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Abstract
The aim of this study was to investigate the relationship be-
tween compensatory shortening and coarticulation in German
tense and lax vowels and to determine whether this relationship
was influenced by prosodic accentuation. While previous stud-
ies focussed on temporal vowel reduction due to compensatory
shortening, and often found conflicting results, our study ex-
tends previous results by including a formant analysis of spatial
reduction in two types of compensatory shortening. Specifi-
cally, we tested for polysyllabic shortening (monosyllabic vs.
disyllabic words) and incremental coda shortening (words with
final singletons vs. final clusters). Speakers produced mini-
mal pairs differing in vowel tensity in accented and deaccented
contexts for both shortening conditions. Vowel duration was
influenced primarily by vowel tensity as well as by accentual
lengthening for tense but not lax vowels. While vowel duration
was not affected by compensatory shortening, formant analyses
revealed an effect of coda cluster for tense vowels as well as
clear effects of accentuation and vowel tensity. There was no
effect of polysyllabic shortening on formants.

Further to previous studies on compensatory shortening,
these results reveal that compensatory shortening is not limited
to temporal reduction, but can have an impact on vowel quality
as well.
Index Terms: coarticulation, speech timing, compensatory
shortening, accentual lengthening, target undershoot, sound
change

1. Introduction
This study investigated the effects of two types of compensatory
shortening on the acoustic duration and formant values of vow-
els in rhythmically strong syllables. Our general goal within
a larger series of experiments is to better understand the rela-
tionship between prosodic weakening, coarticulation and sound
change.

The first type of compensatory shortening we investigated,
polysyllabic shortening, refers to the compression of a vowel
spoken in a polysyllabic compared with a monosyllabic word.
Thus, the vowel in English sleep is longer than the same vowel
in English sleepy [1]. Polysyllabic shortening has been well-
documented in Germanic languages such as English [1, 2, 3, 4,
5, 6], Dutch [7] and Swedish [8, 9, 10, 11, 12], although [13]
found no evidence of polysyllabic shortening in a study of read
speech in English.

The second type of compensatory shortening we investi-
gated, incremental coda shortening, refers to the compression
of a vowel spoken before a consonant cluster compared with
a consonant singleton. [14] found acoustic shortening of vow-
els before consonant clusters in their study of three speakers of

English, and [15] replicated these effects for obstruent clusters
(but not for sonorant clusters in syllable-final position). A re-
cent study on German by [16] found no results of incremental
coda shortening in production, but they did find that listeners
expected shorter vowel durations before complex clusters in a
perception experiment.

Prior research has largely failed to establish the effect of ac-
centuation on compensatory shortening (see [17]), in that stud-
ies have mostly examined stressed syllables or accented words
only. In German, as in other Germanic languages, a word is ac-
cented when a pitch accent is associated with the rhythmically
strongest syllable [18]. In addition to the f0 changes caused by
a pitch accent and any adjacent boundary tones, pitch accented
syllables in many Germanic languages are also hyperarticulated
and produced with greater duration [19].

Thus, this study aimed to investigate vowel reduction and
the extent to which compensatory shortening interacts with
prosodic accentuation and vowel tensity. Based on previous
studies, we had three main hypotheses for the durational anal-
ysis as well as analogous hypotheses for the formant analy-
sis. Firstly, we expected acoustic vowel shortening and thus
also vowel undershoot before coda clusters compared with coda
singletons [14, 15] as well as in disyllabic compared with
monosyllabic words [11, 20]. Secondly, we expected com-
pensatory shortening and undershoot induced by this shorten-
ing to be more marked in accented than in deaccented contexts
[4, 17, 21, 22]. Thirdly, we expected more shortening and hence
more shortening-induced undershoot of tense than of lax vowels
[4, 23, 24].

2. Method
2.1. Participants

Twenty-nine L1 speakers of Standard German (11 male, 18 fe-
male) were recorded at a sampling rate of 44 100 Hz in a sound-
attenuated booth. Speakers had no known speech or language
impairments and were paid for their participation.

2.2. Stimuli

We chose a tense-lax target vowel pair believed to vary mostly
in quantity and only minimally in quality in order to study the
effects of compensatory shortening. In German, tense vowels
are phonologically long, while lax vowels are phonologically
short, for example /"bi:tn

"
/ (to offer) vs. /"bItn

"
/ (to request). The

German vowel that differs least in quality between its tense and
lax versions is the open central /a/, which varies mainly in vowel
height (F1), for example a lower F1 for lax Kamm /kam/ (comb)
and a higher F1 for tense kam /ka:m/ (came) [23, 24]. [23, p341]
claim that even the durational contrast is minimised in prosodi-
cally weak contexts. Our stimuli were real German words with



lax /a/ and tense /a:/. We restricted the target vowels to one con-
sonantal context in order to avoid varying effects of CVC coar-
ticulation. The target words were embedded in phrase-medial
position in the carrier sentence Anna hatte [target word] ver-
standen (Anna understood [target word]) in order to avoid ut-
terance or phrase-final lengthening.

Cluster Shortening
Lax Vowels /zak/ /zakt/ /zakt@/

Tense Vowels /za:k/ /za:kt/ /za:kt@/
Polysyllabic Shortening

Table 1: The 6 target words, spoken in both accented (A) and
deaccented (U) contexts (= 12 target words).

A minimal pair paradigm was created using one consonan-
tal context adjusted for Syllabicity (monosyllabic vs. disyl-
labic), Coda (final singleton vs. final cluster), Accentuation (ac-
cented vs. deaccented) and Vowel Tensity (tense vs. lax). The
monosyllabic level of the Syllabicity condition overlapped with
the cluster level of the Coda condition (see Table 1), leading to
a total of 12 target items. Each speaker produced 10 repetitions
of each item, leading to a total of 120 utterance tokens for each
speaker (29 subjects x 120 utterances = 3 480 utterances). Filler
words and sentences were also included to disguise the object
of the experiment.

2.3. Procedure

The stimuli were presented and recorded in randomised order
using SpeechRecorder software [25]. Participants were first
presented with a question designed to elicit a narrow focus on
the target word for the accented context and a broad focus for
the deaccented context: either WAS hatte Anna verstanden?
(WHAT did Anna understand?) or WER hatte [target word]
verstanden? (WHO understood [target word]?). The target sen-
tence was then presented with the accented word in capital let-
ters. The experimenter asked subjects to repeat the sentence if
they made a mistake (either segmentally or suprasegmentally).

Three subjects were eliminated from further analysis as
they were unable to elicit the correct accentuation patterns of
the stimuli. The remaining 26 speakers (9 males, 17 females;
mean age 24 years) were included in the analysis.

The entire corpus was automatically segmented and la-
belled using the Munich Automatic Segmentation System [26]
and corrected manually. During this procedure several rare
cases of incorrect accentuation were discovered and removed
from the database.

2.4. Analysis

For the durational analysis, the dependent variable was nor-
malised vowel duration. We normalised the vowel durations
by dividing the duration of each target vowel by the duration of
each /a/ in the utterance-final word verstanden in order to con-
trol for changes in speech tempo throughout the experiment.
Verstanden was chosen as it was considered least likely to be
affected by the varying accentuation pattern, which was con-
firmed by a visual analysis of the data. The normalised vowel
duration was then averaged per speaker and per condition.

For the formant analysis, the dependent variable was max-
imum F1 measured in Hz from the central third of the vowel.
We calculated formants with a frame shift of 5 ms and a win-
dow length of 12.5 ms for female speakers and 20 ms for male

speakers using Emu [27]. Formant errors were hand-corrected
in Emu when necessary.

Both dependent variables were tested individually along-
side within-subjects factors Vowel Tensity, Accentuation and
Syllabicity (for the polysyllabic shortening analyses) or Coda
(for the cluster shortening analyses) and random factor Speaker
in a repeated measures ANOVA design using the ez package in
R [28, 29].

3. Results
3.1. Cluster Shortening

For the cluster shortening condition, we compared the mono-
syllables with and without final clusters (the stimuli coloured
light grey in Table 1). Disyllabic stimuli were excluded from
analysis.
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Figure 1: Effects of incremental coda shortening, accentuation
and vowel tensity on normalised vowel duration

The durational analysis revealed main effects of both Vowel
Tensity (F [1, 25] = 278.7; p < .001) (top vs. bottom of Figure
1) and Accentuation (F [1, 25] = 54.6; p < .001) (white vs.
grey in Figure 1), but there was no effect of Coda on the nor-
malised vowel duration. We found significant interactions be-
tween Vowel Tensity and Coda (F [1, 25] = 6.3; p < .05) and
Vowel Tensity and Accentuation (F [1, 25] = 82.2; p < .001).
Post-hoc Bonferroni-corrected t-tests revealed accentual length-
ening of tense (p < .001) but not lax vowels. The post-hoc
tests did not reveal the reason for the interaction between Vowel
Tensity and Coda, but Figure 1 shows a slight tendency toward
compensatory shortening of tense vowels which cannot be seen
for lax vowels.

The formant analysis revealed main effects of Vowel Ten-
sity (F [1, 25] = 105.7; p < .001) (black vs. grey in Figure 2),
Accentuation (F [1, 25] = 102.8; p < .001) (solid vs. dashed
in Figure 2) and Coda (F [1, 25] = 5.8; p < .05) on the max-
imum F1, with a significant interaction between Vowel Tensity
and Coda (F [1, 25] = 8.5; p < .01) . Pairwise post-hoc com-
parisons for the Vowel Tensity vs. Coda interaction indicated
that the effect of Coda on F1 is restricted to tense vowels only,
although the effect is weak (see Figure 3).
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Figure 2: F1 trajectories (linear time-normalised) for the cluster
shortening experiment as a function of vowel tensity and accen-
tuation
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Figure 3: F1 trajectories (linear time-normalised) for the cluster
shortening experiment as a function of vowel tensity and coda
condition

3.2. Polysyllabic Shortening

For the polysyllabic shortening condition, we excluded all
monosyllabic words with final singleton from the analysis and
compared the monosyllabic and disyllabic words with clusters
at the end of the first syllable (the stimuli coloured dark grey in
Table 1).

While we found main effects of both Vowel Tensity
(F [1, 25] = 33.2; p < .001) (top vs. bottom of Figure 4) and
Accentuation (F [1, 25] = 401.9; p < .001) (white vs. grey in
Figure 4), there was no effect of Syllabicity on the normalised
vowel duration. We also found a significant interaction between
Vowel Tensity and Accentuation (F [1, 25] = 31.6; p < .001).
Post-hoc Bonferroni-corrected t-tests revealed a significant ef-
fect of accentual lengthening on tense vowels (p < .001), but
not on lax vowels.

The F1 analysis found main effects of Vowel Tensity
(F [1, 25] = 100; p < .001) (black vs. grey in Figure 5)
and Accentuation (F [1, 25] = 103.7; p < .001) (solid vs.
dashed in Figure 5), but not of Syllabicity. There was a sig-
nificant interaction between Vowel Tensity and Accentuation
(F [1, 25] = 9.3; p < .01). In view of Figure 5, this interac-
tion is likely due to a slightly larger difference between tense
and lax vowels in accented contexts than in deaccented contexts
(see Figure 5).
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Figure 4: Effects of polysyllabic shortening, accentuation and
vowel tensity on normalised vowel duration
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Figure 5: F1 trajectories (linear time-normalised) for the poly-
syllabic shortening experiment as a function of vowel tensity
and accentuation

4. Discussion
We expected compensatory shortening and target undershoot of
vowels before coda clusters (incremental coda shortening) and
in disyllabic words (polysyllabic shortening), and for these ef-
fects to be more marked in accented than in deaccented words.
In addition, we expected tense vowels to undergo more com-
pensatory shortening and shortening-induced vowel reduction
than lax vowels.

4.1. Vowel Tensity

We confirmed that the tense-lax distinction (at least of low vow-
els) is defined by both vowel quantity and quality in German.

The quantity distinction was maintained even in deaccented
contexts, and there was accentual lengthening of tense but not
lax vowels. In terms of quality, we found lower first formants
in lax than in tense vowels and in deaccented tense vowels than
in accented tense vowels (black vs. grey in Figures 2, 3 & 5),
contrary to [24, p14]’s conclusion that "tense and lax low vow-
els [i.e. /a, a:/] in [Standard] German differ consistently only in
duration, but not in formant structure". A clear distinction in F1
between tense and lax low vowels may be necessary because the



durational distinction between tense and lax vowels lessens (but
is not neutralised) in deaccented contexts (see Figures 1 and 4;
see also [23, 24]).

4.2. Accentuation

We found clear effects of accentual lengthening of tense but not
lax vowels. In line with [30], who found larger jaw movements
in stressed than in unstressed syllables, there was a significant
effect of accentuation on the F1 of both tense and lax vowels,
and this effect was slightly stronger for tense vowels (see also
[23]). As a result, there is less difference in duration between
tense and lax /a:/ and /a/ in deaccented contexts. In Figures 2
and 5, a large amount of overlap between tense and lax vowels
is visible: /a/ has a higher first formant (indicating greater jaw
opening and greater tensity) in the accented condition than /a:/
in the deaccented condition.

4.3. Cluster Shortening

Contrary to our hypothesis and some previous studies [14, 15],
we found no effect of complex coda on the duration of the target
vowel. Our findings thus match those of [16] and are compatible
with the c-centre hypothesis [31], which predicts incremental
onset shortening but not incremental coda shortening.

The conflicting results of incremental coda shortening em-
phasise the need to investigate whether shortening in fact in-
duces other types of reduction. Indeed, we did find significant
spatial reduction of F1 in tense vowels before complex clusters.
That is, incremental coda shortening (at least in German) ap-
pears to induce F1 undershoot of primary-stressed tense vowels,
even if there is no durational shortening. This provides support
for our hypothesis that there is greater undershoot before clus-
ters than before singletons, thus leading to a smaller difference
between tense and lax vowels before coda clusters (see Figure
3).

There is no evidence for our hypothesis that undershoot is
greater in accented than in deaccented contexts: that is, the
degree of separation in F1 between tense and lax vowels be-
fore singletons or clusters is largely unaffected by accentua-
tion. Thus, while accentuation does influence vowel quality and
quantity, it does not interact with incremental coda shortening.

4.4. Polysyllabic Shortening

In this study, we found no effect of polysyllabic shortening on
vowel duration. This result is contrary to the main body of re-
search on polysyllabic shortening, but in line with [13], who
found no polysyllabic shortening in connected speech. How-
ever, their study differed from others in that it was based on
syllable shortening in stress groups rather than in polysyllabic
words. In addition, they counted syllables with secondary stress
as stressed syllables.

According to [4]’s incompressibility theory, "a vowel that is
shortened by one rule becomes less compressible to additional
shortening influences" [4, p1103]. As a result, one might argue
that there was no polysyllabic shortening of the target vowel be-
cause both the monosyllabic and the disyllabic condition con-
tained a final coda cluster, which can induce incremental coda
shortening. However, as there was no effect of incremental coda
shortening on vowel duration, it is unlikely that the final coda
cluster prevented shortening of the target vowel in the disyllable
compared with the monosyllable.

In addition, there was no effect of polysyllabic shortening
on the first formant, which is known to be correlated with jaw

opening. There is no evidence from our results that polysyllabic
shortening induces greater durational compression in accented
contexts than in deaccented contexts and in tense vowels than in
lax vowels. As a result, there is no evidence from this study that
polysyllabic shortening induces any type of vowel reduction,
neither temporal nor spatial.

4.5. Implications for Sound Change

The results of this study show slightly less durational contrast
between tense and lax vowels in deaccented contexts (white vs.
grey in Figures 1 and 4) and a slight decrease in the quality
contrast before coda clusters (see Figure 3). In general, there
is a great amount of overlap in the first formant of accented lax
vowels and deaccented tense vowels (see Figures 2 and 5).

If tense and lax vowels are more difficult to distinguish be-
fore clusters based on their vowel quality, this might be the rea-
son the durational contrast between tense and lax vowels was
maintained in our analysis of acoustic shortening before coda
clusters. Alternatively, the tense-lax contrast may be diminish-
ing in German [32], and this might be a context in which listen-
ers could misperceive the vowel, leading to a mini sound change
[33].

4.6. Outlook

In view of the above, there may be a greater risk of confusing
/a:/ and /a/ before clusters, not because of acoustic shortening,
but because of F1 undershoot. In order to determine how listen-
ers parse this undershoot, we are now running perception ex-
periments in which a synthetic vowel continuum is created and
spliced into two contexts: /za:k/-/zak/ and /za:kt/-/zakt/. For the
target vowel, we chose an ambiguous vowel duration (the mean
of tense and lax tokens of a speaker) and varied only the height
of the first formant. If listeners attribute vowel undershoot be-
fore coda clusters to compensatory shortening, we would expect
a higher F1 at the category boundary for the continuum ending
in coda cluster than the one ending in coda singleton. Alterna-
tively, if listeners incorrectly attribute vowel undershoot before
coda clusters to (lax) vowel quality, i.e. they are not aware of the
effects of compensatory shortening on vowel quality, we would
expect the continuum before coda singleton and the continuum
before coda clusters to have the same category boundary.

5. Conclusions
This study examined the relationship between vowel tensity, ac-
centuation and compensatory shortening and in particular how
these factors affect vowel quantity and quality. At least for the
vowel pair we tested, vowel tensity in German is clearly marked
by both duration and quality. In addition, accentuation affects
both duration and quality, but not equally for tense and lax vow-
els. This asymmetry leads to considerable overlap between
tense and lax vowels. We found no effects of compensatory
shortening on duration, but we did find F1 undershoot before
coda clusters. Thus, the quality contrast is diminished before
clusters. A perception experiment is being carried out to deter-
mine whether or not listeners correctly attribute cluster-induced
vowel undershoot to its source. If not, this context could be a
source of sound change.
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