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Abstract

Despite many attempts, we do not yet know how to answer the question exhaustively and
adequately: What is common Danish sted phonetically? Specifically, is there an underlying
physiological constancy behind the considerable acoustic variability? And is there a
common denominator to the different acoustic manifestations that might explain their
perceptual equivalence? Systematic acoustic, physiological, and perceptual investigations
of common Danish sted now span (a little more than) three quarters of a century.
This is a review of that research, to determine what may be considered established phonetic
facts about common Danish sted and the open questions that remain for future research.
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1. Introduction

This is a review of literature reporting experiments on the physiology, acoustics, and
perception of common Danish sted, published during the past three quarters of a
century.

The term COMMON DANISH ST@D is a translation of FALLESDANSK ST@D - as
opposed to VESTJYSK ST@D ‘West Jutlandic stod’. When specification is not required,
common Danish sted is rendered as sToD henceforth. It is found everywhere in
Denmark north of a wavy line, the ST@D BORDER, running from the west, between
the islands Remg and Mandg in the Wadden Sea, across Southern Jutland, South
Funen, and the southernmost part of Zealand to the town of Preeste in southeast
Zealand (Ringgaard 1973:22). Note, however, that sted is not distributed in the same
manner in different Danish regions.

Some dialects south of the stod border have a tonal accent, as for instance on
Reme and Are. Others have no accent at all, whether tonal or sted, as for instance
on Lolland and Bornholm (Ringgaard 1973).

Some authors merely characterize their speakers as Danish, others distinguish
between speakers from Copenhagen and those who speak Standard Danish from
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a regional background. The only dialect study is that of Ringgaard (1960), discussed
in Section 4.1.4.

Section 2 is a brief description of the phonetic and phonological properties of
sted as they are generally recognized today. Section 3 recounts a few older phonetic
descriptions and experiments that serve to put into perspective the twenty-two
modern investigations recounted in Section 4. Section 5 is a summary, and
Section 6 contains a discussion.

2. Properties of common Danish sted

Sted is a challenging subject, partly due to its phonetic properties, as evidenced in
Sections 3 and 4, but partly also due to the role it plays in the phonology of Danish.

2.1 Phonetic characteristics

The PROTOTYPICAL manifestation of sted is generally described as a particular kind
of creaky voice or laryngealization. That is, vocal fold vibrations with irregular vari-
ation in periodicity as well as amplitude, commonly associated with a decrease of
fundamental frequency (Fy) and intensity toward the end of the syllable. However,
the manifestation may be weaker and resemble modal voice: merely a somewhat
compressed voice quality, lacking vibratory irregularity and F, perturbation at
the end. Sted is perceptible in whisper but disappears in song, at least in bel canto
style singing. To set it apart from creaky voice or laryngealization as described in
other languages, the manifestation of sted is termed CREAKINESS here. It is very
reminiscent of Livonian sted, though structurally different (Kiparsky 2017).
However, Livonian has become extinct since the last speaker passed away in
2013 (Charter 2013). Danish sted may therefore now be unique among the
languages of the world.

Sted is conventionally marked with a superscript glottal stop symbol - after the
vowel if it is long, as in [be:’n] ben ‘leg’, or else after the first postvocalic sonorant
consonant, as in [ben’] bind ‘bandage’ — even though sted is not, except in its stron-
gest manifestation as under emphasis, produced as a glottal stop.

2.2 Phonological characteristics

Sted is a PROPERTY OF SYLLABLES. For a syllable to have sted it must satisfy two
phonological conditions, one segmental, one prosodic. (i) It requires a long sonority
rhyme, either a long vowel - as in [se:?] se ‘see’ — or else a short vowel followed by a
sonorant consonant — as in [hal’] hal ‘hall’. In either case, one or more consonants
may follow in the syllable - as in [se:’n] sen ‘late’ and [hal’'m] halm ‘straw’. (ii) The
syllable may not be unstressed. With long sonority rhymes and stress (whether
primary or secondary), syllables have sT@D-BASIS in Basbell's account of sted
(2005:277-278). Note that vowel length is distinctive in Danish, as in ['vi:le] hvile
‘rest” versus ['vilo] ville ‘would’, and vowels with sted are long vowels phonologi-
cally. There is no corresponding length distinction in Danish consonants.

The fundamental PHONOLOGICAL GOVERNING PRINCIPLE is that a syllable with
stod-basis has sted if it is not penultimate in the lexeme, hence for instance
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[tan?] tand ‘tooth” with sted but [ 'tsanda] tante ‘aunt’ without sted. There are lexi-
cally marked exceptions to this principle in certain monosyllables with a short vowel
ending in one sonorant consonant, such as [fol] fol “foal’ and [ven] ven ‘friend’
without sted, and in many disyllables ending in /ol on or/, such as ['an’gsl]
ankel ‘ankle’, ['lee:%jon] lagen ‘sheet’, and [ 'fe:’be] feber ‘fever’ with sted. In inflection
and derivation complex morphological principles apply, giving rise to sted
contrasts such as ['hu:’sd] huset ‘the house’ with stod (from INDEF.SG. ['hu:’s]
hus ‘house’) versus ['hu:sd] huset ‘housed” without stoed (from INF ['hu:so]
huse ‘house’). See further Basbgll (2005, 2008, 2014, 2021, 2022) and Grgnnum,
Pharao & Basbell (2020).

Phonetic investigations of sted may be undertaken to illuminate questions about
its physiology, acoustics, or perception. But the point of departure may also be a
quest for a phonetic underpinning of a particular phonological analysis. Thus,
for instance, building on prior investigations of vowel and consonant duration
and the timing of the onset of creakiness (Petersen 1973; Fischer-Jorgensen
1987), Basbell (1988) proposed that Danish syllables have moraic structure, and that
stod is a property of the second mora in bimoraic syllables. He specified that non-
sonorant consonants cannot be moraic in Danish, and that trimoraic syllables are
excluded (Basbgll 1989, 2005:292, 2021). In other words, [se:?] se ‘see’ and [se:'n] sen
‘late’ are equally bimoraic, as are [hal’] hal ‘hall’ and [hal’'m] halm ‘straw’. Basbell
also suggested that consonants with sted are long phonologically. His analyses occa-
sioned additional investigations of duration (Grennum & Basbell 2001) as well as
two perceptual experiments (Grennum & Basbell 2002, 2003).

3. Older phonetic descriptions and investigations, 1743-1943

Jens Pedersen Hoysgaard (1743, 1747, 1769) was the first to identify sted phoneti-
cally and to recognize its distinctive function. The term ST@D is also due to him.
It means ‘push’ or ‘thrust’, and he described it impressionistically as resembling
a very little hiccup (et meget lidet hik) that arises when the pharynx closes and cuts
off the breath (svelget lukker sig for dnden - Fischer-Jorgensen surmises that
‘Hoysgaard ... hardly made any distinction between pharynx and larynx’ 1987:72).

For a century and a half after Hoysgaard, stoed was commonly assumed to be a
glottal stop. That was, for instance, the opinion of highly influential Otto Jespersen
(1897-1899:297), one that he maintained in the German edition of his book
(Jespersen 1913:78-79), although Rousselot’s (1897-1901) exploratory kymograph
experiments had shown that the vibrations in the larynx hardly ever died away
completely in words with sted (Rousselot 1901:873-879). That same observation
was subsequently made repeatedly - albeit in experiments of somewhat limited
scope in terms of number of speakers and recorded words - thus also in the last
investigations to rely exclusively on the kymograph in sted investigations, that is,
Ekblom (1933) and Abrahams (1949). See Fischer-Jorgensen (1987:72-74) for a
fuller account of older descriptions and instrumental investigations of sted.

The kymograph was not a very sensitive or accurate instrument, though it func-
tioned reliably enough to show that sted is not normally a full glottal stop. Smith
(1944) is the first phonetic investigation that also employed more advanced
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methods and equipment, but it took more than a decade before the kymograph was
irrevocably retired and became a museum piece. Thus Ringgaard (1960) was the last
to employ it in some of his initial experiments around 1958.

4. Modern instrumental investigations

Between 1944 and 1978, three Danish doctoral dissertations and eight papers saw
the light of day. Then there was a lull until Eli Fischer-Jorgensen’s monumental
report about experiments — spanning more than a decade since 1974 - appeared
in 1987. Another lull ended in 2001 when Hans Basbell and I published the first
of six papers. The last period contains the four most recent contributions to empir-
ical phonetic sted research. If I am not guilty of an oversight, there are no more
modern empirical phonetic (acoustic, physiological, or perceptual) analyses of
common Danish sted than the twenty-two books and papers reviewed below.

4.1 1944-1978

4.1.1 Smith 1944
Svend Smith’s (1944) dissertation — in the first major, systematic, and detailed
experimental phonetic investigation of Danish sted - challenged the generally
accepted view of the larynx as the primary source of stod. In what for his time
was a groundbreaking and difficult interdisciplinary undertaking, he recorded
electromyographic (EMG) activity from surface electrodes placed on the lower
abdomen of five speakers. Readers appreciate the precariousness of the enterprise
when they learn that in normal upright bodily position, the abdominal activity
involved in maintaining this posture drowns out whatever specific activity speech
production might entail. Only lying down did Smith obtain valid recordings from
the electrodes, registered by an oscillograph, and captured on film. The recorded
material consisted of eleven pairs of sted/non-sted words (five monosyllabic, five
disyllabic, and one trisyllabic pair), such as [ven] ven ‘friend’, [ven’] Vend!
‘Turn!” and ['so:son] rosen ‘the rose’, ['vo:’son] rosen ‘the praise’. Each pair was
pronounced several times, in isolation, by five speakers. Numerous recordings were
discarded due to speaker errors and technical glitches, yielding merely eighty-three
pairs of words suitable for analysis. Six were whispered. In fifty-six instances, three
of them whispered, the word with sted exhibited an abrupt increase in abdominal
EMG activity, succeeded by an equally abrupt decrease. However, Smith was unable
to synchronize EMG and sound recordings and therefore could not be sure at what
point in time the higher EMG activity began in words with sted. Nevertheless, he
proposed that the causative factor in sted production is a ballistic contraction of the
expiratory muscles. This sudden contraction creates a steep increase in subglottal
pressure that in its turn (though not infallibly) induces a secondary, proprioceptive
reflexive innervation of the vocal folds, giving rise to creakiness. The subsequent
equally abrupt reduction in subglottal pressure results in a reduction of intensity
and F,,.

In a subsequent experiment, Smith investigated F, in sted versus non-sted. Six
speakers produced some forty pairs of words with and without sted, as well as a few
short sentences. They were recorded with a microphone whose vibrations were
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transferred to an oscillograph and captured on film. The vibrations on the film strip
were analysed with a Meyer-Schneider pitch meter, a time-consuming manual
procedure. There was no significant F, difference at the beginning of words with
stod and non-sted. The F, fall often observed at the end of syllables with sted is
not a tonal phenomenon per se, notes Smith, but is to be explained in conjunction
with the reduction in amplitude, and both are a consequence of the reduction in
subglottal pressure that results from the abrupt cessation of innervation of the expi-
ratory musculature. Finally, Smith observed a tendency for greater vibratory ampli-
tude at the beginning of syllables with sted, indicative of greater tension, a tendency
that became the subject of a third experiment.

Smith recorded ORAL AIRFLOW VELOCITY in unvoiced initial consonants in three
speakers on a kymograph. He found some evidence of greater flow velocity that he
interpreted as greater articulatory energy at the beginning of words with sted. In the
same vein, the only voiced initial consonant in the recorded material, (1], exhibited
vocal fold oscillations of greater amplitude in words with sted, also indicative of
more articulatory energy.

Smith introduced the concept of PHASES in sted production. The first phase is the
increase of EMG activity in the abdominal musculature. The second phase is the
succeeding decrease of EMG activity - often, but not invariably, accompanied by
irregular vocal fold vibrations. This concept of a biphasic sted resonated with most
researchers following Smith but with a slightly different, that is, acoustic connota-
tion. The FIRST PHASE became the interval with modal voice, the SECOND PHASE
became the interval with creakiness.

Concluding the results of all three experiments, Svend Smith’s final words
(1944:120) are that ‘... Stedet herefter kan defineres fysiologisk som en
Trykaccent, en scerlig markerende Beveegelse foretaget ved en stodagtig Fremhceven
af Lydmasse’ [ ... the sted henceforth can be defined physiologically as a stress-
accent, a particular marking motion brought about by a push-like highlighting of
sound mass].

In the years following Smith’s experiments, the explicit assumption became that
the vocal folds (the vocalis muscles) are active, not passive participants in stod
production. Common to every phonetic investigation of sted after Smith’s is the
assertion that the vibratory pattern of the vocal folds in syllables with stod deviates
in SOME MANNER from normal, modal vocal fold vibrations, and subsequent
researchers set out to characterize in more detail the nature of this deviation.
Some have also tried to establish the physiological mechanism underlying it.

4.1.2 Fischer-Jorgensen 1955

Eli Fischer-Jorgensen (1955) measured the duration of long vowels without sted,
long vowels with sted, and short vowels in two triads — ['p"i:be] piber ‘pipes’,
['phi:’be] piber ‘whines’, ['phibe] pipper ‘chirps’, and ['le:se] Ileser ‘reader’,
['le:’se] leeser ‘reads’, ['lese] lesser ‘loads (PRS)’ - recorded once in isolation by
ten speakers. The same triads plus ['hy:lae] hyle ‘howl’, ['hy:"le] hyler ‘howls’,
['hylo] hylde ‘praise (INF)” were embedded in short sentences and recorded three
times by three speakers each. In isolation, long vowels with sted averaged 82%
of the duration of long vowels without sted. In sentence context they averaged
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89% of long stadless vowel duration. The short vowels averaged 50% in isolation and
60% in sentences, respectively, of long stedless vowel duration. Fischer-Jorgensen
(1987) contains a more comprehensive investigation of vowel duration; see
Section 4.2.1.

4.1.3 Faaborg-Andersen 1957

During a pioneer investigation of EMG activity in intrinsic laryngeal muscles in
thirty-two healthy subjects and twenty-three patients with unilateral vocal fold
paresis, Knud Faaborg-Andersen (1957) also recorded a pair of words with and
without sted, [mo:’e] mord ‘murder’ and [mo:e] mor ‘mother’, from six healthy
speakers. (These words would be pronounced [mog’] and [moe] today.) He
obtained action potentials from two needle electrodes, one inserted via the mouth
into the vocalis muscle and one inserted from the outside, through the skin and the
cricothyroid cartilage, into the cricothyroid muscle. He obtained a total of nine and
ten recordings from the vocalis and cricothyroid muscles, respectively. Table 11
(Faaborg-Andersen 1957:78) lists the maximum amplitude of the electric action
potential in pV in the two muscles in the production of [mo:’e] and [mo:e], respec-
tively, in these nineteen instances. I have calculated the difference in maximum
action potential between the two words. In the vocalis muscle, the average
maximum action potential is 56.3 pV higher in the word with sted, whereas in
the cricothyroid muscle, it is only 11.3 pV higher in the word with sted.
However, the dispersion in the data is considerable and the difference is not statis-
tically significant. I think the conclusion should be that Faaborg-Andersen demon-
strated a TENDENCY for higher activity in the vocalis muscle in sted than in non-
stod, but no corresponding increase in the cricothyroid muscle. Faaborg-
Andersen did not measure Fy, therefore we cannot know whether the (in retrospect)
surprising absence of substantial increase in cricothyroid activity indicates that there
was no F, difference between the two words.

4.1.4 Ringgaard 1960

In another pioneer research effort, Kristian Ringgaard (1960) investigated West
Jutlandic sted. It occurs in the dialects of West Jutland with an extension towards
the east at Vejle and Horsens and reaches across the Little Belt to the northernmost
part of Funen (Ringgaard 1973:24). Lying north of the sted border, these regions
also have the common sted, though with a different distribution than in the
Copenhagen standard language. Monosyllables with a short vowel succeeded by
a sonorant consonant and an obstruent, such as pels ‘fur’ and flink ‘nice’, invariably
have sted in Copenhagen, [phel’s] and [flen’]. In Jutland and on Funen they are
without sted, [phels] and [fleng].

West Jutlandic sted occurs in stressed syllables before /p t k/ in intervocalic, or
originally intervocalic, position (Ringgaard 1960:10). That is, it occurs in disyllables
and in monosyllables that derive from apocopated disyllables, but never in original
monosyllables, as in ['so?go] sukker ‘sighs (PRS)’ and apocopated [so0?g] sukke ‘sigh
(INF), the latter contrasting with a stedless original monosyllable ['sod] suk
‘sigh (N)”.
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On a kymograph, seven speakers recorded isolated words with West Jutlandic
sted, with common sted, and without sted. Ringgaard found the kymograms well
suited to establish durational relations, but they could not provide unambiguous
information about the ARTICULATION of West Jutlandic sted, except that it is
different from the common Danish sted. He then proceeded with spectrography
of his own speech at Svend Smith’s Institut for Talelidende [Institute for the
Speech Impaired] in Hellerup, the only phonetics laboratory in Denmark with a
spectrograph in 1958. Ringgaard discovered that in the common sted of
[du'kbee:’d] dukat (a gold coin), voicing continued until the onset of the final stop
consonant, and the release of the stop consonant was affricated. That is, glottis must
have been open at the time of release. West Jutlandic sted, on the other hand, exhib-
ited a Iydlest’ tomrum [‘soundless’ void] at the end of the vowel, obliterating the
vowel formant transitions to the consonant, and no noise whatever after the release
of the stop consonant (Ringgaard 1960:76).

Ringgaard was unable to determine what caused this soundless void, a vocal fold
occlusion or EKSPIRATIONSSTANDSNING [cessation of expiration]. To settle the issue,
he had an X-ray movie made at Arhus Municipal Hospital of his vocal folds, illu-
minated from the back of the neck, moving at 48 frames per second. He pronounced
[ktad] kat ‘cat’ three times and [kra?d] katte ‘cats’ six times. I regret that with my
untrained eye I am unable to interpret the X-ray still pictures reproduced in Figures
27 and 28 (1960:78-81). But in a footnote (1960:77) Ringgaard quotes Chief
Physician E. Mosekilde, who states that

in the word [k"ad] kat ‘cat’ the false and true vocal cords only just come
together while preserving their natural relief. In [kha?d] katte ‘cats’ the occlu-
sion is far more massive ... The true and false vocal cords and the sinus of
Morgagni are completely obliterated [my paraphrased translation].

Ringgaard concludes that West Jutlandic sted is a GLOTTAL sTOP. He reasons that
such a firm glottal occlusion must involve increased subglottal pressure.

Subglottal pressure was recorded via a 2 mm thick syringe, inserted into
Ringgaard’s larynx just below the cricoid cartilage, and printed on an electrocardio-
graph, while he pronounced isolated words without sted, with common sted, and
with West Jutlandic sted. He found that in stedless words as well as words with
common sted, subglottal pressure rose and fell in a smooth curve with peak pressure
around the midpoint in the vowel. But in West Jutlandic sted, subglottal pressure
was higher and the peak later in the vowel. He had expected subglottal pressure to
increase even further, after the occlusion in the glottis. But it did not. During the
glottal and succeeding oral occlusions, subglottal pressure fell back to its level of
equilibrium. That could only happen if the respiratory organs performed a sudden
INSPIRATORY movement.

Accordingly, in the last experiment in this impressive series, X-ray
diaphragm kymography revealed that in four productions of [kha?d] katte ‘cats’
Ringgaard’s diaphragm performed a downwards, that is, an inspiratory movement
during the glottal and oral occlusions, only reverting to expiration at the end of
the word.
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Ringgaard concluded the results of his challenging experiments, noting that West
Jutlandic sted, that is, the glottal stop, appears to be both a very energetic and a very
complex articulation.

I have no reason to doubt Ringgaard’s methods and results. But I believe a
cautious caveat is in order here, one that I could voice about many physiological
investigations of speech. Because the invasive procedures are intensely uncomfort-
able, it is difficult to recruit enough subjects to confidently allow generalization of
the results to all speakers of the language.

Finally, I want to point out that even more remarkable than the phonetic nature
of West Jutlandic sted is the fact that West Jutland has two phonetically different —
and phonologically distinctive — laryngeal phenomena, a glottal stop and a common
Danish sted, and in almost perfectly mutually exclusive contexts. This is a rather
unique situation. Nevertheless, West Jutlandic sted is alive in the dialects to this
day (Torben Arboe, Yonatan Ungermann Goldshtein, and Inger Schoonderbeek
Hansen, personal communication, March 2022).

4.1.5 Lauritsen 1968

Margaret Lauritsen’s (1968) short paper is from a Berkeley Phonology Laboratory
Report that I have not been able to access. I quote her results from Fischer-Jorgensen
(1987:77-78). Lauritsen published 33 spectrograms of words with and without sted,
produced by one speaker. At the end of long vowels with sted, the spectrograms
revealed a clear reduction in intensity, sometimes creakiness, and falling F,.
Importantly, Lauritsen noted that the timing of creakiness is variable. In a long
vowel it may spill over into a succeeding sonorant consonant, and in a sonorant
consonant it may show up already in the preceding short vowel. She further noted
that sted is audible in whispered speech through a reduction of the intensity of the
whispery noise. I may add that the audibility of sted in whisper is something Danish
speakers can easily verify for themselves. Contrasts like [vel] vel ‘well” versus [vel’]
veeld ‘abundance’, [hans] hans ‘his’ versus [han’s] Hans (a boy’s name), and
['me:le] maler ‘painter’ versus ['me:’le] maler ‘paints’ are perfectly perceptible
in whispered speech, in isolation as well as in running speech.

4.1.6 Vihman 1971

In an appendix to her dissertation on Livonian phonology, Marilyn Vihman (1971)
compared Danish and Livonian sted. Livonian sted is always associated with a tonal
difference, one that may even substitute for creakiness. That is not the case in
Danish. One speaker recorded a series of minimal pairs, words with and without
stod, in isolation and in a small frame sentence. Vihman found creakiness as well
as decreasing F at the end of most words with sted. But there were also instances of
stod where no creakiness and no F, decrease were detectable in the spectrograms.
Those words, however, exhibited higher F, at vowel onset than did non-sted words.
Later in the vowel, Fy converged with the non-sted pattern.

Vihman’s observations were confirmed by nearly every acoustic analysis that
followed.
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4.1.7 Petersen 1973

Pia Riber Petersen (1973) analysed F,, intensity, and a few spectra in disyllables
from six speakers. As did Lauritsen (1968), she found considerable variability in
the acoustic manifestation of sted in long vowels: explicit or less explicit creakiness,
that started earlier or later in the vowel, and was of shorter or longer duration. One
subject (labelled 22°) stood out from the others by the complete absence of any
visible signs of creakiness. However, his stod syllables exhibited higher F, than
non-sted syllables.

Petersen subsequently ran a listening test, made up of recordings of a pair of
words, ['ler’se] leser ‘reads’ and ['le:se] leser ‘reader’, spliced out from their
sentence context, by speaker 22 and by another male speaker with acoustically
explicit stod. ['le:se] was very often identified as stodless ['le:se] leser ‘reader’,
whereas only rarely was stadless [ le:se] identified as [ 'le:?se] leser ‘reads’. With that
caveat, however, speaker 22’s renditions of ['le:’se] leser ‘reads’ were identified
correctly more often than those of the acoustically more explicit speaker.

Petersen furthermore found long vowels with sted in her material - where test
items were embedded in semantically natural sentences — to have the same duration
as long vowels without sted. She found the creakiness to take up about one third of
the total long vowel duration and to begin at about 110 ms from vowel onset.
Consonants with sted after short vowels were longer by about 35% than consonants
without sted. Short vowels before consonants with sted were slightly shorter than
before consonants without sted. F, maxima were higher in words with sted, and
minima were lower. That is, the frequency range spanned was larger in sted than
in non-sted words. Intensity displayed more of a fall in sted words, whether F, was
also falling (as it was not with speaker 22).

4.1.8 Thorsen [Grennum] 1974

I was intrigued by Petersen’s results and ran a perceptual experiment. I found that
when the end of a word with stad was cut off at the point in time where the vocal
fold vibratory pattern changed visibly from modal voice to creakiness — or at any
point earlier in time - stod was no longer perceptible. A similar test with stimuli
from Petersen’s speaker 22 revealed that even his shortest stimuli were infallibly
perceived to have sted. I suggested that this was due to two features: his voice
sounded somewhat strained or compressed in words with sted and they also began
on a significantly higher F,. In retrospect, I propose that these two features may be
correlated; see the discussion in Section 6.1.

4.1.9 Fischer-Jorgensen & Hirose 1974a, 1974b

Eli Fischer-Jorgensen & Hajime Hirose (1974a) recorded EMG activity in labial and
laryngeal muscles in stop consonants at the Haskins Laboratories in 1972. Among
the words in the recorded material were also two pairs of sted/non-sted words,
[man] man ‘one/you’ versus [man’] mand ‘man’ and [ p"i:be] piber ‘pipes’ versus
['phi:’be] piber ‘whines’. In a brief follow-up paper (Fischer-Jorgensen & Hirose
1974b) they noted that the vocalis muscle exhibits a clear peak of activity in the
stod words, absent in non-sted, with the one speaker whose recordings could
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be reliably interpreted. The same speaker exhibited no difference in labial muscle
activity, or in other words no evidence of a more forceful labial gesture in the onset
of syllables with sted versus no sted.

4.1.10 Fischer-Jorgensen 1974

This is short note to say that the work that commenced with Hajime Hirose at the
Haskins Laboratories in 1972 continued in May and June of 1974 in Copenhagen,
where EMG recordings of the vocalis muscle were obtained from seven speakers in
words with and without sted. Four speakers showed increased vocalis activity in
vowels with sted, three speakers did not. The final words in this advance notice
are: ‘More details will be given in later reports’ (Fischer-Jorgensen 1974:206), as
indeed they were — in 1987.

4.1.11 Jorgensen 1978

John Jorgensen (1978) quotes Roman Jakobson’s (1941) dictum that phonological
phenomena that are rare in the languages of the world are acquired late by children.
He recorded and transcribed the speech of four two-year-old toddlers. Each child
produced around 125 short, non-imitated phrases — with two or three syllables per
phrase. In a total of about one thousand syllables, only forty-one, equally distributed
among the four children, contained a mistake in sted. There were twenty-five
instances of no sted where one should have been, ten instances of sted where none
should have been, and six instances of sted on the wrong segment in the syllable.
Jorgensen suggests that this early mastery is due to sted being a prosodic phenom-
enon, and prosodic phenomena (for instance, intonation) are known to be acquired
very early in children’s linguistic development.

4.2 Fischer-Jorgensen 1987 (1989a, 1989b)

Fischer-Jorgensen (1989a) is a photocopy of a slightly revised version of the manu-
script for 1987, and Fischer-Jorgensen (1989b) is an abbreviated version. I refer to
the comprehensive 1987 annual report edition here, that has recently become avail-
able online. It reports the results of experiments conducted over more than a decade
after 1974.

Various subgroups of fifteen speakers, some of whom spoke Standard Danish
from a regional background, were analysed in the many different experiments
reported in this mammoth paper. Eli Fischer-Jorgensen performed extensive
acoustic analyses: duration, creakiness, Fy, intensity, and spectral composition.
She filmed the vertical movement of the larynx, made fibre optic (laryngoscopic)
videos of the larynx, recorded oral airflow, subglottal pressure, pharyngeal pressure,
and she made palatograms. She obtained EMG signals from the vocalis, the crico-
thyroid, the interarytenoid, the posterior cricoarytenoid, and the lateral cricoaryte-
noid muscles. A microphone signal was also always recorded and synchronized with
the physiological recordings.
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4.2.1 Acoustic analyses

DURATION of vowels with sted in words read in isolation was less (by 15% on
average) than of long vowels without sted. But in words recorded in sentences,
vowels with and without stod were of equal duration. Consonants with sted were
longer (by 33% on average) than consonants without sted, with a tendency for the
preceding short vowel to be shorter before a consonant with sted. This is in line with
Petersen’s (1973) results and with Fischer-Jorgensen’s own (1955) findings.

CREAKINESS was present in (only) 71% of 1700 words with sted, but there were
considerable differences between speakers and even more considerable intraper-
sonal differences, associated with differences in clarity of pronunciation across
different recording sessions. Fischer-Jorgensen noted explicitly that there was not
a single instance among the 1700 words where stod appeared as a glottal stop.

FUNDAMENTAL FREQUENCY was invariably, with every speaker, higher at the
beginning of syllables with sted. At the end F, was lower in only about half of
1700 words analysed. The timing of F, lowering, when present, was variable.

INTENSITY was often higher at the beginning and nearly always, though not
without exception, lower toward the end of a syllable with sted.

SPECTRAL ANALYSIS showed more energy in the upper part of the spectrum (that
is, acoustic compression) in vowels with sted, mostly only toward the end of the
syllable, because — as demonstrated by inverse filtering — the sound produced by
the vocal folds has relatively more energy in the higher harmonics in creakiness than
in modal voice.

In summary: Fischer-Jorgensen found the manifestation of sted to be extremely
variable acoustically. However, whether creakiness was present or not, F, was
invariably higher in the onset of syllables with sted, and intensity was nearly always
lower at the end.

4.2.2 Physiological analyses

LARYNX VERTICAL MOVEMENT is reflected in the movement of the thyroid promi-
nence (the Adam’s apple). It was filmed in five male speakers - in profile — with a
television camera and a video-recorder. A general tendency for the larynx to be
lower in [u] than in [i] and [a] was confirmed, but no consistent difference was
found between vowels with sted and vowels without sted.

FIBRE OPTIC VIDEO recordings of the vocal folds in seven speakers showed
compression of the anterior part of the vocal folds toward the end of syllables with
stod. Likewise, the ventricular folds were constricted, but with very considerable
differences between speakers.

ORAL AIRFLOW was recorded in five speakers and showed a tendency for stronger
flow in prevocalic unvoiced consonants in syllables with sted - reminiscent of
Smith’s (1944) observation - and a significantly diminished flow toward the end
of the syllable.

SUBGLOTTAL PRESSURE was obtained in eight pairs of words from one speaker.
It exhibited small but significant differences between sted and non-sted words:
a steeper rise and a slightly, but consistently, higher peak pressure about 50 ms from
vowel onset in syllables with sted. The reduction in airflow and the higher subglottal
pressure together are indicative of increased resistance in the glottis — that is, the
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opening between the vocal folds — during creakiness. The effect should be a lower
PHARYNGEAL PRESSURE above the glottis, and that was what appeared in three
speakers. But the difference in pharyngeal pressure was small between stod and
non-sted and not always statistically significant.

PALATOGRAMS of five speakers revealed a larger area of contact between the
tongue and the hard palate in high vowels with sted versus non-sted.

Together, the results of these experiments are indicative of the expenditure of
more articulatory energy at the onset of syllables with sted — with a cautious caveat
about the lips; see the discussion of Fischer-Jorgensen & Hirose (1974b) in
Section 4.1.9.

EMG RECORDINGS were obtained by hooked wire electrodes inserted into the
muscles, five in all. The INTERARYTENOID and POSTERIOR CRICOARYTENOID muscles
are responsible for closing and opening the glottis, respectively. Recordings were
obtained from three speakers and none of them revealed any activity specifically
associated with sted. The LATERAL CRICOARYTENOID muscles bring the vocal
processes together, increasing the medial compression of the vocal folds, but other-
wise seem to have much the same function as the vocalis muscles. The VOCALIS
muscles are active in all voiced sounds, relaxed in unvoiced sounds, and involved
in the manifestation of glottal stops. The CRICOTHYROID muscles lengthen the vocal
folds, making them thinner and tenser, thus increasing Fy. The vocalis muscles may
also be involved when — within the chest register — F, rises, possibly to counteract
the slight opening of the glottis that would otherwise result from tension of the
cricothyroid muscles. Note that except for the interarytenoid, these muscles are
all paired. That is, there are, for instance, two vocalis muscles, but it is customary
to record from one side only in a pair and to refer to it in the singular.

VOCALIS AND CRICOTHYROID MUSCLES were recorded in seven speakers. Five
speakers exhibited a markedly stronger vocalis activity in syllables with sted: a steep
rise beginning on average 20-40 ms after vowel onset, a well-defined peak at about
100-130 ms, and a subsequent steep fall, yielding a total duration of 100-200 ms.
The cricothyroid activity increased and decreased in harmony with F; movements. In
words with sted, where F, was high at vowel onset, the cricothyroid peak was corre-
spondingly early, slightly preceding the Fy maximum. In words without sted, where F,
performed a rising movement to the post-tonic syllable, the cricothyroid peak was
correspondingly later. And, notably, the level of activity was NO HIGHER in the early
(stod) cricothyroid peaks than in later (non-sted) peaks. In other words, the crico-
thyroid is associated with Fy but not with creakiness per se, and vocalis was unam-
biguously a factor in the production of sted in these five speakers.

The situation was different for the remaining two speakers, who exhibited no
apparent difference in vocalis activity between sted and non-sted words. In one
speaker the electrode appears to have been dislocated, but the other speaker (labelled
IR’) likely did not employ his vocalis muscle in sted at all. Furthermore, what little
creakiness he exhibited occurred on a rising F, and there was no F, drop at the end of
the syllable. On the other hand, JR’s ventricular folds were the most constricted
among the seven speakers, almost completely blocking the view of his vocal folds.
Fischer-Jorgensen does not say so, but it is implicit that whatever creakiness is present
in JR’s sted is a result of the shortening and thickening of the vocal folds that occur
when the ventricular folds are constricted due to contraction of the ARYEPIGLOTTIC
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SPHINCTER musculature. One might further speculate whether this ventricular
constriction, present also to varying degrees in the other six speakers, may not also
be a concomitant factor in THEIR sted production, in addition to the vocalis activity.

4.2.3 Stod versus other phonation types

Fischer-Jorgensen considered how sted is distinguished from similar non-modal
voice qualities and phonation types. HARSH VOICE exhibits aperiodicity but not
irregular variation in intensity. The first phase of a syllable with sted - that is,
the beginning without creakiness — shares features with TENSE VOICE, for instance
higher subglottal pressure and higher intensity. But it does not exhibit the
constricted glottis that characterizes tense voice. Constricted glottis only appears
during the second phase, with the creakiness. Stod shares many features with
CREAK and CREAKY VOICE, but they never exhibit the reduction in overall intensity
level very often found toward the end of sted syllables. Therefore, Fischer-Jorgensen
(1987:183) concluded, ‘Sted is not just creaky voice.’

4.2.4 Causal relations

The increase in FUNDAMENTAL FREQUENCY at the beginning of syllables with sted that
Vihman (1971) and Petersen (1973) also found, cannot be due to an increase in
SUBGLOTTAL PRESSURE, because the magnitude of that increase is insufficient to drive
the magnitude of F, increase observed. Nor can a subsequent rapid decrease in
subglottal pressure account for the frequently observed reduction of INTENSITY,
because intensity often begins to lower before the peak in subglottal pressure is reached.
But might a subglottal pressure increase induce at least a startle reflex, in terms of a
vocalis contraction? Not as a general and consistent event, because in several individual
instances, the vocalis activity peak preceded the subglottal pressure peak. Furthermore,
contraction of the aryepiglottic sphincter musculature above the glottis, constricting
the ventricular folds, can hardly be the result of changes in subglottal pressure. The
conclusion is inescapable that vocalis muscle activity in sted is an independent activity
and not a secondary effect of changes in subglottal pressure.

There are further potentially related parameters. They are partly acoustic (high F,
and high intensity at syllable onset; creakiness, lowering of intensity, lowering of Fy,
and increased energy in the upper part of the voice source spectrum toward the end
of the syllable), partly physiological (articulatory energy; increased vocalis and crico-
thyroid muscle activity; constriction of the ventricular folds). Fischer-Jorgensen
ascertained that high F, and cricothyroid activity are obviously associated. (I would
add that higher intensity may be merely a function of higher F,, not an independent
factor, because when frequency increases, so does intensity, exponentially to the
power of two, ceteris paribus (Divell 2010).) But the F, lowering and the creakiness,
often observed in the second phase of stad syllables, cannot be due to a cricothyroid
relaxation that already begins early in the first phase. Falling F, and creakiness are
more likely the result of a strong contraction of the vocalis muscle (and the lateral
cricoarytenoid), often accompanied by constriction of the ventricular folds. In other
words: cricothyroid activity at syllable onset increases Fy, and vocalis activity causes
creakiness and lowers F, toward the end of syllables with sted.
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4.3 Gronnum & Basboll 2001-2012, Grennum 2015

In a series of investigations from 2001 to 2012, Hans Basbell and I addressed various
acoustic and perceptual issues, before my provisionally last phonetic investigation of
sted in 2015.

4.3.1 Grennum & Basbell 2001

In Grennum & Basbell (2001) we tested the phonetic reality of Basbell’s (1988)
proposal that consonants with sted are phonologically long, and we also recorded
a small corpus to measure vowel duration. Consonants with and without sted were
measured in five different conditions: (i) word finally in utterance final position,
(ii) word finally in utterance medial position, (iii) word medial position between
a stressed and a post-tonic vowel, (iv) word medial position between a vowel
and a consonant, and (v) syllabic when schwa is assimilated. Three vowel qualities
([i y €]) were tested short, long with sted, and long without sted. Seventy-one
different words in all, each embedded in six different semantically normal sentences
yielded 426 different utterances, recorded by five speakers.

VOWEL DURATION measurements in five speakers across three vowel qualities
averaged 128 ms for long vowels without sted, 121 ms for vowels with sted, and
90 ms for short vowels. The 7 ms difference between long vowels with and without
stod is not statistically significant and they are of essentially equal duration. Short
vowel duration is 70% of long vowel duration, in agreement with both Petersen
(1973) and Fischer-Jorgensen (1987).

SONORANT CONSONANT DURATION measurements did not confirm Petersen’s
(1973) and Fischer-Jorgensen’s (1987) findings that consonants with sted are longer
than consonants without sted, not across positions. And particularly, word final posi-
tion turned out to be intriguing. In utterance medial position, word final [n’] and [I]
were between 4 and 27 ms longer than [n] and [ 1], but utterance finally, [n?] and [I’]
were between 19 and 48 ms SHORTER, not just relative to [n] and [1] in the same
context but compared with [n] and [1] in all other positions, as shown in Table 1.

We wondered why utterance final consonants with sted should be so short and
suggested that opposing forces in stod production and pause anticipation might be
at work. We recalled Fischer-Jorgensen’s (1987) laryngoscopic investigation that
showed a transverse narrowing of the glottis (that is, compression of the anterior
part of the vocal folds) during the sted phase, and we suggested two different
scenarios (Grennum & Basbell 2001:242).

(i) If a narrower glottis is a prerequisite for sted, then abduction of the vocal
cords, i.e., opening of the glottis, preparatory to the pause, will inhibit creaky
voice more than modal voice, and the vibrations will accordingly cease sooner.

(ii) Subglottal pressure decreases before a pause. Therefore, volume velocity
through the glottis diminishes, and the aerodynamic driving force in the
vibrations - the so-called Bernoulli Effect (Bernoulli 1738; Grennum
2005:69) — will not be sufficient to maintain vibrations against the adductive
forces involved in sted. In other words, vibrations are interrupted by a glottal
closure.
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Table 1. Duration of [n] and [l], with stad and without stad, in five different contexts. The difference is
statistically significant if p < 0.01. Data extracted from Tables 9 and 10 of Grgnnum & Basbagll (2001:243)

[n?] and [I7] [n] and [1]
Position duration in ms  duration in ms Difference in ms  p-value
Word final utterance final 36 63 27 < 0.01
Word final utterance medial 68 55 13 < 0.01
Word medial before a vowel 58 49 9
Word medial before [s] 65 60 5 < 0.01
Syllabic consonants 96 94 2

We noted that certain items in our recordings appeared to be instances of the
latter scenario, others fit the first option better. SYLLABIC CONSONANTS with and
without stod (in pairs like ['sgyll] skylde ‘owe’ and [be'sgyl’l] beskylde ‘accuse’)
did not exhibit consistent differences.

Overall, our data on consonant duration did not provide a general phonetic
underpinning of a phonological analysis of consonants with sted as being long.
The only condition in Table 1 that exhibited noticeably longer stod consonants
was utterance medial, word final position (68-55=13 ms). In retrospect, it is
perhaps relevant that in the sentences read by the speakers, these words were almost
exclusively succeeded by a word beginning with an unvoiced obstruent. Therefore,
spill-over of creakiness to a succeeding syllable could not occur. Perhaps for the stod
to run its full course, the consonant carrying it may be slightly lengthened. There is
some support for such an assumption in the values in Table 1 from word medial
position before [s], where [n’ I'] were very slightly but nevertheless significantly
longer than [n 1] (65-60 =5 ms).

ST®D ONSET TIMING AND DURATION measurements confirmed previous authors’
observations of considerable variability in onset and duration of creakiness. It may
start as early as 10 ms after vowel onset and as late as 130 ms, averaging at 67 ms
across short and long vowels alike. Quite apart from the fact that creakiness is not
universally present, we noted that this variability challenges the traditional view,
developed over the years since Smith (1944), of a biphasic sted (in long vowels) that
begins with modal voice and approximately halfway through the vowel turns into
creakiness.

4.3.2 Grennum & Basball 2002

In Grennum & Basbell (2002) we conducted a perceptual experiment to find out
whether listeners perceive vowels with sted to be long, in accordance with the phys-
ical facts and their phonological status. We created forty disyllabic nonce words with
four different stressed syllable types, V:*, Vi, VC?, and VC, such as ['tii:"lon],
['ti:lon], ['til’an], and [ tilon]. Each syllable type occurred in ten different instan-
tiations, exemplified with VC, thus: ['tiilon 'hemad 'sdenad 'mylod '§elod 'selon
‘sdulon 'ttomad 'k"galon 't'gamad]. We recorded these 40 words embedded in
semantically reasonably natural utterances. The words were then excised from their
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Table 2. Judgements of similarity between different syllable types, by two groups of listeners, eight in
each group, as a percentage of the potential total of 640 in each cell. Based on Table 3 of Grennum &
Basbgll (2001:357)

similarities: V=V VC? = VC V= VC? V: =VC V2 = VC V: =VvC?
Group 1 69% 82% 46% 48% 30% 26%
Group 2 48% 54% 72% 71% 29% 25%

context and arranged in an ABX-test where X was to be judged as most resembling
either A or B. A, B, and X were always different. For instance, the subjects would
hear ['myl*2d 'my:1od 'my:*lod] and had to decide whether ['my:*lad] sounded more
like ['myl’a8] or more like ['my:lod]. Twenty-four different ABX combinations,
times ten instantiations, times two voices yielded 480 different ABX stimuli,
arranged in a random sequence, that were presented to twenty-two subjects. Six
listeners responded in a completely random fashion, but sixteen were consistent
in their responses, albeit in two different ways, as evidenced in Table 2.

We interpreted values above 67% as similarity, below 33% as dissimilarity (bold
in the table) and percentages between the two as indeterminacy. There were, as acci-
dent would have it, eight listeners in each group. Listeners in group 1 appeared to
base their similarity judgements on vowel length: (words with) phonologically long
vowels resemble each other, irrespective of the presence of sted (69%), and (words
with) phonologically short vowels resemble each other, irrespective of the presence
or absence of sted in the succeeding consonant (82%). Group 2 founded their judge-
ments on the presence or absence of sted. That is, (words with) sted syllables
resemble each other, irrespective of phonological vowel length (72%), and (words
with) stedless syllables likewise resemble each other (71%). Both groups rejected any
resemblance between (words with) syllables that are different with respect to both
stod and phonological vowel length (30%/29%; 26%/25%). We concluded: ‘In brief:
to half of our subjects stod vowels resemble phonologically long stedless vowels, to
the other half syllables with sted resemble each other, irrespective of the segmental
composition.’

4.3.3 Grennum & Basbell 2003
New in this paper is a perception experiment to test whether listeners could discrim-
inate different timings of onset of creakiness. From the recorded material in our
2001 experiment, we extracted twenty disyllabic words, four words from each of
five speakers, instances of ['di:’san] disen ‘the fog’, ['sbi:’se] spiser ‘eats’, ['vi:’se]
viser ‘shows (PRs)’, ['p"i:’be] piber ‘whines’, ['Jy:’se] gyser ‘shivers’, ['le:’se] leser
‘reads’, and ['le:’ne] lener leans’. Two items by each speaker had visible creakiness
in waveform and spectrum and two did not, even though sted was unambiguously
audible in every word.

Listeners’ task was a visual analogue scaling where they had to mark, on 10 cm
long lines on sheets of paper, where in the vowel they thought the stod began (early
to the left, late to the right). Eighty-one university students participated.
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No evidence of bipartition of long sted vowels was found. That is, responses did not
cluster around the midpoint of the line. There was a clear overall tendency for
perceived stod onset at the very beginning of the vowel. Nevertheless, some stimuli
had a slightly more pronounced tendency for early judgements than others. We
extracted seven acoustic parameters from the comprehensive selection available
in Praat (Boersma & Weenink 2006): HNR (harmonicity-to-noise ratio) average
across the vowel; HNR maximum; distance of HNR maximum from vowel onset;
average F, through the vowel; Fy maximum; F, minimum; F, range. We also
measured vowel duration. The only factor that showed a modest correlation
(r=0.75) with listeners’ responses was, in fact, vowel duration. Stod was perceived
to begin earlier in the high vowels [i:"] and [y:?] that are intrinsically shorter than
lower [e:7]. The listeners, apparently at a loss to do what was asked of them, searched
for something else in the stimuli to differentiate them, and found the acoustic prop-
erty that distinguishes [i:? y:*] from [e:?], namely duration. That was our conclusion
in 2003. I would like to offer another tentative explanation now. If sted perception is
essentially cued by higher onset F,, perhaps as a concomitant of greater acoustic
compression, the intrinsically higher Fy of [ii?] and [y:"] versus [e:’] may have
contributed to a perception of earlier stod onset.

In retrospect, I want to stress what I consider to be the most interesting
aspect of this experiment, namely that listeners apparently did not perceive long
vowels with sted as having two parts, but — by and large — perceived sted throughout
the vowel.

4.3.4 Grennum & Basball 2007

In Grennum & Basbell (2007) we reviewed the phonetic results from our previous
investigations and concluded with a proposal for a characterization of sted in artic-
ulatory terms, thus (Grennum & Basbgll 2007:200):

The laryngeal activity is a ballistic gesture that - minimally - makes for a
slightly compressed voice quality, at one end of a continuum, and - maximally -
creates a distinctly creaky voice at the other. Under emphasis it may become
a complete glottal closure. It is a property of the sonorant syllable rhyme. It is
aligned with the onset of the rhyme. It is variable with respect to strength and
to temporal extension.

We interpreted the ballistic gesture as a lowpass filtered muscular response to a tran-
sient neural command, timed to coincide with the onset of the rhyme. The neural
command may be stronger or weaker, making for more irregular or less irregular
vocal fold vibration of shorter or longer duration, but when the command is
executed, the speaker can no longer control the way the vocal folds respond to
it, just as one can no longer control the trajectory of a tennis ball once it has bounced
off the racket.

Figure 1 is an illustration of two very different sted manifestations and for
comparison a word without sted, in words excised from larger utterance contexts.
Note that sted is equally perceptible in the two leftmost words.
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Figure 1. Praat screen dump (Boersma & Weenink 2006): waveform (above), spectrum (below), and Fy
tracing superposed on the spectrum of ['le:*se] leeser ‘reads’ with explicit creakiness and Fy perturbation
(left), weak creakiness and no F, perturbation (middle), and ['le:se] laeser ‘reader’ without sted (right).
Male speaker. Adapted from Grgnnum, Vazquez-Larruscain & Basbegll (2013:69).

Our proposal is consistent with the fact that speakers cannot choose to increase
the duration of sted ad infinitum, the way one may choose to lengthen creaky voice
at the end of an utterance. In the same vein, parents addressing their infants may
produce extremely long stedless vowels, but they do not similarly lengthen vowels
with sted (Bleses et al. 2008). Our account of the laryngeal activity is also consistent
with the way sted behaves acoustically: more explicit or less explicit creakiness; vari-
able timing of the onset of creakiness in waveform and spectrum; variable total
duration that often makes the creakiness continue well into the following syllable.
Furthermore, our proposal is consistent with Fischer-Jorgensen’s (1987) EMG-data:
the higher vocalis muscle activity in creakiness relative to modal voice increases and
decreases (roughly) gradually. It would be quite noteworthy if the actual mechanical
change in vocal fold vibration mode were not also (roughly) gradual. We had no
concrete evidence to suggest some underlying systematic factor beneath the consid-
erable variability in sted strength and timing, but we conjectured that analysis of
stod in non-scripted speech would reveal variation of sted manifestation as a func-
tion, inter alia, of the degree of prominence on the syllable.

The paper also contains a report on a small and informal but revealing experi-
ment. We excised the word [ 'le:’se] leser ‘reads’ (Figure 2, right) from an utterance
and spliced out the [1] and the first half of the vowel, to the left of the dotted red line.
On three separate occasions I presented the resulting truncated item (Figure 2, left)
to three groups of Danish university students (about 15, 20, and 70 persons,
respectively) in a lecture room. I told the audience that they would hear a word
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Figure 2. Praat screen dump (Boersma & Weenink 2006): waveform (above), spectrum (below), of ['le:*se]
laeser ‘reads’ on the right and a truncated version of the same word on the left. Male speaker. The vertical
dotted line in the right-hand waveform indicates the point of incision. Adapted from Grennum & Basball
(2007:197).

spliced out from a larger context and that it might sound somewhat abrupt. I played
the truncated word back five times and asked the audience: ‘What do you hear?
Could this be a Danish word?’ Despite the creakiness (admittedly not very explicit
though the sted was perceptibly unmistakable) in what was left of the vowel, it was
unambiguously of short duration, and apparently duration trumps creakiness when
the two are in conflict, because the audience unhesitatingly responded with a word
in the Danish lexicon: [ ese] esser ‘aces (N.pL)’. This is my redacted formulation of
our result. Our reasoning in the paper is more complicated and somewhat
convoluted.

Similarly, the [1] and the first half of the vowel were removed from the word
['ler’ne] lener ‘leans’ (Figure 3, right). The creakiness has spilled over into the
following nasal consonant. As such, the truncated item (Figure 3, left) has a perfect
match in the lexicon, ['en’e] @nder ‘ducks’, and that is how listeners responded.
In other words, the accidental spill-over was perceived at face value as ordinary
creakiness in the [n]. If that had not been the case, listeners would have had recourse
to another short vowel lexical item, ['ene] ender ‘ends (PRES/N.PL)’.
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0637552

05819

-0.002064

-0.3729
5000 Hz

OHz

0637552

0 Visible part 0.637710 seconds 0.637710
Total duration 0.637710 seconds

Figure 3. Praat screen dump (Boersma & Weenink 2006): spectrum (above), waveform (below), of ['le:"ne]
leener ‘leans’ on the right and a truncated version of the same word on the left. Female speaker. The solid
lines enclose the nasal consonant, and the dotted line indicates the point of incision. Adapted from
Grgnnum & Basball (2007:198).

4.3.5 Grennum & Basbell 2012

This paper is not primarily a study in the phonetics of sted, but it contains a section
about psycholinguistic issues (Gronnum & Basbell 2012:38-40) with two observa-
tions that add to the phonetic picture of sted.

(i) We noted that words with sted enter a child’s lexicon no later than corre-
sponding words without sted. Nor do sted alternations in inflection delay
children’s acquisition of morphology (Kjarbak & Basbell 2010:15, 25).

That is in line with Jorgensen’s (1978) observation that two-year-old toddlers make
very few stod mistakes (see Section 4.1.11), and I take it to mean that the complex
laryngeal articulation involved in sted is not an obstacle to children’s acquisition of
their mother tongue.
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(ii) During the phonetic annotation of the DanPASS corpus (almost ten hours of
non-scripted speech, monologues as well as dialogues, by 22 speakers; see
Grennum 2009), the transcribers (myself among them) found that despite
highly variable acoustic manifestations, stoed was very nearly always clearly
identifiable perceptually and - even more noticeably - did not seem to suffer
any weakening in less distinct and/or more rapid passages. This is in obvious
contrast to the manifestation of most segments. Thus, for instance, obstru-
ents vary from the most clearly pronounced prototypical stops and fricatives
to the weakest possible approximants, and they may be deleted altogether.
Sted is never likewise deleted.

4.3.6 Grgnnum 2015

Fischer-Jorgensen (1987) observed that Fy is consistently higher at the beginning of
syllables with sted. It is in fact the most stable acoustic difference between syllables
with and without sted. In Grennum (2015) I widened the scope of analysis to
running, non-scripted speech and included measurements in post-tonic syllables.
I culled the data from the DanPASS corpus (Grennum 2009). In order that any
observed differences in vowel onset F, be ascribed solely to the stad/non-sted differ-
ence, initial consonants in the syllable had to be of similar glottal and oral config-
urations (voiced or not, aspirated or not, fricative or stop) and the vowels should
have the same tongue height. That left a meagre six acceptable words for analysis:
['van fal’] vandfald ‘waterfall’, [ba'nee:’n ptalmo] bananpalme ‘banana palm’,
['lasd bil] lastbil ‘lorry’, [dia’'man’d mine] diamantmine ‘diamond mine’,
['prasd hu’s] posthus ‘post office’, and ['fen’sal] faengsel ‘prison’. By way of
compensation, there were sixteen speakers and often more than one instantiation
by the same speaker. In ISOLATED WORDS, onset F, in stressed syllables with sted
(['nae:’n], ['man’d]) was significantly higher (by about one semitone) than without
stod (['van], ['lasd]). There was a similar difference in the post-tonic syllable ([, fal’],
[.pral]; [,birl], [,mi:]), but of lesser magnitude (about half a semitone) and not
statistically significant. In words extracted from NON-SCRIPTED MONOLOGUES the
same trends were observed, but the less constrained production in non-scripted
speech, with its expanded frequency range, introduced a considerable dispersion
in the measurements and the differences were not statistically significant. The lively
exchanges between speakers in the NON-SCRIPTED DIALOGUES caused an even more
considerable increase in overall frequency range, and semantic and pragmatic
factors would consistently place some words higher in the speakers’ range than
others, thus obscuring any modest increase in F, caused by sted. In a parenthetical
note: This is a neat demonstration that read speech and controlled speech materials
are justified and necessary when looking at some of the finer details of prosody that
are easily obscured in less constrained speech.

I concluded that despite its perceptual robustness, and apart from the stable
F, difference at syllable onset, there is abundant evidence that the acoustic proper-
ties of stod are extremely variable: Vocal fold vibrations may or may not be explicitly
irregular. The timing of the irregularity — when present — may be earlier or later in
the sonorant syllable rhyme and it may continue into a succeeding post-tonic
syllable. Likewise, syllables with sted often exhibit lowering of F, toward the end
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of the rhyme. In retrospect, I suggest that the results support a characterization of
sted as basically physiologically compressed voice that in its weakest form merely
increases F, in the beginning, whereas stronger compression activates the vocalis
muscles and turns the modal vibratory pattern into creakiness and/or lowers Fj.
What governs this borderline between compressed modal-like vibratory patterns
throughout the syllable versus explicit — occasionally weak - creakiness from some
time after vowel onset is, however, an open and intriguing question.

4.4 The most recent studies, 2015-2022

Three studies are concerned with the nature and timing of the creakiness that char-
acterizes stod, and Kirkedal (2016) studied the importance of sted for automatic
speech recognition.

4.4.1 Hansen 2015

The point of departure for Gert Foget Hansen’s (2015) dissertation is the perceptual
equivalence of different acoustic manifestations of sted. He challenges Gronnum &
Basbell’s (2007) suggestion that the action of the vocal folds is a ballistic response to
a transient neural command. Instead, he proposes a controlled dynamic voice
quality gesture, a progressively increasing and decreasing compression of the vocal
folds (Hansen 2015:58-62). Whether or not creakiness occurs is a question of the
degree of compression. (Note that Hansen and I were mutually unaware of each
other’s writing in 2015.) The difference between the two proposals, he suggests,
is in the control mechanism, and in Hansen’s view his hypothesis is better equipped
to explain the perceptual equivalence of different manifestations: it is the DYNAMIC
CHANGE - the increase and decrease - in compression that Danes perceive as stod,
irrespective of its magnitude, that is, whether creakiness occurs or not.

Compressed vocal fold vibrations entail a relatively shorter open period during
each vibratory cycle. The acoustic result is a voice source spectrum with harmonics
of relatively greater intensity in the upper part of the spectrum, that is, acoustic
compression. The intensity relation between the upper and lower parts of the source
spectrum can be expressed formally in several different ways. Hansen selected three
such formal expressions to apply in the acoustic analysis.

The material consisted of thirty-four words with sted and their non-sted coun-
terparts, inserted in sentences, read four to six times each by one male speaker of
Standard Copenhagen Danish.

After a series of painstakingly detailed - token by token - acoustic observations,
it turned out that in a considerable number of instances, maximum acoustic
compression occurred early in the syllable, before the onset of irregular vibrations.
If acoustic compression is a consequence of physiological compression of the vocal
folds, and if the observed maximum acoustic compression precedes the onset of
creakiness, it follows that increased vocal fold compression cannot unambiguously
be made responsible for creakiness. Some other factor must be at play. Hansen felt
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compelled to abandon his hypothesis and refrained from speculating any further.
He concluded (Hansen 2015:189):

Nar kompression ikke nedvendigvis haenger sammen med uregelmaessige
svingninger og med intensitetsdykket sadan som hypotetiseret, sa bidrager
kompressionsforlgbet ikke til at forklare den variabilitet der ses iseer med
hensyn til forekomsten af uregelmaessige svingninger i forbindelse med
stod. [When compression is not necessarily correlated with irregular vibrations
and with the reduction of intensity as hypothesized, the course of compression
does not contribute to explaining the variability observed, particularly with
respect to the occurrence of irregular vibrations in connection with sted.]

4.4.2 Kirkedal 2016

Anders Seeborg Kirkedal (2016) found that supplied with information about sted,
automatic speech recognition improves — in read as well as non-scripted speech. He
tested seventeen acoustic parameters in a search for the one that contributes most to
correct identification of sted in the speech signal. The highest ranking among the
seventeen — even above measures of compression — are two expressions of phase
distortion.

I think this is an interesting finding. Phase distortion is a derivative of phase shift,
the time shift between the lowest harmonic in the spectrum and harmonics at higher
frequencies. It is a direct reflection of changes in the intricate, three-dimensional
vibratory pattern of the vocal folds: front-to-back, side-to-side, bottom-to-top.
Any change from the modal vibratory pattern, through minimally compressed vocal
fold vibrations to explicit creakiness, will involve phase shifts. But the vibratory
pattern is not an independently controlled feature. It is a consequence of changes
in other parameters, for instance vocal fold length and tension, the degree of trans-
verse glottis opening, and compression of the vibrating mass in the vertical dimen-
sion when the ventricular folds are constricted. I suspect that phase shift and phase
distortion are very sensitive measures of change in the vibratory pattern and might
be detectable earlier than acoustic evidence of compression and irregular vibrations.
If it were easy to extract from the speech signal, phase distortion might be a good
indicator of the timing of the stod command.

4.4.3 Esling, Moisik, Benner & Crevier-Buchman 2019
Note that VOICE QUALITY in (the title of) this book refers not only to the vocal folds
but encompasses also what is customarily called BASE OF ARTICULATION or
ARTICULATORY SETTING. And LARYNGEAL is not to be understood literally either
but encompasses the LARYNX as well as the EPILARYNX and the PHARYNX.

The book’s central message is that the generally accepted description of speech as
a source~filter function - a sound emitted by the glottis and filtered by the reso-
nance chambers above the glottis - is an inadequate dichotomy. Modifications in
the epilarynx and the pharynx - the LARYNGEAL CAVITY in the authors’ terms - are
not merely responsible for modifying resonance frequencies but are active partic-
ipants in differentiating the many ways the vocal folds may be configured and
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vibrate. In other words, the laryngeal cavity is an ARTICULATOR. The LARYNGEAL
ARTICULATOR MODEL (LAM) has three components: (i) tongue retraction,
(ii) narrowing of the aryepiglottic folds through contraction of the complex
sphincter/constrictor musculature, and (iii) raising of the larynx. These three
components, in various combinations and to varying degrees, are involved in all
the different phonation types, with their different vocal and ventricular fold config-
urations. Exceptions are aspiration, modal voice, breathy voice, falsetto, and breathy
falsetto: they are exclusively properties of the vocal folds, of their different degrees of
tension and different degrees of opening between the arytenoids.

Among the accompanying media files are a wealth of laryngoscopic video
recordings, including recordings of five sted and contrasting non-sted words
spoken by two Danes. They fillustrate how degrees of laryngeal constriction
produce the phonetic effects that accompany instances of sted ... all consistent
with narrowing/tightening of the laryngeal constrictor mechanism’ (Esling et al.
2019:149, video legend). In the body of the text the authors state that the account
of sted in Grennum (1998), Grennum, Vazquez-Larruscain & Basbell (2013), and
Hansen (2015) ‘is consistent with our description of laryngeal constrictor action’
and that the sted/non-sted distinction ‘is accounted for globally by laryngeal
constriction and its co-related effects’ (Esling et al. 2019:148). We are not told what
these co-related effects are, but ‘Fischer-Jorgensen (1989) offers a comprehensive
instrumental account of sted effects, as does Hansen (2015), corresponding
elegantly with our LAM interpretation’ (Esling et al. 2019:148). They continue:
‘Both also observe that the stops /t, k/ affricate when they occur initially in syllables
containing sted — perhaps an enhancement in force across the syllable.” Neither
Fischer-Jorgensen nor Hansen make any such statement. Nor could they have
because the facts are different: /t/ is always affricated in syllable initial position -
stod or no sted - and /k/ is never affricated.

There is no mention in the book of Fischer-Jorgensen’s EMG recordings and
hence no hint as to how laryngeal constrictor and vocalis muscle activity might
interact in sted.

The authors state that, with the LAM model as the point of departure, much
remains to be investigated. They note expressly (Esling et al. 2019:15) that the rela-
tion between F, and the laryngeal articulator is not well understood. Evidently,
research in that area would be very relevant to the description of sted.

4.4.4 Pefia 2022

Jailyn M. Pena’s (2022) paper was published online on 24 February 2022.
Accordingly, the ‘three quarters of a century’ in the title of this review is a liberal
interpretation of what - at the latest possible stage in the preparation of the
manuscript — became seventy-nine years.

Peiia subscribes to the generally accepted view that syllables with sted have two
phases, a first phase with modal voicing and high F,, and a second phase typically
with lower Fy, irregular vibrations, and lower intensity. She finds that the sonorant
portion of the whole syllable rhyme ‘acts as a single unit relative to sted’s gestural
constellation in Danish’ (Pefia 2022:2) and that the onset of the sted phase proper is
timed relative to the centre of that unit. This is in explicit contradistinction to
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Basbell’s mora analysis (see Section 2.2), where stod is a property of the second
mora in bimoraic syllables. That is, the creakiness turns up in the second half of
a long vowel or in the sonorant consonant after a short vowel. In Basbell’s analysis,
any succeeding sonorant consonants, as in [be:n] ben ‘leg’ and [jel’'m] hjelm
‘helmet’, are irrelevant in the mora account.

Pefia analyses four different types of monosyllables with sted (C = any conso-
nant, V = any vowel, S = sonorant consonant, O = obstruent consonant): 21 CV??
words (as in [s@:?] sg ‘lake’), 40 CV:’O words (as in [hu:’s] hus ‘house’), 55 CV:*S
words (as in [dee:’l] dal ‘valley’), 63 CVS? words (as in [nem’] nem ‘easy’), and 29
CVS words without sted for reference (as in [scen] sgn ‘son’). Nine Danish speakers
recorded the words, embedded in natural sentences.

Fo runs the expected course, that is, it begins higher in words with sted than in
words without stod. Another expected result is the sted spill-over to the succeeding
word, present in 88% of Pefia’s data.

Pefia argues that if mora is the relevant temporal domain, sted should begin in
the middle of a long vowel, or at the boundary between a short vowel and the
succeeding sonorant consonant. If, on the other hand, the whole sonority rhyme
is the relevant domain, sted should begin at the sonority rhyme centre. The predic-
tions of the two approaches will be indistinguishable in CV:* and CV:*O words,
where the long vowel constitutes the whole sonority rhyme. But they make different
predictions for CV:*S and CVS’ words: sted onset will be later than the vowel
midpoint in CV:’S words under the sonority rhyme centre hypothesis. And if
the vowel is longer than the consonant, stad onset will come earlier than the
V-S boundary in CVS? words.

To eliminate the confounding influence from differences in vowel duration in the
recorded material, within and across word types, stod onset times are represented as
distances (i) to the centre of the long vowel (in CV:?, CV:*O, and CV:’S words),
(ii) to the V-S boundary (in CVS? words), and (iii) to the sonority rhyme centre
(in CVS? and CV:"S words), and they are expressed as proportions of the total dura-
tion of the respective domains. An example is the formula in (1) for the relative
distance of stod onset to the long vowel midpoint (Penia 2022:20):

(1)  Vowel midpoint measure = ((sted onset — vowel midpoint) /vowel duration) x 100

The distance measure that yields the least amount of variability as expressed by its
standard deviation is considered the best representation of how sted is timed in the
syllable.

Table 3 presents the results, adapted from Pefia’s Table 9 (2022:20). Note that the
rightmost column, distance from vowel onset, is my add-on.

Standard deviations are extremely large and the dispersion of the underlying data
therefore considerable. That is only to be expected, given what we know about the
variability in sted onset timing, from early to late after vowel onset, and anything in
between. But standard deviations, even if very large, are nonetheless somewhat
smaller in the ‘distance-to-sonority-rhyme-centre’ means. Pefla concludes that
the sonority rhyme centre represents the most stable timing relationship between
stod and the syllable. That is, morae do not capture the reality of sted onset timing
as well as do sonority rhyme centres.
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Table 3. Means and standard deviations of normalized sted onset time relative to different points in time
in the four syllable types listed on the left. From Pefia’s Table 9 (2022:20), with the add-on of the distance
from vowel onset in the rightmost column. For more details see the text

Word Distance to V: midpoint or to V-S  Distance to sonority rhyme Distance from vowel
type boundary centre onset

cv? 9.08 ms; SD = 18.16 identical 77.4 ms

CV:’0 —4.36 ms; SD = 16.82 identical 66.2 ms

cvs? —12.81 ms; SD = 36.85 —0.50 ms; SD =15.33 80.1 ms

CV:*’S 19.50 ms; SD =22.03 —2.51 ms; SD = 14.45 86.2 ms

Pena does not consider the inescapable implication for speech production:
To produce different stod onset times in words with sonority rhymes of different
duration, for instance [sgel’] skeel ‘dandruff and [sgel’'m] skeelm ‘rogue (N)’, or [o¥’]
ord ‘word’ and [og’m] orm ‘worm’, the speaker must look ahead and anticipate the
end of the sonority rhyme. Then the rhyme must be halved before the speaker
can initiate the sted gesture. One wonders if that is really a likely production
strategy.

Pefia does not quote the non-normalized sted onset times — that is, the distance
of stod from the onset of the vowel. But the AVERAGES of this measure can be
retrieved from the values in her Table 7 (vowel and consonant durations,
2022:19) and the results in Table 9 (2022:20), reproduced in Table 3 here. For
example, to calculate stod onset distance from vowel onset in CV:’ words,
I looked up the average duration of the long vowel in Pefia’s Table 7 (2022:19):
131 ms. Its midpoint is then at 65.5 ms. Onset distance from the midpoint is given
as 9.08 ms. If we feed these values into formula (1) above, we get:

) 9.08 = ((sted onset — 65.5)/131) x 100

And then we rewrite the expression and find the distance of sted onset from vowel
onset:

3) stod onset = (9.08/100) x 131 + 65.5 = 77.4 ms

Likewise for the remaining three word types. This procedure does not yield standard
deviations, so we cannot know how sted onset times relative to vowel onset would
rank statistically compared with sonority rhyme centre measures.

I'am inclined to believe that a fixed reference for the control and timing of creak-
iness in syllables with sted, like the onset of the stressed vowel, is a more likely
candidate than an anchor that floats in time as a function of the specific segmental
composition of the syllable sonority rhyme. This is an empirical question deserving
to be settled.

5. Summary

As far as I know, there are no further published empirical phonetic stod investiga-
tions since 1944 other than those reviewed in Section 4 and whose results are
summarized below.
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5.1 Acoustic properties that distinguish syllables with stod
The list of differentiating qualities is long.

(i) Fo is higher at the onset of the vowel (Vihman 1971; Petersen 1973;
Thorsen 1974; Fischer-Jorgensen 1987; Gronnum 2015; Pefia 2022).

(if) The voice source spectrum contains relatively more energy in the upper
part of the spectrum (Fischer-Jorgensen 1987; Hansen 2015).

(iii) Maximum acoustic compression often occurs early in the syllable before
the onset of irregular vocal fold vibrations (Hansen 2015).

(iv) Spectral phase shift is more pronounced (Kirkedal 2016).

(v) Modal voice typically — but not universally - turns into creakiness at some
point during the sonorant syllable rhyme (Lauritsen 1968; Vihman 1971;
Petersen 1973; Fischer-Jorgensen 1987; Grennum & Basbell 2001, 2007;
Pena 2022).

(vi) Fy typically - but not universally — falls toward the end of the sonorant
syllable rhyme (Smith 1944; Lauritsen 1968; Vihman 1971; Petersen
1973; Fischer-Jorgensen 1987).

(vii) Intensity nearly always falls toward the end of the sonorant syllable rhyme
(Smith 1944; Lauritsen 1968; Petersen 1973; Fischer-Jorgensen 1987; Pefia
2022).

(vili) Creakiness typically spills over into a succeeding syllable if its onset is a
vowel or a sonorant consonant (Lauritsen 1968; Gronnum & Basboll
2007; Pefia 2022).

5.2 Physiological properties that distinguish syllables with stod
This list is a little longer.

(i) The expiratory musculature (the diaphragm) contracts and relaxes
abruptly (Smith 1944). Nobody has since verified that, unless the tendency
for greater oral airflow in syllable initial unvoiced consonants (Smith 1944;
Fischer-Jorgensen 1987) is to be explained by higher expiratory activity.

(ii) Oral airflow diminishes toward the end of the syllable (Fischer-Jorgensen
1987).

(iii) Subglottal pressure is higher, indicating increased resistance in the glottis
(not necessarily greater expiratory pressure) that in its turn derives from
compression of the vocal folds (Smith 1944; Ringgaard 1960; Fischer-
Jorgensen 1987).

(iv) The anterior parts of the vocal folds are visually compressed at the end of
the syllable (Fischer-Jorgensen 1987).

(v) The cricothyroid muscle is active, its maximum activity preceding the
onset of the vowel, resulting in higher F, at vowel onset (Fischer-
Jorgensen 1987).

(vi) The aryepiglottic sphincter musculature contracts, specifically constricting
the ventricular folds (Esling et al. 2019) — perhaps more so in speakers with
weaker vocalis activity (Fischer-Jorgensen 1987).
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(vii) The vocalis muscle is active in creakiness (Faaborg-Andersen 1957;
Fischer-Jorgensen & Hirose 1974a, 1974b) — perhaps less so in speakers
with more ventricular fold constriction (Fischer-Jorgensen 1987).

(vili) The creakiness in syllables with sted cannot be sustained ad infinitum
(Grgnnum & Basbell 2007).

(ix) The contact area between the tongue dorsum and the hard palate is larger,
indicative of the expenditure of more articulatory energy during creakiness
(Fischer-Jorgensen 1987).

Considering the complexity of the acoustics and physiology of sted, as summarized
above, it is thought-provoking that it should be acquired so early in children’s
linguistic development. Two-year-old children make hardly any sted mistakes
(Jorgensen 1978).

5.3 Perceptual properties
The perception of stod is a much less explored field.

(1) Lauritsen (1968) observed that sted is audible in whisper due to reduction of
noise intensity. This is something any Dane from north of the sted border
can verify.

(ii) Grennum & Basbell (2002) found that vowels with sted were NOT perceived
to have two parts or phases.

(iii) Grennum & Basbell (2003) found that listeners by and large perceive the
onset of stad to coincide with stressed vowel onset.

(iv) Greonnum & Basboll (2012) repeated the observation from the annotation of
the DanPASS corpus that sted is perceptually very robust and withstands
considerable variation in tempo and clarity of pronunciation.

(v) Sted is not heard in bel canto song. Fischer-Jorgensen (1987) mentions this
fact — not that she performed any experiment — but this is something any
Dane from north of the sted border is able to verify if only he can carry a
tune.

6. Discussion

Is it possible to make an integrated whole of all the facts presented above? Three
major topics invite speculation.

6.1 F, and acoustic compression

The first question concerns the RELATION BETWEEN Fy AND THE ACOUSTIC
COMPRESSION that results from a longer glottal closure time in each vibratory cycle.
Fischer-Jorgensen (1987) found that the peak in cricothyroid muscle activity
preceded the onset of the vowel in syllables with sted, accounting for the high
Fy at vowel onset. She also found acoustic compression to mostly coincide with
creakiness. That is different from Hansen (2015) who found that peak acoustic
compression often preceded the onset of creakiness. I do not know how to reconcile
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the two accounts. How different are the physical facts behind ‘mostly coincide’ and
‘often precede’? For the sake of the argument, I will adopt Hansen’s (2015) account.

Fischer-Jorgensen leaves no doubt that creakiness is a result of increased vocalis
muscle activity. If that is so, and if acoustic compression peaks earlier than the onset
of non-modal vibrations, acoustic compression and non-modal vocal fold vibrations
cannot have the same cause. But perhaps high F, and acoustic compression can both
be attributed to the lengthening and tensing induced by the cricothyroid muscles.
Even more tentatively: Could the acoustic compression be the independent variable,
making higher F, the dependent variable? If so, any argument that high F, at syllable
onset is a separate tonal gesture in stod production becomes void.

If indeed acoustic compression early in syllables with sted is the salient feature —
common to all manifestations of sted and in conjunction with high F, - it could be
THE property listeners extract from the stream of speech. Not the higher F, per se,
and not the creakiness that is not always present anyway. That would explain the
perceptual equivalence of the many different acoustic manifestations of sted. It may
not be straightforward, but I believe the proposal is testable in experiments with
synthetic speech where one can manipulate Fy, acoustic compression, and creaki-
ness independently.

6.2 Ventricular folds and vocal folds

The second major question is the COORDINATION OF THE CONSTRICTION OF THE
VENTRICULAR FOLDS AND VOCALIS MUSCLE ACTIVITY. Are they two independent
gestures? Is there a trade-off relation between them? Fischer-Jorgensen’s speaker
JR apparently did not have any sted-specific vocalis muscle activity at all. The weak
creakiness in his sted appeared due solely to the shortening and thickening of the
vocal folds, resulting from constriction of the ventricular folds, presumably due to
contraction of the aryepiglottic sphincter musculature.

6.3 Cricothyroid, ventricular folds and vocal folds

The third conundrum is HOW CRICOTHYROID ACTIVITY RELATES TO THE
VENTRICULAR FOLD CONSTRICTION AND THE VOCALIS MUSCLES. Is one neural
command imaginable that first induces the cricothyroid to create acoustic compres-
sion (hence also higher Fy), and then after some variable time lag triggers the
sphincter and vocalis muscles to produce creakiness? If there are two separate neural
commands, how are they coordinated? It must be a foolproof control, because we
have never seen the non-creaky and the creaky intervals reversed in time. It will take
a combination of Fischer-Jorgensen’s (1987) EMG study (including the sphincter
musculature) and Esling et al.’s (2019) laryngoscopic experiments to shed light
on this question.

6.4 Two simpler questions

Why would there be more articulatory energy at the onset of syllables with sted?
That is something that perhaps needs to be explored in more comprehensive experi-
ments. But increased articulatory effort may account for an anecdotal and very
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commonplace observation among Danish phoneticians: Ask linguistically naive
speakers of Danish what the difference is between pairs of words with and without
stod, for instance [ 'mu:’son] musen ‘the mouse’ and [ 'mu:son] musen ‘the muse’.
They invariably reply along the lines of Der er ligesom mere tryk pd ['mu:’son]
‘There is kind of like more stress on the mouse.’

Petersen (1973) found that out of context ['le:’se] leser ‘reads’ was often identi-
fied as stodless ['le:se] leser ‘reader’, whereas only rarely was stodless [ 'le:se] iden-
tified as ['le:’se] leser ‘reads’. This irreversibility should be verified in a more
comprehensive experiment.

Clearly, there is work to be done!
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