers being less breathy than male speak-
ers), while in case of H1*-A2*, the sex differences displayed

TABLE 3.

opposite tendencies across the two languages (Danish
female speakers being breathier than male speakers as
opposed to Czechs). However, as discussed in the previous
section, those measures that most reliably reflect breathiness
differences (CPP, H1*-H2*) do not in fact reveal language-
specific patterns. There were no significant interactions of
sex and language as reflected by these two measures, and
only CPP showed a difference in the mean values between
the languages. Moreover, H1*-A3* also behaved uniformly
with regard to the two languages. This would therefore
rather suggest that the sex differences reported for the Czech
and Danish data in our study are not obviously due to
sociocultural constraints.

In order to consider the issue further, apart from contrast-
ing the Czech and Danish data, we also compared the
obtained magnitudes of sex differences to studies examining
other languages (Table 3). Focusing first on the measures
which significantly indicated a greater degree of breathiness
in women, the magnitude of the sex differences for CPP in
our speakers is smaller compared to the (17-year-old)
English speakers analyzed by Chen, Feng et al.''” The dif-
ferences found for H1*-H2* are somewhat greater than
those for the speakers of Malayalam''® but smaller than in
English speakers reported by Hanson and Chuang” and
Garellek, Samlan et al.°® This seems to point out to breathi-
ness being subject to specific cultural norms. Regarding
H1*-A3*, our results suggest smaller sex differences than
those available for Malayalam''> and English,”> which
again points to culture-specific degree of variation in

Comparison of Reported Effect Magnitudes Across Studies and Parameters (Only the Measures Yielding Significant Sex
Differences in Our Study are Included)

Measure Study Language Females Males F-M Difference
CPP Our study Czech 22.5 23.1 —0.6dB
CPP Our study Danish 21.5 21.8 —0.3dB
CPP Chen et al (2010) English 23.2 24.7 —-1.5dB
H1*-H2* Our study Czech 7.2 1.3 5.9dB
H1*-H2* Our study Danish 6.8 1.1 5.7 dB
H1*-H2* Narra et al (2015) Malyalam 11.5 7.2 4.3 dB
H1*-H2* Hanson and Chuang (1999) English 3.1 0.0 3.1dB
H1*-H2* Garellek, Samlan et al (2013) English 8.9 6.1 2.8dB
H1*A3* Our study Czech 14.7 14.6 0.1dB
H1*A3* Our study Danish 11.6 10.0 1.6 dB
H1*A3* Narra et al (2015) Malyalam 28.8 245 4.3dB
H1*A3* Hanson and Chuang (1999) English 23.4 13.8 9.6 dB
H2*-H4* Our study Czech 1.1 10.7 —-9.6 dB
H2*-H4* Our study Danish 1.6 6.3 —4.7 dB
H2*-H4* Chen et al (2010) English 2.4 6.2 —-3.8dB
H2*-H4* Garellek, Samlan et al (2013) English 11.6 8.9 2.6 dB
HNR Our study Czech 34.0 24.5 9.5 dB
HNR Our study Danish 41.6 31.7 9.9dB
HNR Chen et al (2010) English 32.7 25.3 7.4dB
HNR Dehgan et al (2008) Persian 18.8 18.4 0.4dB
HNR Ambreen et al (2017) Urdu 24.4 23.2 1.3dB
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breathiness. Interestingly, HNR and H2*-H4* vyield a
greater degree of aperiodicity/breathiness in male speakers,
and the magnitude of sex differences for HNR in our speak-
ers is greater than in English speakers''” and highly exceeds
that found in Iranian speakers''® and Pakistani speakers.'"’
This might suggest either language specificity, or that other
aspects of the voice are relevant for the given measures apart
from breathiness. Sex differences for H2*-H4* in Czechs
and Danes are greater than in English speakers.' -

Although the sex differences reported in Table 3 might
be affected by various factors (eg, speech material), the
differences nevertheless suggest that breathiness is indeed
language specific, and certainly not subject solely to physio-
logical factors. While this is in no way a novel idea
(eg,*'?"), the quantitative analysis presented here, when
combined with those conducted by others, provides some con-
crete, albeit not overwhelmingly obvious, support.

Which measures best reflect breathiness?

As mentioned in the introduction, tackling the two hypothe-
ses required an understanding of which measures predict sex
differences in breathiness robustly (if any). Apart from the
analyses targeting the individual measures employed here,
we were also interested in whether the individual breathiness
measures are correlated and how exactly and, if so, whether
such correlations are affected by sex and/or language. Over-
all, females exhibited a larger number of strong correlations
than males, and males yielded a moderate negative correla-
tion between two of the measures: H1*-H2* and H2*-H4*.
This can be explained by HI1*-H2* reflecting, to some
degree, perceived breathiness, and H2*-H4* being associ-
ated with roughness. The perceptual results also suggest
that our male speakers seem to vary in how breathiness may
be implemented in production exactly. On a more practical
level, this trade-off should be borne in mind when interpret-
ing results relying on single measures, and it may indeed
also suggest that using a number of measures is a more pru-
dent approach. The perceptual component of our analysis
revealed that a difference in presumed breathiness quanti-
fied via an acoustic parameter, such as in CPP or H1*-H2*,
does not uniformly correspond to a rise toward perceived
breathiness, suggesting that different measures target differ-
ent aspects of breathiness and possibly other voice qualities.
Moreover, the perceptual evaluation presents a holistic
approach in which some aspects of the voice may be stron-
ger in the decision process than others. For instance, a
decrease in CPP corresponded to an increase in breathiness
for females and a decrease in roughness for males. In con-
trast, an increase in H1*-H2* was associated with a decrease
in perceived roughness for males, but no obvious effect in
perceived breathiness or roughness for females. The acoustic
analyses revealed that the formant-related harmonic ampli-
tude measures (H1*-A1*, etc.) are highly correlated, which
was also the case in perception. They show very similar cor-
relations with the perceptual score, and any of them is
equally predictive in a multiple regression model (whereas

the simultaneous presence of all three decreases their indi-
vidual power). In the end, we conclude that CPP might be
the single most relevant measure of breathiness (in line
with™ ") since HI1*-H2* (in perception) and especially
HNR (in both perception and acoustics) seems to be closely
connected to roughness.

Limitations of the study
It might be argued that the dataset used in this study
presents a fundamental confound: the two languages were
studied through the lens of different vocalic segments and
the recording equipment was not identical. In that case, any
language-specific differences would be difficult to be labeled
as such (for instance, some measures indicated language-
specific differences in breathiness or roughness, on occasion
interacting with the variable of sex as well). However, as
pointed out in Methodology, the recording equipment and
the recording conditions were comparable and do not pres-
ent a confound in our sample. The instructions were identi-
cal, the microphones had a similar frequency response, and
the SNR values were well above the recommended thresh-
o0ld.”" Furthermore, as also argued in Methodology, the two
languages are typologically not easily comparable from the
point of view of the phonetic properties of their segmental
inventories. Although we used a low central vowel /a/ for
Czech, it was equally variable (due to reductions and con-
textual coarticulation) as the vowels from the Danish mate-
rial, which underlyingly correspond to three different
phonemes: /o/, /a/, and /a/. A narrower post hoc acoustic
analysis of a more strictly comparable subset of the two
vowel systems confirmed an absence of a confound. More-
over, vowel height and vowel length were included in the
acoustic analysis as control variables (F1 and duration).
Therefore, the issue should be minimalized. Finally, it could
not directly affect the differences between male and female
speakers, since both groups used the same speech material.
Another drawback that needs to be acknowledged is the
fact that the perceptual component of our study included
only three listeners (clinicians) and presented a fairly atypi-
cal and challenging task, albeit one that perfectly reflected
the production data (ie, the exact same vowel tokens were
used in the acoustic analysis and in the perceptual assess-
ment). The challenge means that roughness ratings may
have been due to aspects not to do with periodicity or ampli-
tude perturbations, but rather due to the melodic variation
(ie, frequent fy jumps between adjacent vowels). Roughness,
which is connected to periodicity perturbations, might have
thus been generally stronger in the evaluative process. This
would explain why male voices were evaluated predomi-
nantly as rough and female voices as both rough and
breathy. Moreover, as with many voice quality terms (see
eg, Moisik et al’'), roughness may have been interpreted to
mean different things despite our best efforts to prevent this
from happening. The assessors also reported that using a
single scale for breathiness and roughness variation was
challenging at times. We recommend that future research
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should use two separate scales to reflect these two phonatory
dimensions, which may co-occur in a single token.

CONCLUSIONS

When the most robust acoustic correlates of breathiness
were used, it was found that female speakers are breathier
than male speakers in both Czech and Danish. Although
three formant-related harmonic amplitude measures seemed
to be closely connected, the remaining acoustic measures
were largely independent, which suggests that several meas-
ures should be used when examining breathiness, as each
may describe different aspects of the phenomenon. The
main finding corresponds to results reported for other lan-
guages and was also confirmed in a perceptual evaluation
by three experts. Our study adds a novel angle on the analy-
sis by looking into potential interactions between sex and
language. Although we do find some, we conclude that these
are not revealed by those measures that unambiguously and
reliably correlate with perceived breathiness. However, a
comparison of the effect magnitudes with studies of other
languages suggests that the sex-related difference, reported
in a range of languages, is to some degree conditioned socio-
culturally and not only physiologically. The implication for
both researchers and clinicians is that, in the normophonic
population of Czech and Danish speakers (as well as those
of other languages), female speakers can be expected to
show a higher degree of breathiness than male speakers, and
that breathiness is more than a suitable variable of interest
to target in sociolinguistic research. This may help clinicians
and researchers in different countries to better understand
that nonpathological vocal quality setting may vary accord-
ing to the language and sex of the speaker.
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APPENDICES

Appendix A
Czech version of the Rainbow Passage. All target words (in
bold) contain the low central vowel /a/ or /a:/ in the position
indicated (underlined). Nouns and adjectives are in the
nominative unless stated otherwise (gen. = genitive,
acc. = accusative, loc. = locative, instr. = instrumental).
Kdyz na destové kapky [/a/, raindrops (acc.)] dopadne ve
vzduchu paprsek [/a/, a ray] svétla, chovaji se jako hranol
[fal, a prism] a vytvateji duhu. Duha je rozdéleni bilého
svétla do mnoha nadhernych [/a:/, beautiful (gen.)] barev [/a/,
colours (gen.)]. Ty maji [/a/, have] tvar [/al, the shape
(acc.)] dlouhého oblouku, vysoko na obloze, jehoZ konce
zdanlivé [/a:/, apparently] konéi za horizontem. Podle
legendy se na jednom konci nachazi [/a/, there is] kotlik se
zlatem. Lidé ho hledaji, ale nikdo ho jesté nenasel. Kdyz se

cloveék zadiva [/a/, looks (verb)] do dali [/a:/, distance
(gen. )], jeho pratelé [/a:/, friends] Tikaji, ze hleda kotlik zlata
[/al, gold (gen.)] na konci duhy. Béhem staleti [/a/, centuries
(gen.)] lidé vysvétlovali duhu ruzné. Neéktefi ji prijali jako
zazrak [/a:/, a miracle (acc.)] bez fyzikalniho vysvétleni. Pro
Hebrejce byla znamenim [/a/, a sign (instr.)], Ze uz neprijde
Zadna [/ai/, no (more)] dalsi [/a/, more] velkd potopa.
Rekové si predstavovali, 7e jde o znameni [/a/, a sign (acc.)]
boht predpovidajici valku [/a:/, a war (acc.)] ¢i silné deste.
Norové povazovali duhu za most, pres ktery bohové putuji
ze zemé do svého domu na nebesich. Jini se snazili [/a/, have
tried] vysvétlit fenomén duhy fyzikaln€. Aristoteles minil, Zze
duhu vyvolava odraz slunecnich paprsku [/a/, rays (gen.)] v
desti. Od té doby fyzici zjistili, ze nejde o odraz, nybrz o
lom v destovych kapkach [/a/, raindrops (loc. )], coz nasledné
[/a:l, subsequently] zpusobuje duhu. Ohledné duhy se rozvi-
nuly také [/a/, also] Cetné sloZité napady [/a:/, ideas]. Rozdily
v duze zaviseji [/a:/, depend] do velké miry na velikosti kapek
[/al, raindrops (gen.)] a Sitka barevnych [/a/, colourful
(gen.)] pruhU narusta [/a/, increases (verb)] spolu s tim.
Skutecna hlavni [/a/, primary] duha, jiz pozorujeme, je
udajné vysledkem navrSeni [/a/, superimposition (gen.)]
nékolika duh. Pokud cervena barva [/a/, the colour] druhého
oblouku dopada na zelenou prvniho, vznikne ve vysledku
oblouk s neobvykle Sirokym zlutym pruhem, jelikoz Cervené
a zelené svétlo tvori pfi smichani zlutou. Toto je velmi bézny
typ duhy, sloZzeny hlavné [/a/, mainly] z Cervené a zluté, s
minimem zelené ¢i modreé.

Appendix B
Danish version of the Rainbow Passage. Target words (in
bold) are in the position indicated (underlined).

Nér sollyset rammer regndraber [/o/, raindrops] i luften
[/o/, the air], virker de som en prisme der danner [/a/, forms]
(verb) en regnbue. En regnbue er en opbrydning af hvidt lys
1 mange smukke [/2/, beautiful] farver. De danner [/a/, forms]
(verb) en lang, rund [/2/, round] hvelving, med toppen [/a/,
the top] af buen heijt til vejrs og dens ender tilsyneladende
udenfor horisonten [/a/, the horizon]. Legender forteller at
der er en kogende krukke [/2/, cauldron] guld i den ene ende.
Folk [/a/, people] kigger efter den men finder den aldrig. Néir
folk [/a/, people] soger noget udenfor egen forméaen [/2:/, the
capability], siger man, at de kigger efter en krukke [/2/, caul-
dron] guld for enden af regnbuen. Igennem tiderne har men-
nesker forsggt at forklare regnbuen pa forskellig vis. Nogen
har accepteret den som et mirakel uden en fysisk forklaring.
For hebraerne var den et tegn péd at der ikke ville komme
[/al, to come] flere syndfloder. Grakerne forestillede sig at
den var et tegn fra guderne pd krig eller voldsom regn.
Nordboerne betragtede regnbuen som en bro som guderne
passerede over fra jorden til deres hjem i himmelen. Andre
har forsegt at forklare feenomenet i fysiske termer. Aristo-
teles skrev at regnbuen skabtes gennem spejlinger af solens
straler [/o:/, rays] 1 regnen. Siden da har fysikere fundet [/o/,
found] ud af at det ikke er refleksion men refraktion i
regndraberne [/o:/, the raindrops] som skaber [/a:/, creates]
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regnbuerne. Man har haft mange komplicerede ideer om
regnbuen. Forskellene i regnbuen er sterkt athengige af
storrelsen pa draberne [/2:/, the drops], og bredden af det far-
vede band [/a/, band] vokser [/a/, grow(s)] nar sterrelsen pa
draberne [/2:/, the drops] vokser [/a/, grow(s)]. Den egentlige,
primare regnbue, som man kan se, siges at vare skabt af et
antal buer lagt ovenpd hinanden [/a/, each other]. Hvis den
rode bue overlapper med den forste bues gronne band [/a/,
band] er resultatet et abnormt bredt gult band [/a/, band),
idet rodt og grent lys danner [/a/, forms] (verb) gult lys nar
de blandes [/a/, mix] (verb). Det giver en meget almindelig
type bue, som hovedsageligt bestar af redt og gult, med lidt
eller intet gront eller blat.

Appendix C

Summaries of the optimal statistical models (i.e., with or
without and interaction between SEx and LANGUAGE) for
individual parameters. The baseline factor levels were
Czech, female, nonsmoker, without creak, in non-nasal con-
texts. (Tables C.1, C.2, C.3,C4, C.5,C.0,C.7)

TABLE C.1.
Output of the Optimal Model for CPP

Estimate SE tValue
(Intercept) 21.228 0.736 28.827
Language (Danish) —1.259 0.342 —3.688
Sex (male) 0.780 0.281 2.772
Smoker (yes) 0.012 0.435 0.028
Age —0.048 0.021 —2.304
F 0.001 0.0002 3.263
Fo 0.003 0.002 1.770
Creak (yes) —0.566 0.235 —2.409
Nasal context (yes) 0.527 0.259 2.036
Duration 0.015 0.002 7.647
TABLE C.2.
Output of the Optimal Model for H1*-H2*

Estimate SE tValue
(Intercept) -3.572 1.106 -3.229
Language (Danish) —0.559 0.397 —1.408
Sex (male) —1.922 0.460 —-4.179
Smoker (yes) —1.260 0.655 -1.923
Age 0.085 0.031 2.732
F 0.0001 0.0003 0.242
Fo 0.045 0.003 14.965
Creak (yes) -0.124 0.388 -0.319
Nasal context (yes) —0.378 0.211 —-1.793
Duration —0.005 0.003 —1.793

TABLE C.3.
Output of the Optimal Model for H2*-H4*

Estimate SE tValue
(Intercept) 2.869 1.281 2.240
Language (Danish) 2.218 0.515 4.311
Sex (male) 5.020 0.700 7.169
Smoker (yes) 0.344 0.566 0.609
Age 0.005 0.027 0.165
F; 0.018 0.001 31.212
Fy —0.061 0.004 —14.251
Creak (yes) 1.225 0.640 1.916
Nasal context (yes) —0.053 0.279 —0.190
Duration 0.001 0.004 0.177
Lng (Dn): Sex (M) —4.763 0.860 —5.538
TABLE C.4.
Output of the Optimal Model for H1*-A1*

Estimate SE tValue
(Intercept) 7.606 1.364 5.58
Language (Danish) —-1.913 0.511 -3.74
Sex (male) -0.073 0.551 -0.13
Smoker (yes) -1.194 0.817 —1.46
Age 0.096 0.039 2.48
F 0.027 0.0004 64.39
F —0.018 0.0037 —4.89
Creak (yes) 0.258 0.4627 0.56
Nasal context (yes) 1.374 0.2934 4.69
Duration —0.003 0.0033 —1.01
TABLE C.5.
Output of the Optimal Model for H1*-A2*

Estimate SE tValue
(Intercept) -3.223 1.741 —1.85
Language (Danish) 4.598 1.051 4.38
Sex (male) 0.791 0.871 0.91
Smoker (yes) —1.152 1.065 —1.08
Age 0.2004 0.050 3.98
F; 0.037 0.0004 89.69
F —0.025 0.004 —6.50
Creak yes 0.035 0.465 0.07
Nasal context (yes) —0.476 0.681 —0.70
Duration —0.0101 0.004 —2.50
Lng (Dn): Sex (M) —2.407 1.136 —-2.12
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TABLE C.6.
Output of the Optimal Model for H1*-A3*
Estimate SE tValue
(Intercept) —6.178 2.150 -2.87
Language (Danish) —0.430 0.895 —0.48
Sex (male) —1.788 0.850 —-2.11
Smoker (yes) -1.174 1.328 —0.88
Age 0.237 0.063 3.76
F 0.038 0.001 64.92
Fo —0.029 0.005 5.29
Creak (yes) —0.007 0.658 —0.01
Nasal context (yes) 0.501 0.571 0.88
Duration —0.021 0.005 —3.99
TABLE C.7.
Output of the Optimal Model for HNR
Estimate SE tValue
(Intercept) 22.657 1.830 12.381
Language (Danish) 6.949 1.141 6.089
Sex (male) —6.765 0.661 —10.233
moker (yes) 0.367 1.046 0.350
Age 0.121 0.050 2.453
F —0.002 0.001 —3.348
Fo 0.035 0.004 8.155
Creak (yes) —1.484 0.522 —2.840
Nasal context (yes) —0.655 1.011 —0.647
Duration 0.029 0.005 6.375
Appendix D
TABLE D.1.
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