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This paper examines how acoustic characteristics of vowels and consonants reflect intonational differences

between polar questions and statements in Polish whispered, semi-whispered and normal speech modes, with

particular focus on the spectral characteristics of voiceless consonants as a function of intonation, and across

speech modes. The results reveal significant differences in spectral properties of both utterance-final vowels

and consonants across statements and polar questions. Questions have higher vowel intensities and show differ-

ences in formant frequencies that vary with speech mode. Regarding the consonants, both fricatives and affricates

are produced with higher intensity, spectral peaks at higher frequencies, and higher Centre of Gravity and Spectral

Standard Deviation values in questions than in statements. Conversely, skewness and kurtosis are lower in ques-

tions than in statements. Some spectral features of sibilants, including spectral slopes, show greater question-

statement differences in the whispered speech mode than in other speech modes. The finding that some cues

are more pronounced in whispered speech suggests that they may compensate for the absence of fundamental

frequency in this mode. Most generally, the study shows that speakers produce intended intonation patterns by

varying the type and magnitude of cues depending on speech mode.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

This paper assesses the acoustic characteristics of vowels
and voiceless obstruents in normal, whispered, and semi-
whispered speech from speakers of Polish. Our primary ques-
tions are how intonational distinctions between yes–no ques-
tions and statements are produced in these different
speaking modes, and to what extent the voiceless fricatives
and affricates reflect the intonational differences in the three
modes. To verify the expected intonational patterns and allow
for comparison with past work on whispered speech, we also
present data on vowel formants and durations and, for the
normal voiced condition and, for the normal voiced condition,
the fundamental frequency (F0). The results provide evidence
for intonational variations in both vowels and voiceless seg-
ments across all speaking modes and speak to the variety of
ways in which intonation can be manifested in the speech sig-
nal aside from the variations in fundamental frequency usually
associated with intonational patterns.

The first two sections of the literature review address the rel-
atively new line of work on interactions between segments and
prosody in general (Section 1.1) and segments and intonation
in particular (Section 1.2). Section 1.3 reviews the acoustic
differences between whispered and normal (modal) speech.
Semi-whispered speech has not received previous acoustic
description. It is included as a third speaking mode here to pro-
vide a broader view of how intonational patterns appear in
speech conditions where F0 is not reliably available in the
speech signal.
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1.1. Prosody, segments, and their interaction

One goal of this work is to contribute to the growing litera-
ture on interactions between segments and prosody. Tradition-
ally, research into speech and language focused on either
segments or prosodic patterns (see Kohler, 2012 for an over-
view). To our knowledge, the earliest studies of segment–pro-
sody interaction dealt with sonority and syllable structure
across languages (Hooper, 1976; Selkirk, 1984). In recent dec-
ades, more research has explored interactions between seg-
ments and prosody, based on the growing awareness of
prosodic levels, as described, for example, in Selkirk (1978,
1986), Nespor and Vogel (1986), and Beckman and
Pierrehumbert (1986). In these models, which are known Pro-
sodic Hierarchy models, phonological units combine into
increasingly larger units: Segments combine to form syllables,
which combine to form prosodic feet, and then phonological
words and phrases, and finally utterances. The next paragraph
provides examples to demonstrate how broadly this general
theoretical framework has been applied; we will then focus
on how segments, and particularly consonants, vary as a func-
tion of intonation (Section 1.2).

Numerous prosodic phenomena may impact segmental
characteristics. Demonstrations of boundary effects can be
found, for example, in Shattuck-Hufnagel and Turk (1998),
Fougeron (2001), Cho and Keating (2001, 2009), Byrd and
Saltzman (2003), and Katsika (2016). Cho and Keating
(2009) observed that vowels in CV syllables had higher ampli-
tudes in domain-initial position, i.e., boundary effects may span
multiple segments. Studies demonstrating sentential stress
effects include the work of Pierrehumbert (1980) and Sluijter
(1995). Although much work in this area has emphasized
vowel characteristics, a few studies have documented proso-
dic variation in consonants as well. For instance, Fougeron
and Keating (1997) reported more linguo-palatal contact for /
n/ at the beginning of higher prosodic domains; in contrast, /
o/ had less linguopalatal contact in domain-final syllables com-
pared to initial and medial positions (see also Fougeron, 2001).
Along similar lines, Cho and Keating (2001) observed that Kor-
ean alveolar consonants had more extensive articulatory con-
tact and longer durations in higher prosodic domains than in
lower domains. Cho and McQueen (2005) found that lexical
stress, accent and prosodic constituent size all affected conso-
nant durations in Dutch. Cho (2015) provides a summary of
timing effects induced by prosody.
1.2. Intonation and segments

In many languages, including Polish, polar questions are
characterized by a terminal F0 rise (Wagner, 2008). In the
autosegmental framework (e.g., Pierrehumbert, 1980), this is
represented as a high boundary tone. Such a description effec-
tively takes F0 to be the primary attribute of intonational differ-
ences. On the other hand, Pierrehumbert and Talkin (1992)
made the point that F0 need not be the sole carrier of intona-
tional differences, and other authors have recognized that mul-
tiple phonetic features may vary as a function of intonation. For
example, Ladd (1996:6/2008:4) describes intonation broadly
as “the use of suprasegmental phonetic features to convey
‘postlexical’ or sentence-level pragmatic meanings”. The
suprasegmental features include fundamental frequency,
intensity and duration (Ladd, 1996, p. 6). Grice (2006) also lists
multiple phonetic ‘channels’, including segmental features,
which can convey intonation in addition to the ‘perceived pitch’
(Grice, 2006, p. 779). In line with this perspective, several stud-
ies have described interactions between segments and intona-
tion. As with other investigations of segment–prosody
interaction (see Section 1.1), these interactions have mainly
concentrated on vowels (e.g., Pierrehumbert, 1980; Prieto,
van Santen, & Hirschberg, 1995), even in languages with
numerous voiceless consonant clusters, such as Polish or Ber-
ber (e.g., Dukiewicz, 1978; Gordon & Nafi, 2012; Roettger &
Grice, 2015; Steffen-Batogowa, 1966). This is justifiable if we
take F0, obviously found only in voiced segments, to be the
main correlate of intonation; indeed, most experimental
designs on intonation have explicitly avoided voiceless obstru-
ents since they can lead to micro-prosodic perturbations in the
F0 contour of adjacent voiced segments and interrupt the
smooth patterns of F0 (e.g., Kohler, 1990).

However, recent studies have revealed that voiceless seg-
ments are also sensitive to intonational changes, suggesting
that excluding them from investigation limits our understanding
of intonational variation. Niebuhr (2008) found that the aspira-
tion of German /t/ in utterance-final position under two accent
contours distinguished by peak F0 placement differed in dura-
tion, intensity and spectral peak frequencies (specifically, burst
frequencies were shifted to higher regions in high-F0 condi-
tions). Furthermore, the German fricatives /ʃ/ and /x/ have been
seen to vary in the Centre of Gravity (COG) depending on into-
nation contours: in high-raising (surprised) questions the sibi-
lants were produced with higher COG and compressed COG
ranges whereas in falling (concluding) statements they
showed lower COG values and higher ranges (Niebuhr,
2009). Finally, Niebuhr, Lill, and Neuschulz (2011) and
Niebuhr (2012) investigated the German voiceless sibilants /
s/ and /ʃ/ in different intonation contexts. They reported that
the fricatives had higher COG values in questions than
statements.

In light of these findings, three questions arise: First, to what
extent can they be generalized to languages other than Ger-
man? Second, the previous studies investigated single conso-
nants appearing in coda position. Do longer voiceless
sequences display similar characteristics? For example, into-
national effects in preceding vowels might carry over into a sin-
gle following voiceless consonant, but such effects might
dissipate over time, i.e., not be as salient in clusters as in sin-
gletons. The work of Cho and Keating (2009; see Section 1.1)
did indicate that some prosodic effects could span multiple
segments, but their results were for boundary effects and not
intonation; moreover, vowels and consonants could behave
differently in this regard. Finally, all results on intonational vari-
ation in consonants have come from voiced speech. It remains
unclear to what extent similar relations can be found in speech
modes where F0 may be partially absent as in semi-whispered
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speech or totally absent as in whispered speech. Past work
has suggested that whispered speech, despite lacking an F0
contour, still allows listeners to discern some aspects of intona-
tion (e.g., Heeren & van Heuven, 2009; cf. next section). This
observation leads to fundamental questions about how intona-
tional patterns are manifested1 in whispered speech. The sec-
ond focus of this work is thus to explore prosodic variation in
non-phonated speech modes. Which parameters might allow lis-
teners to differentiate between whispered questions and state-
ments? The next section summarizes previous research on
whispered and semi-whispered speech giving special attention
to segment–prosody interaction.

1.3. Whispered and semi-whispered speech

Work on whispered speech has established that this unpho-
nated speaking mode conveys considerable information to lis-
teners, including aspects of speaker differences as well as
vowel and consonant identity (e.g., Kallail & Emanuel, 1984;
Tartter, 1989). The basic acoustic differences between voiced
(modal) speech and whisper have also been described in
some detail. Overall, whispered vowels have decreased ampli-
tudes compared to voiced vowels; Ito, Takeda, and Itakura
(2005) obtained a difference of about 20–25 dB across the
spectral envelope. Some studies also observed that whispered
vowels are longer than their voiced counterparts (Schwartz,
1968; Sharf, 1967), whereas others found no differences
(Heeren, 2015a). One of the most widely-studied aspects of
whisper is vowel formant frequencies (e.g., Heeren, 2015a;
Heeren & van Heuven, 2011; Higashikawa, Nakai, Sakakura,
& Takahashi, 1996; Kallail & Emanuel, 1984; Li & Xu, 2005;
Meyer-Eppler, 1957; Morris, 2003; Thomas, 1969;
Sharifzadeh, 2010). For example, Ito et al. (2005) reported that
formants of Japanese /a, i, u, e, o/ shifted towards higher fre-
quencies in the whispered speech mode as compared to the
voiced speech mode. F1 in whispered vowels was about
1.3–1.6 times higher than in the corresponding voiced vowels;
for F2 the increase was in the range of 1.0–1.2. Kallail and
Emanuel (1984) found systematically higher values of the first
three formants in whispered American vowels /i, u, æ, a, ʌ/
compared to the voiced counterparts. The data also revealed
that F1 underwent larger changes than F2 or F3. Along similar
lines, Eklund and Traunmüller (1996), investigating ten Swed-
ish vowels in stressed positions in whispered and voiced
speech, found that F1 was raised more than F2 in whispered
speech. Thus, there is a general consensus that vowel for-
mants are raised in whispered speech compared to voiced
speech, especially for F1 but possibly for higher formants as
well. In a modeling study, Swerdlin, Smith, and Wolfe (2010)
demonstrated that the increased glottal areas associated with
whisper had the strongest and most consistent effects on F1.
However, formant changes in whisper may vary across vowels
(Meyer-Eppler, 1957); further, some investigations suggested
that increased values of F2 as well as F1 may correlate with
pitch percepts in whisper (Higashikawa & Minifie, 1999;
Thomas, 1969).
1 We use the word 'manifested' here to emphasize the production-based nature of our
work; that is, our question is to what extent acoustic differences are available in the speech
signal. Determining the degree to which listeners use such features would require a
detailed perception study, beyond the bounds of the current work.
Many studies of whisper investigated individual vowels irre-
spective of their prosodic position and often produced in isola-
tion. However, some work has attended to how prosody
influences the spectral properties of whispered vowels.
Higashikawa et al. (1996) asked 12 Japanese informants to
produce the vowel /a/ in voiced speech and in whisper at ordi-
nary, high, and low pitches. The results showed that the F1 fre-
quency was significantly higher (i) in ordinary whispering than
in voiced speech and (ii) in high-pitched whispering than in
low-pitched whispering. F1, F2 and F3 all had a tendency to
increase in high-pitched whispering and decrease in low-
pitched whispering as compared to ordinary whispering.
Heeren (2015a) examined the Dutch vowels /a, i, u/ in CVCs
produced at low, mid, and high pitches in whispered and
voiced speech. Along with higher F1 and F2 in whisper, the
author reported a more extreme difference in spectral balance
(defined as the intensity difference between the 0.5–2 kHz and
2–8 kHz bands) as a function of low vs. high pitch targets in
whispered speech as compared to modal speech. Intensity
was lower in whispered than in modal speech and lower in /i/
and /u/ than /a/ in accordance with intrinsic vowel intensity
(Lehiste, 1970). Furthermore, Centre of Gravity values (calcu-
lated from 0.05 to 8 kHz) were higher in whispered than in nor-
mal speech and COG differences between high vs. low and
high vs. medium pitch were larger in whispered than in normal
speech. Neither the speech mode nor the pitch target affected
the duration of vowels.

The work of Meyer-Eppler (1957) on German suggested
that amplitude could play a role in perceived pitch in whisper
(see also Thomas, 1969). More recent work has evaluated
the role of amplitude in the perception of whispered tones.
Whalen and Xu (1992) showed that in the absence of F0
and formant structure, the amplitude information for tones 2,
3 and 4 in Mandarin was fairly distinct and was used by listen-
ers as a cue for tone identification. The authors suggested that
differences in amplitude gave rise to weak F0 percepts
because their original stimuli, i.e. before removing F0 and for-
mants, were characterized by a strong correlation between
amplitude and F0. However, Abramson (1972) did not find
clear evidence for a role of amplitude in perceiving whispered
Thai tones.

Little attention has been devoted to consonants in whis-
pered speech. In the case of tonal/intonational differences,
this might have been a natural extension of the emphasis
on vowels and sonorants in studies of intonation in voiced
speech. Nevertheless, the relative neglect of consonants in
whisper is somewhat curious insofar as consonants are
important carriers of information in the speech signal (cf.
Tarttar, 1989). Yet it is also the case that whispered speech
looks totally different from voiced speech: Due to the lack of
periodic glottal excitation and to the presence of noise exci-
tation voice source harmonics are completely absent and
spectrograms are dominated by strong aperiodic energy.
Therefore, as stated by Lim (2011, p. 30), “the obvious
remaining indicators of the message for whispered speech
appear to be largely the formant energies.” It may be that
the lack of appropriate techniques to study spectral proper-
ties of voiceless consonants has limited investigations of
obstruents in whispered speech. One possibility that we will
evaluate is that intonation patterns are conveyed in different
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speech modes by means of cue trading (see Repp, 1982,
for a review) involving spectral features, particularly of con-
sonants. Cue-trading is defined as the use of different
acoustic cues guiding the perception of linguistic distinctions,
where several cues (perhaps with differing magnitudes) can
integrate to form a robust percept, in contrast to a single
major cue being sufficient to generate the perceptual out-
come. In the case of intonation patterns, we must specifi-
cally ask what other acoustic features may be available to
listeners when the F0 is absent, as in whispered and
semi-whispered speech.

One of the few acoustic studies of whispered consonants
was conducted by Jovičić and Šarić (2008), who investigated
duration and average root mean square intensity (RMS) of
25 Serbian consonants. The results revealed that the RMS
intensity of voiced consonants was reduced by as much as
25 dB in the whispered mode, whereas voiceless consonants
showed almost unchanged RMS intensity. Whispered conso-
nants were, on average, about 10% longer in duration.
Schwartz (1972) reported that stop closure durations for /p/
and /b/ were significantly longer in whisper than in voiced
speech, whereas durations for /m/ did not differ between the
two modes (cf. also Osfar, 2011). Ito et al. (2005) found that
‘voiced’ consonants in the whispered speech mode had lower
energy at low frequencies, up to 1.5 kHz, and their spectra
were flatter than in voiced speech. Similar results have been
obtained by Lim (2011, p. 70), who pointed out that greater
spectral tilt in normal speech, i.e., stronger energy in the low
frequency bands as opposed to high frequency bands, can
be explained by the low-frequency energy provided by the glot-
tal sound source. Finally, Heeren’s (2015b) study investigated
duration, intensity, COG and spectral balance, comparing the
difference in intensity between the 0.5–2 and 2–8 kHz fre-
quency regions, in spectra of Dutch /f/ and /s/. The parameters
were excerpted from nonsense VCV sequences spoken at dif-
ferent pitch targets (low, mid, high) in whispered and voiced
speech. The results revealed that in both speech modes dura-
tions were longer for lower pitch targets. The Centre of Gravity
increased for higher intended pitches in voiced and whispered
speech. Intensity decreased with lower pitch targets but the dif-
ferences were only about 1 dB.

The literature on semi-whisper is quite sparse. A few instru-
mental studies have evaluated “stage whisper”, which we sus-
pect may be similar or comparable to the Polish semi-whisper,
but they have concentrated on phonatory characteristics (e.g.,
Yan, Ahmad, Kenduk, & Bless, 2005); to our knowledge, no
studies have evaluated vowels or consonants in semi-
whispered speech. This speech mode, as our data shows, is
characterized by irregular, i.e., interrupted F0 not only in the
case of voiceless segments but also in voiced ones. Its ampli-
tudes are lower than modal speech and higher than whispered
speech (see also Section 2 for more informantion). It is worth
emphasizing that in some languages, including Polish, the
semi-whispered speech mode is captured by a specific word
so that speakers immediately know that they should find a
way to speak in a mode which lies between modal and whis-
pered ones (see the Methods section for details). This addi-
tional non-modal speech mode allows us to broaden our
investigation into the ways in which intonational differences
may be realized.
1.4. Summary and research questions

Much recent research on voiced speech has highlighted the
role that segments play in prosody, and conversely the way
prosody affects segments. However, this interdependence
has been investigated only to a limited degree thus far with
respect to intonation. Very little is known about spectral and
other acoustic changes of voiceless consonants under varying
intonation patterns, and especially how any such intonational
effects on consonants are realized in speech modes partially
or totally lacking phonation. Only the work of Heeren
(2015b), limited to Dutch, showed that acoustic parameters
of whispered fricatives are contingent upon pitch targets. Even
for voiced speech, interactions between consonants and into-
nation have only been investigated for German. Finally, to
our knowledge, semi-whispered speech has not been investi-
gated with regard to this interaction at all.

Accordingly, this study pursues three goals.

(1) First, it aims to provide new insights into the realisation of
intended intonation in whispered, semi-whispered and modal
speech modes in Polish, a Slavic language. Are spectral prop-
erties of both vowels and voiceless consonants contingent upon
the intended intonation, i.e., questions vs. statements? We
hypothesize, following the studies described in Sections 1.2–
1.3, that vowels in whispered speech are generally character-
ized by higher formant frequencies and longer duration, and that
formant frequencies are higher in questions than statements.
Furthermore, we expect that consonants will be produced with
higher Centre of Gravity in questions than in statements
(Niebuhr, 2012). With respect to the semi-whispered speech
mode, where F0 is partially present, we predict that vowel and
consonant properties will tend to fall between those of normal
and whispered speech. Since there are no studies on semi-
whispered speech our hypothesis is rather intuitive.

(2) Second, we seek a better understanding of the potential role of
voiceless segments in conveying intonation patterns across
speech modes. We specifically investigate whether voiceless
consonants, especially those not adjacent to vowels, vary with
intonation patterns and whether question-statement differences
in voiceless segments are found in all three speech modes. Is
the lack of F0 compensated for in whispered speech and semi-
whispered speech? How could acoustic cue-trading be orga-
nized when two contrasting patterns of intonation are produced
in whispered and semi-whispered speech vs. modal speech?
We predict that all three speech modes will show acoustic differ-
ences as a function of the intended intonation. In particular, we
conjecture that due to the missing F0 in whispered speech, other
acoustic cues will take over its function and contribute to
expressing differences between statements and questions. We
also hypothesize that spectral parameters of voiceless conso-
nants (e.g., Centre of Gravity) will show more pronounced
question-statement differences in whispered speech than in
voiced speech, which suggests possible compensation for the
lack of F0 in whisper. We also anticipate that some cues may dis-
tinguish questions vs. statements exclusively in whisper.

(3) Third, do longer voiceless sequences reflect intonational varia-
tions? Are there differences between segments within a cluster?
Apriori, we hypothesize that longer voiceless sequencesare sen-
sitive to different intonation patterns, similar to what has been
found for short voiceless sequences. It might, however, be the
case that intonational variations in sequence-final, sentence-
final consonants are less pronounced than in preceding
consonants.
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To address these questions, we carry out detailed acoustic
analyses that extend the methods used in previous work.
Specifically, we obtain spectral moments and slopes using
mulitaper spectra. This sophisticated technique is particularly
well-suited for measurements of fricatives but has not been
used before for investigating interactions of segments and pro-
sody across speech modes.

The remainder of the paper is organized as follows: In Sec-
tion 2 we present the methodology of our experiment and in
Section 3 its results, focussing on acoustic correlates of intona-
tion encoded in vowels (3.1) and consonants (3.2). A summary
of the results is presented in 3.3. Section 4 is devoted to dis-
cussion of the results and conclusions.
2 Due to the complete absence of the F0 in whispered speech and the partial absence of
the F0 in semi-whispered speech (where the F0 cannot always be reliably extracted) we did
not analyse F0 in semi-whispered and whispered speech modes.
2. Methods

In order to answer the questions in 1.4 we conducted an
acoustic speech production experiment on Polish, a language
which provides suitable test material due to its abundance of
complex consonant clusters, including in coda position.

For testing our hypotheses we recorded eight different items
ending in clusters consisting of a voiceless retroflex fricative
followed by a retroflex affricate. Each item was presented in
a pair: a polar question (e.g., Widzi ten blu[ʂʈ͡ʂ]? ‘Does he
see the ivy?’) was followed by a statement (Widzi ten blu[ʂʈ ͡ʂ].
‘He sees the ivy.’). The production of the intonational difference
was facilitated by the fact that questions were always followed
by statements and the statements were naturally interpreted as
answers to the questions. All target words were monosyllabic
(see Appendix Table 1). The polar question was expected to
be produced with a rising intonation and the statement with a
low/falling intonation in accordance with results of previous
studies of Polish intonation, e.g., Wagner (2008). Differences
between the two types of intonation were independently con-
firmed by the measurement results provided below (see Sec-
tion 3). In Polish the sentence stress falls on the sentence
final content word, i.e., the last stressed syllable in a sentence
(Rubach & Booij, 1985) and the boundary tone is high (H%) in
polar questions and low in statements (L%) (Wagner, 2008). In
both the statements and polar questions examined in the pre-
sent study the sentence final intonation contour reflects a com-
bination of pitch accent (sentence stress) and boundary tone.

In order to compare the realisation of intonation across
modes we recorded the pairs described above in three differ-
ent speech modes in a fixed order: normal, whispered and
semi-whispered. Since changing the speech mode within an
extremely short period of time could be a very challenging
and error-prone task for our speakers, we preferred a fixed
order with respect to the speech mode. This strategy in fact
enabled the speakers to change the modes without any prob-
lems. It is also worth emphasizing that our speakers did not
have difficulties understanding what we meant by semi-
whispered speech since in Polish there is a word pó�szeptem
‘half-whispered’/‘semi-whispered’ which means that generally
one speaks quieter than normally but does not whisper. The
fact that Polish, unlike many other languages, has a specific
lexical item for this speech mode is another factor that makes
it a useful language for investigating the questions at hand, in
contrast to languages that have no such word.
Fig. 1 presents the waveforms, spectrograms and F0
curves (in semitones) of the polar question Widzi ten blu[ʂʈ ͡ʂ]?
‘Does he see the ivy?’ produced in normal, whispered and
semi-whispered speech-modes. Fig. 2 presents the same
polar question sentence (in normal speech mode) along with
the corresponding statement (i.e., the answer to the question).
As can be seen, the F0 contours for the polar question and
statement conditions are typically rising and falling, respec-
tively (see also Wagner, 2008). As noted above, the pitch
accent falls on the final word and is conflated with the bound-
ary tone. It can also be seen that in semi-whispered speech the
amplitude is lower and F0 is reduced in comparison to the nor-
mal speech mode (ca. 100 ms of the vowel portion before the
sentence-final consonants is devoiced). Other differences are
reported in the Results section.

Sixteen native speakers of Polish (eight male), aged 20–
52 years (mean 24.93, standard deviation 9.2), took part in
the experiment. All speakers were monolingual, lived in Szcze-
cin and spoke Standard Polish. They were asked to read a list
of sentences in a non-randomized speech mode order starting
with a normal speech mode, followed by whispered and semi-
whispered speech modes so that they could easily pre-plan a
given mode. The sentence list was read three times, but each
time the items (but not the speech modes) were randomized.
All recordings were conducted in a sound-proof room at the
Electrical Engineering Department of the West Pomeranian
University of Technology in Szczecin using a TLM103 micro-
phone (20 cm distance from lips) connected to a ProTools sys-
tem with a Digi 003 interface (sampling rate 44100 Hz). The
items were analysed with PRAAT (version 5.3.57, Boersma
& Weenink, 2014) and MATLAB (version R2007b,
MathWorks, 2007). In total, measurements of 4608 sibilants
were taken [8 items � 2 intonation types (rising, falling) � 3
speech modes (normal, semi-whispered, whispered) � 2 sibi-
lant types (fricative, affricate) � 3 repetitions � 16 speakers].
Although the focus of the present paper is on the analysis of
consonants we also examined vowels in order to gain a more
complete insight into the realization of different intonation con-
tours. Thus, we also measured 2304 vowel tokens. The differ-
ence in the number of vocalic and sibilant tokens arises from
the fact that each lexical item contained one vowel but two sibi-
lants, i.e., a fricative and an affricate. All measured vowels pre-
ceded the coda clusters in question.

We examined the following acoustic parameters of both
vowels and consonants, as listed in (1). The parameters listed
in (f), (g) and (h) were calculated at the midpoint of the sibilant
noise for each fricative and affricate. As indicated above, these
measures were chosen to follow on previous work and also to
employ contemporary methods designed specifically to evalu-
ate fricative acoustics.

(1) Parameters:
Vowels:

(a) Mean intensity over the complete duration of the vowel (Praat
algorithm, standard values).

(b) Maximum and mean of F0 of the vowel, for normal voiced
speech only.2



Fig. 1. Waveforms and spectrograms of the polar question Widzi ten blu[ʂʈ͡ʂ]? ‘Does he see the ivy?’ produced in normal (top panels), semi-whispered (mid panels) and whispered
speech mode (bottom panels). The red line indicates the F0 tracing over time. The right vertical axis shows the F0 range in semitones.
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Fig. 2. Waveforms and spectrograms of the polar question Widzi ten blu[ʂʈ͡ʂ]? ‘Does he see the ivy?’ and the statement Widzi ten blu[ʂʈ͡ʂ] ‘He sees the ivy’ produced in normal speech.
The red line indicates the F0 tracing over time. The right vertical axes show the F0 range in semitones.

Fig. 3. Plot of 10 multitaper spectra (light colour) with the mean spectrum (black solid)
and regression lines (dashed black) used to calculate the low-frequency slope (m1) and
high-frequency slope (m2), with the end/starting point at the mean frequency F, defined
here as 3000 Hz (see text). The y-axis shows power spectral density.
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(c) F0 difference between the vowel offset and onset.
(d) Formant frequencies F1, F2, F3 at the acoustic vowel midpoint,

using the formant extraction algorithm of PRAAT3, with the fol-
lowing parameter settings: maximum formant frequency:
5000 Hz; number of formants: 3; window length: 25 ms.

(e) Duration of the vowel.

Consonants (all calculated from the multitaper spectra using
Matlab):

(f) Spectral Centre of Gravity (COG, first spectral moment), its
standard deviation (STD, second spectral moment), skewness
(third spectral moment), and kurtosis (fourth spectral moment).

(g) Spectral regression slopes (Jesus & Shadle, 2002; Lousada,
Jesus, & Pape, 2012): m1 is the slope of the spectral
regression line for the frequency range between 500 Hz and
3000 Hz, and m2 is the slope of the spectral regression line
for the range between 3000 Hz and 11,000 Hz (see Fig. 3).
The 3000 Hz value was chosen as the reference value
because previous work showed this to be the approximate
mean frequency of the highest-amplitude spectral peak for the

retroflex place of articulation (see Stevens, 1998; _Zygis et al.,
2012).

(h) Frequency of the highest spectral peak of the frication noise in
the range from 2 to 4 kHz.

(i) Mean intensity over the complete phoneme duration.
(j) Phoneme duration of the fricative and affricate.

We computed multitaper spectra with 12 ms windows for
the frication noise at midpoint using a 512 point Hamming win-
dow. The power spectral density (PSD) was estimated via the
Thomson multitaper method (linear combination with unity
weights of individual spectral estimates and the default FFT
length) available in the MathWorks Signal Processing Toolbox
Version 6. All above mentioned acoustic parameters for the
consonants have been found to be useful in the analysis of
3 For all productions we manually checked that the formant algorithm neither missed
formants nor included spurious peaks that did not represent formants. If necessary we
manually corrected the formant values found by the algorithm.
fricatives (Jesus & Shadle, 2002; _Zygis et al., 2012). In addi-
tion, multitaper analysis provides for acoustic analysis of frica-
tives that is superior to that based on traditional spectral
algorithms. Specifically, compared to standard spectral estima-
tion techniques, multitaper analysis provides a very effective
way to reduce the bias of the spectral estimates when calcu-
lated over short intervals of the data, and is thus highly suited
to examining stochastic parts of the speech signal.

Fig. 3 shows 10 multitaper spectra from one individual
speaker, the overlaid mean spectrum and the computation of

the regression lines m1 and m2, with the endpoint/startpoint F.
All statistical analyses were conducted in the R environment

software (version 3.0.2, R Development Core Team, 2010).
Linear mixed effect models were employed for studying the
influence of SPEECH MODE [modal, semi-whispered and
whispered], INTONATION [rise (questions) vs. fall (statements)],
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SEX [male, female] and REPETITION as well as their interaction on
the variables listed in (1). To minimize the Type I error (Barr,
Levy, Scheepers, & Tily, 2013) a maximized random structure
was included as well: random intercepts for participants and
items as well as their slopes for SPEECH MODE, INTONATION, REPE-

TITION and their interactions were added to the initial model.
Very high correlations found between random-effects terms
were eliminated. (No high correlations between fixed effects
were observed). The maximized models were tested against
less complex models by means of likelihood ratio tests and
the best fit model was taken as the final model. Finally, we also
corrected for multiple comparisons by using the Tukey test.

All p-values reported in the paper are based on the Satterth-
waite approximation available in the package ‘lmerTest’
(Kuznetsova, Brockhoff, & Christensen, 2015) which includes
tests for linear mixed-effect models implemented in the ‘lme4’
package (Bates, Maechler, Bolker, & Walker, 2015). The
results section includes mean values and p-values for signifi-
cant findings; full LME output is provided for significant effects
on all dependent measures in the Appendix tables.
3. Results

Our results indicate that several acoustic cues are used to
differing extents when questions versus statements are pro-
duced in various speech modes. The presentation of the
results follows the parameter listing displayed in (1).
3.1. Vowels

To ensure that participants produced expected differences
between normal, semi-whispered and whispered speech we
calculated the mean intensity of the vowels. The results point
to the lowest mean intensity in whispered speech (47 dB) in
comparison to semi-whispered (62 dB, p < 0.001) and modal
speech (71 dB, p < 0.001; see Table 2 in the Appendix). The
results also reveal that mean intensity is significantly higher
in questions (Q) than in statements (S) in all three speech
modes (whispered: Q 49 dB vs. S 44 dB, p < 0.001, semi-
whispered: Q 64 dB vs. S 60 dB, p < 0.001) and modal speech
mode (Q 74 dB vs. S 68 dB, p < 0.001). Furthermore, interac-
tions between phonation and intonation type are highly signif-
icant (p < 0.001); see Fig. 4.

Note that the boxes in Fig. 4 and all remaining box plots cor-
respond to the 25th to 75th percentile range, black lines in the
boxes represent medians, and whiskers correspond to ±1.5
inter-quartile range; outliers, i.e., data above or below this
range are represented as points in the graph.

To verify expected intonational patterns in questions and
statements, we investigated the F0 maximum and the F0 mean
of the vowel preceding the sibilant cluster in modal speech (cf.
(1b)). The results, presented in semitones,4 indeed show that
average values for both F0 maximum and F0 mean are signifi-
cantly higher in questions than in statements (F0 max: Q
18.66 vs. S 7.42, p < 0.001, F0 mean: Q 14.29 vs. S 5.78,
p < 0.001, see Appendix Tables 3,4 and Fig. 5). As expected,
average values for F0 maximum and F0 mean are lower for male
4 The calculations were based on the reference value of 100 Hz, which is one of the
standards in calculating semitones from Hz frequency values.
than female speakers (F0 max: male 8.39 vs. female 17.10,
p < 0.001; F0 mean: male 5.21 vs. female 14.09, p < 0.001;
see Tables 3,4). Recall that due to the complete absence of
the F0 in whispered speech and the partial absence of the F0
in semi-whispered speech we did not analyse this parameter
in those two modes since we could not estimate it reliably.

We also calculated the F0 difference between the vowel off-
set and onset (cf. (1c)). This measure likewise points to an
average F0 increase in questions (female 8.23 vs. male
7.86, p < 0.001) and average falling F0 in statements (female
�1.61 vs. male �2.73, p < 0.001) confirming our initial
assumptions about F0 differences in Polish intonation patterns;
cf. also Wagner (2008).

The absence of F0 in whispered speech leads us to a key
question for the present study, namely: How can an intona-
tional distinction between questions and statements be pro-
duced in whispered speech if the F0, the most important
correlate of intonation, is not available to play a distinguishing
role?

First, our results point to the importance of formants. Since
the vowel preceding the clusters was not always the same due
to lexical restrictions (cf. Appendix) we will present results on
the two most distinctive and most frequent vowels in our data
base, viz., the low vowel /a/ and the high back vowel /u/.

The data show that the mean F1 is significantly higher in
whispered speech than in semi-whispered and modal speech
(whispered 954 Hz vs. semi-whispered 478 Hz, p < 0.001,
modal 595 Hz, p < 0.001; see Appendix Table 5). Questions
are produced with higher mean F1s than statements in whis-
pered speech (Q 992 Hz vs. S 914 Hz, p < 0.001) and modal
speech (Q 628 Hz vs. S 560 Hz, p < 0.001). In contrast, ques-
tions in semi-whispered speech have lower average F1s than
statements (Q 466 Hz vs. S 491 Hz, p < 0.05). As expected,
female speakers produce higher mean F1s than male speak-
ers (female 735 Hz vs. male 619 Hz, p < 0.001). Also as
expected, the average F1 of /u/ is significantly lower than that
of /a/ (/u/ 829 Hz vs. /a/ 1071 Hz, p < 0.05). (Note that the val-
ues of F1 for /u/ are extremely high in whispered speech as
compared to semi-whispered and modal speech.) Lastly, the
interaction of phonation and intonation type is highly significant
(p < 0.001). Fig. 6 presents the results.

Similar to F1, the mean second formant frequency of vowels
is significantly higher in whispered speech as compared to
semi-whispered and modal speech (whispered 1436 Hz vs.
semi-whispered 1165 Hz, p < 0.001, modal 1155 Hz,
p < 0.001; see Appendix Table 6). Questions are produced with
higher average F2s than statements in whispered speech (Q
1464 Hz vs. S 1407 Hz, p < 0.001), and with lower average
F2s in semi-whispered speech (Q 1135 Hz vs. S 1195 Hz,
p < 0.01). No F2 differences are found in modal speech.
Female speakers have higher mean F2s than male speakers
(female 1358 Hz vs. male 1185 Hz, p < 0.001). Finally, the
interaction of phonation and intonation type is highly significant
(p < 0.001). Fig. 7 presents the results.

The third formant frequency is higher on average in whis-
pered than in modal speech (whispered 2693 vs. modal
2587, p < 0.01; see Appendix Table 7) but does not differ from
semi-whispered speech. Questions are produced with higher
mean F3 than statements in whisper (Q 2748 Hz vs. S
2636 Hz, p < 0.001) and modal speech (Q 2623 Hz vs. S



Fig. 4. Mean intensity values for questions and statements in vowels across whispered, semi-whispered and modal speech mode.

Fig. 5. Boxplots for F0 maximum and mean of the vowels in questions and statements in modal speech.

Fig. 6. Boxplots for F1 frequency values at the vowel midpoint of /a/ (left) and /u/ (right) for questions and statements across whispered, semi-whispered and modal speech modes.
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Fig. 7. F2 frequency values at the vowel midpoint of /a/ (left) and /u/ (right) for questions and statements across whispered, semi-whispered and modal speech modes.
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2552 Hz, p < 0.01). No differences between male and female
speakers are observed. Fig. 8 illustrates the results.

Regarding vowel duration (cf. (1d)), whispered vowels are
generally longer than vowels produced in semi-whispered
speech (mean log whispered �0.83 vs. mean log semi-
whispered �0.89, p < 0.001; see Table 8) and modal speech
mode (mean log �0.89, p < 0.001). No significant differences
in vowel duration are found between statements and questions
in any speech mode.
3.2. Fricatives and affricates

3.2.1. Spectral moments

First we will provide results for spectral moments, the
parameters that have been used most frequently for sibilant
description in past work. Next we will show the measures that,
in our view, provide a clearer and more accurate representa-
tion of frication noise characteristics, i.e., spectral slopes and
locations of specific spectral peaks (cf. Fig. 3).

The first spectral moment, i.e., COG, is significantly lower
on average in whispered speech than in semi-whispered
speech (whispered 3339 Hz vs. semi-whisper 3466 Hz,
p < 0.001; see Table 9) and normal speech (4540 Hz,
p < 0.001). The mean COG values are significantly higher for
questions than for statements across all speech modes (whis-
pered: Q 3579 Hz vs. S 3088 Hz, p < 0.001; semi-whispered:
Q 3582 Hz vs. S 3354 Hz, p < 0.001; modal: Q 4823 Hz vs.
S 4256 Hz, p < 0.001). Fricatives exhibit higher mean COG
values than affricates (fricatives 4127 Hz vs. affricates
3434 Hz, p < 0.001). Furthermore, repetition has a significant
effect on average COG values, which were higher in later rep-
etitions (p < 0.001).5 Finally, it should be noted that the interac-
tion between phonation and intonation type was highly
5 The repetition effect for COG does not yield to simple explanation, and no other
measure showed a significant effect of this factor.
significant (p < 0.001) with respect to COG and all other param-
eters presented below apart from duration. The Appendix tables
show the statistical details. The results for COG are illustrated in
Fig. 9.

For the second spectral moment, whispered speech dis-
plays a significantly higher mean standard deviation (STD)
than semi-whispered (whispered 1688 vs. semi-whispered
1796, p < .01) and modal speech (1995, p < .001; see
Table 10). Only in whispered and semi-whispered speech does
average STD differ in the production of questions and state-
ments, being higher in questions (whispered: Q 1758 vs. S
1615, p < .001; semi-whispered: Q 1830 vs. S 1763, p < .05).
Fricatives display higher STD than affricates (fricatives 1990
vs. affricates 1753, p < .001).

With respect to skewness, the third spectral moment, our
results indicate significant differences between whispered
and other speech modes. Average skewness is significantly
higher in whispered speech compared to semi-whispered
(whispered 1.82 vs. semi-whispered 1.66, p < 0.001; see
Table 11) and modal speech (0.89, p < 0.001). The data show
lower mean skewness values for questions than statements in
whispered speech only (Q 1.56 vs. S 2.11, p < 0.001). Lastly,
frication in fricatives displays lower mean skewness values
than in affricates (fricatives 1.23 vs. affricates 1.67,
p < 0.001). Fig. 10 presents the results.

The fourth spectral moment, kurtosis, has significantly
higher average values in whispered than in semi-whispered
speech (whispered 19.59 vs. semi-whispered 11.05,
p < 0.001; see Table 12) and normal speech mode (3.23,
p < 0.001). As for comparing questions to statements, average
kurtosis differs in whispered and semi-whispered speech: it is
lower in questions than in statements (whispered Q 10.76 vs. S
18.80, p < 0.001; semi-whispered: Q 8.92 vs. S. 11.35). Lastly,
mean kurtosis is significantly lower in fricatives than affricates
(fricatives 4.84 vs. affricates 8.55, p < 0.001). The results are
illustrated in Fig. 11.



Fig. 8. F3 frequency values at the vowel midpoint of /a/ (left) and /u/ (right) for questions and statements across whispered, semi-whispered and modalspeech modes.

Fig. 9. Boxplots for Centre of Gravity at the midpoint of the frication of fricatives (left) and affricates (right).
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3.2.2. Spectral tilt and peak frequencies

Fig. 12 shows spectra, averaged over items and speakers,
for the fricatives and affricates in the three speech modes and
two intonation contexts. (The double-peaked nature of the
spectra is discussed below, as are amplitude differences).
The figure also shows the m1 and m2 slopes (cf. Fig. 3 above).
The m1 slope measure reflects the balance of low-frequency
energy in the spectrum relative to the lowest-frequency spec-
tral peak which in these data is generally around 2–3 kHz.
(Recall that this slope measure was taken over the frequency
range 500–3000 Hz, so that very low-frequency energy is
excluded.) The statistical results show that mean m1 turns
out to be significantly lower, i.e., less steep, in whispered than
in modal speech mode (whispered 4.82 vs. modal 5.71,
p < 0.001; see Table 13) and semi-whispered speech mode
(4.97, p < 0.001). This may reflect the stronger balance of fre-
quencies below 1000 Hz, i.e., below the spectral minimum, for
whisper (see spectra). Only in whispered speech is a signifi-
cant difference observed between questions and statements;
namely whispered fricatives display higher average m1 values
in questions than in statements (Q 5.35 vs. S 4.28, p < 0.001).
A steeper slope in whispered questions suggests that this
combination of intonation and speaking mode leads to
increased excitation of the main spectral peak (compare the
relative amplitudes of questions and statements across modes
in Fig. 12). In addition, fricatives are produced with a higher
mean m1 than affricates (fricatives 5.91 vs. affricates 4.43,
p < 0.05).

The spectral slope m2 at the midpoint of the sibilant is, on
average, less steep in whispered than in modal speech (whis-



Fig. 11. Boxplots for kurtosis of fricatives (left) and affricates (right) measured at the midpoint of frication.

Fig. 10. Boxplots for skewness of fricatives (left) and affricates (right) measured at the midpoint of frication.

6 As stated in Section 2, for this place of articulation the literature describes one broad
spectral peak around 3 kHz. We are not sure at the moment what phenomenon causes the
additional spectral peak. For this reason we limited the frequency range for the
computation of the major broad peak which is associated with the resonance of the front
cavity and thus codes how anteriorly the fricatives are articulated.

64 M. _Zygis et al. / Journal of Phonetics 63 (2017) 53–74
pered �2.18 vs. modal �2.58, p < 0.001; see Table 14) and in
semi-whispered speech (�2.25, p < 0.001). Questions are pro-
duced with a steeper m2 in comparison to statements in whis-
pered (Q �2.32 vs. S �2.02, p < 0.001), semi-whispered (Q
�2.3 vs. S �2.2, p < 0.001) and modal speech (Q �2.62 vs.
S �2.54, p < 0.01). In Fig. 12 this is evident as the greater
amplitude difference between the question and statement for
the second spectral peak compared to the first, consistent
across all plots. Fricatives have steeper m2 values than affri-
cates (fricatives �2.46 vs. affricates �2.21, p < 0.001).

Since we found that nearly all retroflex spectra had two
major peaks (see Fig. 12), we refined the calculation of the
highest amplitude spectral peak to the range from 2 kHz to
4 kHz, i.e., to the frequency region where according to previ-
ous studies the major broad (and only) spectral peak is
expected for this retroflex place of articulation.6 In this selected
frequency range, the highest peak has a lower average value in
whispered speech than in modal speech (whispered 2651 Hz vs.
modal 2932 Hz, p < 0.001; see Table 15). Questions are pro-
duced with a higher mean peak than statements in whispered
(Q 2749 Hz vs. S 2549 Hz, p < 0.001), semi-whispered (Q
2690 Hz, vs. S 2586 Hz, p < 0.001) and modal speech (Q
3026 Hz vs. S 2836 Hz, p < 0.001). There is no difference
between fricatives and affricates with respect to the frequency
of the highest spectral peak. The results are shown in Fig. 13.



Fig. 12. Multitaper spectra (mean plots over all items and speakers) for the frication midpoint of fricatives (top) and affricates (bottom) in whispered, semi-whispered and modal speech
modes. Black solid lines correspond to the question and lighter colour to the statement condition. Dashed lines are the spectral regression lines m1 and m2. The y-axes show power
spectral density (PSD).
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As with vowel intensity (Section 3.1), the fricative intensity
measure also clearly indicates differences across the three
speech modes: average values are lower for whispered than
semi-whispered (whispered 49.84 dB vs. semi-whispered
50.10 dB, p < 0.001; see Table 16 and Fig. 14) and modal
speech modes (57.30 dB, p < 0.001, see Fig. 14). Further-
more, values are higher on average in questions than in state-
ments across all three speech modes (whispered speech: Q
51.90 dB vs. S 47.70 dB, p < 0.001; semi-whispered: Q
50.94 dB vs. S 49.43 dB, p < 0.001; modal: Q 59.76 dB vs. S
54.95 dB, p < 0.001). Fricatives display a higher mean intensity
than affricates (54.60 dB vs. 50.20 dB, p < 0.001). The magni-
tude of the intensity difference between whisper and semi-
whisper is much smaller for the fricative noise than that
observed for the vowels (cf. Fig. 4 above).

Lastly, the mean log transformed sibilant duration is longer
in whispered speech than in semi-whispered speech (whis-
pered �0.84 vs. semi-whispered �0.85, p < 0.001; see
Table 17) and modal speech (�0.86, p < 0.001). However,
the sibilants show similar durations in questions and state-



Fig. 13. Boxplots for the highest spectral peak from 2 kHz to 4 kHz of fricatives (left) and affricates (right) measured at the midpoint of frication.

Fig. 14. Boxplots for the intensity of fricatives (left) and affricates (right) measured at the midpoint of frication.
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ments across all three speech modes. As expected, fricatives
have shorter mean durations than affricates (fricatives �0.89
vs. affricates �0.82, p < 0.001), see Fig. 15.

3.3. Summary of the results

The results are generally in line with past studies of
acoustic differences between whisper and voiced speech.
For example, we observed, as many past authors, that inten-
sities are lower, durations are longer, and vowel formants
are higher in whisper than in modal speech (see Section 1.3
above). With the exception of F3, whisper vs semi-whisper
comparisons showed the same general patterns as
whisper-modal differences. Of most interest here, the data
also indicate that, in Polish, intonational differences between



Fig. 15. Boxplots for duration of fricatives (left) and affricates (right).
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questions and statements are reflected in the acoustic char-
acteristics of both vowels and consonants.

With respect to vowels, the results are largely consistent
with outcomes of previous intonational research. The intensity
at the acoustic midpoint of the vowel is higher in questions as
opposed to statements (Heeren & van Heuven, 2009, 2011).
No question-statement difference in vowel duration was found
in any speech mode, comparable with the findings obtained
by Heeren and van Heuven (2009) for whispered Dutch.
Questions were produced with a higher F1 and F3 than
statements in whispered and modal speech modes. Ques-
tions had higher F2s than statements in whispered speech
only. The results are also in accordance with Heeren and
van Heuven (2009) who found that /ə/ in whispered Dutch
had higher F1 and F2 frequencies in questions than in state-
ments. The results for F1 and F2 could suggest that when
producing questions the articulatory vowel settings are more
open and more fronted than when producing statements,
especially in whisper. The reversed direction of the formant
differences between questions and statements in semi-
whisper is difficult to interpret given the virtual absence of pre-
vious acoustic work on this mode; the finding does, however,
contribute to the general conclusion that intonational patterns
may be realized differently across speaking modes, and
suggests that further work on semi-whispered speech is
warranted.

For consonants the results clearly indicate that:
(1) Spectral properties of consonants are contingent upon the

intended intonation.
(2) While the differences between questions and answers are found

in all three speech modes, some are more pronounced in whis-
pered speech, and some appear only in whispered speech.
(3) Even the second phoneme in a consonant cluster is sensitive to
intonational changes, which is a previously unreported result.

Several parameters displayed differences between ques-
tions and statements and seem to be robust as they are found
in all three speech modes. A higher-frequency spectral peak
and a higher COGwere found in questions as opposed to state-
ments. This latter finding is in line with results presented for Ger-
man (Niebuhr, 2012; Ritter & Roettger, 2014) where higher
COG values for voiceless fricatives were reported for questions
in German modal speech and in accordance with the study by
Heeren (2015b) where higher COG characterized /s/ and /f/ in
higher pitch targets in whispered speech. Questions were pro-
duced with a lower spectral regression line slope m2 (from
3 kHz to 11 kHz) in comparison to statements indicating that
the spectra fell more steeply above 3 kHz for questions than
for statements. In addition, questions were distinguished from
answers by higher intensity, although the difference in conso-
nantal intensity was smaller in semi-whisper than in the other
modes.

Apart from these robust differences, some parameters dif-
ferentiate questions from answers exclusively in whispered
speech. These include the spectral slope m1 (from 500 Hz
to 3 kHz), being higher in questions than in statements indi-
cating that questions are produced with steeper low-
frequency slope. Furthermore, the two spectral moments
skewness and kurtosis were found to be lower in whispered
questions than in whispered statements. It is worth noting
that the significantly higher skewness in whispered speech
indicates that the mass of the spectral distribution is towards
lower frequency values as compared to the other speech
modes. However, for whispered questions, the mass of the
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spectral distribution moves towards higher frequencies as
compared to whispered statements. In a similar vein, the
higher kurtosis (peakedness; width of peak) in whispered
speech indicates a narrower spectral peak for these sibilants
in comparison to their semi-whispered and normal speech
counterparts. The peak is, however, broader in whispered
and semi-whispered questions than in whispered and
semi-whispered statements.

Finally, all segments in these long voiceless sequences,
i.e., in the clusters, undergo changes in accordance with the
pitch target. Our results indicate sensitivity to intonational dif-
ferences not only in the fricatives directly adjacent to vowels
but also the frication portions of affricates following voiceless
fricatives and in absolute utterance-final position. Although
the spectral properties of both fricatives and affricates are influ-
enced by intended intonation, there are also differences
between the segments independent of the pitch target: frica-
tives are produced with a higher m1 and lower m2 than affri-
cates. Fricatives are also characterized by higher intensities,
COG and STD than affricates, but lower skewness and kurto-
sis. The fact that the spectra of fricatives are different from
those of affricates may be due to (i) the co-articulatory effects,
i.e., the influence of a preceding vowel on fricatives, (ii) their
position, i.e., the very final sentence position for affricates influ-
enced by F0 declination and/or (iii) inherent differences
between fricatives and affricates.
4. Discussion and conclusions

The results indicate that varying intonation patterns affect
not only vowels, as reported in much previous research, but
consonants as well. Their spectral properties differ in line with
the intended intonation of the speaker. Moreover, these spec-
tral differences are more pronounced in whispered speech
than in semi-whispered and normal speech. These results con-
tribute to our understanding of different speaking modes and
the encoding of intonational differences, and have several lin-
guistic and non-linguistic applications.

First of all, they provide further demonstration of an
interdependent relationship between segments and intonation.
Segmental properties are contingent upon intonation, indepen-
dently of whether F0, the main correlate of intonation, is pre-
sent or not and conversely segments, including voiceless
sounds, show intonational differences. This conclusion has at
least three important consequences for linguistically-oriented
research. First, in general terms, intonation should not be
viewed as a concept exclusively related to F0 but rather as
an output of the interaction of multiple cues, including spectral
properties of consonants. This conclusion supports Ladd’s
(1996:6/2008:4) view according to which intonation refers to
“suprasegmental phonetic features” including fundamental fre-
quency, intensity and duration. Our study shows that intonation
is also encoded in other measures such as spectral moments
and such correlates can be found in consonants. This conclu-
sion is also in line with recent studies on intonation, see e.g.,

recent studies in _Zygis and Malisz (2016) where it has been
shown that intonation does not only refer to F0 but it is an out-
put of an interplay of several acoustic parameters. Second,
voiceless segments, which have been generally avoided in
research on intonation due to the F0 absence, should be con-
sidered as units which do encode information on intonation.
Third, the results call into question the typical practice of disre-
garding intonational conditions in studies of segmental proper-
ties. The data indicate that intonation patterns significantly
affect both vocalic and consonantal properties. This conclusion
applies to all speech modes: whispered, semi-whispered and
normal.

Some of the spectral differences observed in consonants
across conditions presumably arise from basic physiological
processes. We focus here on the averaged spectra and the
spectral slope measures (the double-peaked nature of these
fricative spectra calls into question the use of the spectral
moments analysis). For example, it is evident in the aver-
aged spectra (Fig. 12) that the affricates have lower ampli-
tudes than the fricatives. This may reflect the effects of
decreasing subglottal pressure at utterance end. Lower driv-
ing pressures should yield reduced excitation of spectral
poles, providing an explanation for flatter (less positive) m1
slope values in the affricates. Jesus and Shadle (2002) pre-
dicted that steeper m1 slopes should result from more pos-
terior places of articulation, more localized sources, and
higher source strengths. The higher m1 results in whispered
questions compared to statements could therefore arise from
any of those conditions (we note that a more posterior place
of articulation would conflict with the vowel results, where
higher F2s were observed). Conversely, lower m1 values
in whisper compared to semi-whisper and modal speech
could correspond to more anterior articulation, a more diffuse
source (suggesting a difference in lingual configuration), and
a lower source strength in this speech mode. Given that
numerous articulatory characteristics can yield the same
acoustic effect, articulatory data will be needed to distinguish
among these possibilities.

Whether the changes across speech modes are caused by
internal or external factors, the end result is the same; the pro-
duction system maintains its functions, i.e., to produce ques-
tions and statements, because the system of spoken
language is robust (see e.g., Kingston & Diehl, 1995; Winter,
2014). Evidence for this property has been established, for
example, by the wealth of experimental evidence derived from
perturbation studies (see e.g., Brunner, Hoole, & Perrier, 2011;
Weismer & Bunton, 1999) in which speakers, despite articula-
tory perturbations, found a way to achieve the desired output.
The robustness of spoken language is possible due to a con-
siderable repertoire of different and partially redundant cues
which can enter into trading relations. Conversely, one cue
can also serve different functions. For example, lower-
frequency spectral peaks characterize whispered as compared
to modal speech, and also differentiate questions vs. state-
ments in whispered speech (see a discussion on various prin-
ciples of robustness shared by speech and biological systems
in Winter, 2014).

The study also reports, to our knowledge for the first time,
results on vowel and consonant characteristics in semi-
whispered speech. The vowel intensity data (along with audi-
tory impression) indicate that speakers produced this mode
as expected in regard to the overall amplitude characteristics,
in between the extremes of voiced and whispered speech. In
other measures, however—most notably the formants—values
for semi-whisper were not intermediate between those of the
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other two modes. Conceivably the lower F1s observed in semi-
whisper compared to the other conditions reflect a strategy for
producing softer speech by limiting articulatory opening. In
contrast, the reversal of the formant differences between ques-
tions and statements, with lower values in questions than
statements for F1 and F2 in semi-whisper, does not lend itself
to simple interpretation. It is clear that more work is required to
understand the nature of semi-whispered speech, but on the
basis of the present data it appears that semi-whispered
speech is not strictly identifiable in terms of presence vs.
absence of particular cues but rather is characterized by an
interplay of various cues, which may be subject to extensive
inter-speaker variation. The distinct patterns of question-
statement differences in semi-whispered speech observed
here do suggest that this mode may provide useful material
for testing interactions between speaking mode and intonation
patterns, as well as cue weighting patterns in perception.

We have presented a range of evidence indicating that var-
ious spectral cues encode prosodic differences, viz., rising
intonation in questions and falling intonation in statements.
The fact that some spectral differences between questions
and statements are found exclusively, or to the greatest extent,
in whispered speech emphasises the potential relevance of
these cues for this particular speech mode and also suggests
that they compensate for the lack of F0 which plays the most
distinctive intonational role in the phonated speech mode.
Such relations, in which one cue compensates for the absence
or reduced occurrence of another cue, are widely known in the
literature as trading relations (e.g., Diehl, 2011; Parker, Diehl, &
Kluender, 1986). It is often the case that redundant cues enter
into trading relationships wherein the magnitude of some cues
is increased whereas others are decreased (see Pape &
Jesus, 2014, 2015 for a discussion of the cue-trading aspect
of the production-perception link). In the case at hand it is evi-
dent that some spectral cues are more pronounced in whis-
pered speech than semi-whispered or voiced speech; the
same cues may be less important or even redundant in voiced
speech. The specific cues that are most important for robust
perception of prosodic contrasts, and the degree to which such
cues and cue-trading relationships are listener-dependent,
remain to be determined by means of perception experiments.

The study additionally may have implications for our under-
standing of speech adaptation processes. Previous studies
have demonstrated that language users are able to quickly
alter their output with the onset of environmental noise (e.g.,
Grynpas, Baker, & Hazan, 2011; see Winter & Christiansen,
Table 1
Words used in the experiment.

Orthography IPA

bluszcz [bluʂʈ͡ʂ]
deszcz [deʂʈ ͡ʂ]
dreszcz [dreʂʈ ͡ʂ]
gazszcz [gɔ ̧ʂʈ ͡ʂ]
haszcz [haʂʈ͡ʂ]
moszcz [mɔʂʈ ͡ʂ]
p�aszcz [pwaʂʈ
t�uszcz [twuʂʈ ͡ʂ
2012 for an extensive discussion). The current results suggest
that the feedback mechanism which detects changes in one’s
perceived output and quickly adapts the speech production
mechanism in order to achieve more intelligible speech is
found in whispered speech as well. Our speakers varied the
acoustic characteristics in accordance with which of the three
speech modes they used. Thus, they did not adapt to external
circumstances but to changes in their own speech patterns. In
this context it would be interesting to see whether and how
speech may differ in conditions where speakers talk to others,
e.g., in dialogues (see a discussion of speech accommodation
in terms of convergence and divergence in Winter &
Christiansen, 2012).

Finally, the results of the present study might be useful for
speech synthesis where F0 reconstruction in whispered
speech is a highly topical issue (e.g., McLoughlin,
Sharifzadeh, Tan, Li, & Song, 2015; Sharifzadeh &
McLoughlin, 2011; Toda, Nagiri, & Shikano, 2012). Several
attempts to reconstruct F0 appear to have been insufficient
because the algorithms were either based on small units
(see e.g., MELP by Morris, 2003 or CELP by Sharifzadeh,
2010) or they were trying to derive F0 from vowel formants
(McLoughlin et al., 2015). In our view, fine-grained spectral
consonantal properties contingent upon intonational patterns,
obtained by means of sensitive techniques, may provide addi-
tional parameters for reconstructing the intended intonation of
a given sentence. Additional analyses of semi-whispered
speech, in which F0 is partially present, could provide further
insight into the variety of ways that prosodic variation might
be synthesized.
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Appendix A.
Gloss

“ivy”
“rain”
“shiver”
“thicket”

“bush”
“grape must”

͡ʂ] “coat”
] “fat”



Table 2
Intensity of vowels across speech modes (dB), showing significant effects and interactions only.

Intensity mean s.d. b SE df t p

Ref: whispered 47 5.9
Semi-whispered 62 3.9 14.73 0.74 16 19.78 <0.001
Modal 71 4.6 24.41 1.07 15 22.79 <0.001

Ref. whispered Question 49 5.6
statement 44 4.9 �5.05 0.31 31 �16.27 <0.001

Semi-whispered Question 64 3.2
Statement 60 3.5 �3.92 0.3 30 �12.69 <0.001

Modal Question 74 3.2
Statement 68 3.8 �6.11 0.3 30 �19.86 <0.001

Statement: modal �1.05 0.29 2065 �3.60 <0.001
Statement: semi-whispered 1.13 0.29 2066 3.85 <0.001

Table 3
F0 maximum in modal speech (semitones), showing significant effects and interactions only.

F0 maximum mean s.d. b SE df t p

Ref: question 18.66 5.44

Statement 7.42 4.51 �11.26 0.49 15 �22.91 <0.001

Ref: male 8.39 6.17
Female 17.10 6.10 8.04 0.85 13 9.45 <0.001

Table 4
F0 mean in modal speech (semitones), showing significant effects and interactions only.

F0 mean mean s.d. b SE df t p

Ref: question 14.29 4.93
Statement 5.78 4.70 �8.49 0.55 18 �15.31 <0.001
Ref: male 5.21 5.07
Female 14.09 4.36 �8.97 0.78 13 11.39 <0.001

Table 5
F1 values across speech modes (Hz), showing significant effects and interactions only.

F1 mean s.d. b SE df t-Value p-Value

Ref: whispered 954 208
Semi-whispered 478 222 �401 14.39 1062 �27.85 <0.001
Modal 595 221 �345 14 1062 �24.43 <0.001

Ref: whispered Question 992 203
Statement 914 206 �88.1 14.05 1062 �6.26 <0.001

Semi-whispered Question 466 198
Statement 491 244 28.4 14.4 1062 1.97 <0.05

Modal Question 628 231
Statement 560 206 �69.4 13.9 1062 �4.97 <0.001

Ref: male 619 270
Female 735 310 113 20.65 14 5.5 <0.001
Ref: /a/ 1071 166
/u/ 829 174 �305 34.1 2 �8.95 <0.05
Question: semi-whispered �116 20.12 1062 �5.79 <0.001

Table 6
F2 values across speech modes (Hz), showing significant effects and interactions only.

F2 mean s.d. b SE df t-Value p-Value

Ref: whispered 1436 242
Semi-whispered 1165 270 �175 17 1007 �10.3 <0.001
Modal 1155 246 �239 17 1007 �14.06 <0.001

Ref: whispered Question 1464 249
Statement 1407 233 �77 17.2 1007 �4.5 <0.001

Semi-whispered question 1135 276
statement 1195 260 49.81 16 1007 3.01 <0.01

Ref: male 1185 204
Female 1358 290 154 25.24 14 6.13 <0.001
Question: modal �47.14 23.74 1007 �1.985 <0.001
Question: semi-whispered �127.60 23.90 1007 �5.337 <0.001
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Table 7
F3 values across speech modes (Hz), showing significant effects and interactions only.

F3 mean s.d. b SE df t-Value p-Value

Ref: whispered 2693 254
Modal 2587 236 �88.4 31.34 22 �2.82 <0.05

Ref: whispered Question 2748 243
Statement 2636 252 �120 28.13 30 �4.28 <0.001

Modal Question 2623 237
Statement 2552 230 �83.7 28.05 30 2.98 <0.01

Table 8
Vowel duration (log), showing significant effects and interaction only.

Vowel duration mean s.d. b SE df t-Value p-Value

Ref: whispered �0.83 0.12
Semi-whispered �0.89 0.13 �0.062 0.005 2000 �11.35 <0.001
Modal �0.89 0.13 �0.066 0.005 2000 �12.12 <0.001

Table 9
Centre of gravity, showing significant effects and interactions only.

Centre of Gravity (COG) mean s.d. b SE df t-Value p-Value

Ref: whispered 3339 1133
Semi-whispered 3466 1105 282 66.45 23 4.24 <0.001
Modal 4540 1029 1180 126.83 17 9.3 <0.001

Ref: whispered Question 3579 3088
Statement 3088 1074 �502 74.29 26 �6.76 <0.001

Semi-whispered Question 3582 1141
Statement 3354 1057 �217 76.89 23 �2.83 <0.001

Modal Question 4823 952
Statement 4256 1025 �564 76.89 23 �7.34 <0.001

Ref: fricatives 4127 1146
Affricates 3434 1184 �688 93.73 15 �7.34 <0.001
Repetition 50.39 14.51 4430 3.47 <0.001

Question: modal 52.90 57.65 4694 0.918 <0.001
Question: semi-whispered �293 57.65 4430 �5.09 <0.001

Table 10
Standard deviation, showing significant effects and interactions only.

Standard deviation mean s.d. b SE df t-Value p-Value

Ref: whispered 1688 508
Semi-whispered 1796 495 66.41 20.33 44000 3.26 <0.01
Modal 1995 390 261.51 20.22 4400 12.92 <0.001

Ref: whispered Question 1758 489
Statement 1614 517 �147.58 30.26 31 �30.26 <0.001

Ref: semi-whispered Question 1830 486
Statement 1763 501 �62.50 30.24 31 �2.06 <0.05

Ref: fricatives 1900 476
Affricates 1753 482 �149.09 44.28 15 �3.36 <0.01
Question: modal �92.93 28.80 4628 �3.22 <0.01
Question: semi-whispered �85.08 28.80 4628 �2.95 <0.01

Table 11
Skewness, showing significant effects and interactions only.

Skewness mean s.d. b SE df t-Value p-Value

Ref: whispered 1.82 1.32
Semi-whispered 1.66 1.22 �0.42 0.05 4212 �7.95 <0.001
Modal 0.89 0.85 �1.18 0.05 4215 �22.41 <0.001

Ref: whispered Question 1.56 1.13
Statement 2.11 1.43 0.58 0.1 22 5.49 <0.001

Ref: fricatives 1.23 1.07
Affricates 1.67 1.30 0.46 0.05 7 8.06 <0.001
Question: Modal 0.43 0.07 4214 5.84 <0.001
Question: Semi-whispered 0.45 0.07 4215 6.12 <0.001
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Table 12
Kurtosis, showing significant effects and interactions only.

Kurtosis mean s.d. b SE df t-Value p-Value

Ref: whispered 19.59 42.29
Modal 3.23 5.71 �4.60 0.43 4274 �10.52 <0.001

Ref: whispered Question 10.76 18.53
Statement 18.80 26.96 5.57 0.45 4275 12.19 <0.001

Ref: semi-whispered Question 8.92 14.06
Statement 11.35 18.25 1.16 0.44 4274 2.61 <0.01

Ref: fricatives 4.84 7.07
Affricates 8.55 11.65 4.01 0.25 4274 15.60 <0.001
Question: modal 5.55 0.62 4274 8.82 <0.001
Question: modal 4.40 0.63 4274 6.89 <0.001

Table 13
m1, showing significant effects and interactions only.

m1 mean s.d. b SE df t-Value p-Value

Ref: whispered 4.82 5.1
Semi-whispered 4.97 4.81 0.64 0.17 4464 3.61 <0.001
Modal 5.71 3.9 1.40 0.17 4462 7.87 <0.001

Ref: whispered Question 5.35 4.83
Statement 4.28 5.32 �1.06 0.24 36 4.32 <0.001

Ref: fricatives 5.91 4.49
Affricates 4.43 4.71 �1.46 0.60 15 �2.42 <0.05
Question: modal �0.98 0.25 4463 �3.93 <0.001
Question: semi-whispered �0.89 0.25 4464 �3.54 <0.001

Table 14
m2, showing significant effects and interactions only.

m2 mean s.d. b SE df t-Value p-Value

Ref: whispered �2.18 0.49
Semi-whispered �2.25 0.41 �0.18 0.01 4323 �11.66 <0.001
Modal �2.58 0.25 �0.54 0.01 4324 �33.35 <0.001

Ref: whispered Question �2.32 0.43
Statement �2.02 0.51 0.32 0.02 27 12.30 <0.001

Semi-whispered Question �2.3 0.38
Statement �2.2 0.42 0.10 0.02 26 3.88 <0.001

Modal Question �2.62 0.24
Statement �2.54 0.27 0.74 0.02 26 2.85 <0.01

Ref: fricatives �2.46 0.35
Affricates �2.21 0.47 0.25 0.02 7 9.57 <0.001
Question: modal 0.25 0.02 4324 11.08 <0.001
Question: semi-whispered 0.24 0.02 4324 9.80 <0.001

Table 15
The frequency of the highest peak (2–4 kHz), showing significant effects and interactions only.

The highest peak mean s.d. b SE df t-Value p-Value

Ref: whispered 2651 465
Modal 2932 486 284 55.31 17 5.14 <0.001

Ref: whispered Question 2749 481
Statement 2549 426 �200 19.95 59 �10.04 <0.001

Semi-whispered Question 2690 464
Statement 2586 412 �97.28 19.93 59 �4.88 <0.001

Modal Question 3026 483
Statement 2836 412 �184 20.05 60 �9.18 <0.001

Question: modal �16.19 24.43 4444 �0.66 <0.001
Question: semi-whispered �102 24.34 4443 �4.23 <0.01
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Table 16
Fricative intensity, showing significant effects and interactions only.

Intensity mean s.d. b SE df t-Value p-Value

Ref: whispered 49.84 6.51
Semi-whispered 50.10 5.60 1.93 0.51 16 3.72 <0.001
Modal 57.30 5.16 7.39 0.82 16 8.9 <0.001

Ref: whispered Question 51.90 6.47
Statement 47.70 5.83 �4.44 0.25 26 �17.73 <0.001

Semi-whispered Question 50.94 5.74
Statement 49.43 5.51 �1.42 0.25 26 �5.67 <0.001

Modal Question 59.76 4.51
Statement 54.95 4.63 �4.8 0.25 26 �19.17 <0.001

Ref: fricatives 54.60 6.60
Affricates 50.20 6.15 �4.39 0.45 18 �9.7 <0.001

Question: modal 0.35 0.21 4403 1.68 <0.001
Question: semi-whispered �3.02 0.21 4404 �14.29 <0.001

Table 17
Duration, showing significant effects and interactions only.

Duration mean s.d. b SE df t-Value p-Value

Ref: whispered �0.84 0.10
Semi-whispered �0.85 0.10 �0.013 0.002 4200 �6.12 <0.001
Modal �0.86 0.10 �0.021 0.002 4200 �9.91 <0.001

Ref: fricatives �0.89 0.09
Affricates �0.82 0.09 0.07 0.019 15 3.73 <0.001
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