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The aim of this study is to investigate  the laryngeal correlates of the tenseness 
contrast for German vowels such as f0, voice quality and target alignment. A 
laryngographic investigation was carried out with 6 speakers of Standard German. 
There was clear evidence of a difference in tonal alignment. The f0 minimum of a 
stressed syllable was aligned with the onset of the syllable for both vowel categories. 
The f0 maximum was aligned with the offset of the tense vowel and with the 
following consonant of the lax vowel.  There were no significant differences for 
intrinsic f0 between tense and lax vowels and the results from phonatory parameters, 
derived from the laryngographic signal, were also less clear and did not provide 
evidence for a consistent distinction between tense and lax vowels. 

 
 
 

1. Introduction 

Traditionally, tense and lax vowels in German are distinguished by a longer duration and 
more extreme tongue positions for the tense vowels. In addition to quantity and quality, 
several secondary phonetic correlates have been reported in the literature, e.g.  voice quality 
and target alignment, whereas intrinsic f0 should only vary with vowel height but not with 
tenseness. The general aim of this current study is to investigate these phenomena. 

1.1. Intrinsic f0 

 
Intrinsic f0 describes a phenomenon which is probably caused by an interaction between 

the vocal tract and the glottal folds instead of being independent. This means that vowels with 
a high tongue position, e.g. [i, u, y], have a higher f0 than vowels with a low tongue position, 
e.g. [a]. Possible reasons are a higher tongue position caused by an anatomical connection 
and  higher muscle activity both leading to greater tension in the vocal folds. Another 
possibility could be an acoustic interaction likewise initiated by a higher tongue position 
(Reetz 2003).  

An investigation of the relationship between tenseness and intrinsic f0 was carried out by  
Fischer-Jørgensen (1990). She recorded speakers from Northern Germany (like we did in our 
study) and found that some lax vowels had a higher intrinsic f0 as predicted from their tongue 
height, e.g. // is higher than /e/. Iivonen (1989) found that the lax vowels [, , ] showed a 
higher f0 than the tense vowels [i, y, u]. This may be related to the shorter duration of lax 
vowels in contrast to tense vowels. In tone languages there is a similar phenomenon. High 
tone vowels are shorter than low or mid tone vowels, vowels with a falling tone are shorter 
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than vowels with a rising tone. It has been hypothesized that from a diachronic perspective in 
certain languages, quantity contrasts were replaced by tonal contrasts (Fischer-Jørgensen 
1990; see also Gandour 1977). However, for German there must be an alternative explanation 
because there were never any tone differences in its historic development. Fischer-Jørgensen 
gives two possible explanations for intrinsic f0. Short vowels may be produced with a higher 
subglottal air pressure to compensate for their shortness, and therefore f0 rises. Alternatively,  
the higher f0 compensates the shortness directly because a higher f0 makes the vowel easier 
to identify. Both explanation point to an active control of the speaker in order to enhance the 
discriminability between different vowel categories.  

 
That leads us to our first hypothesis:  

• Intrinsic f0 in lax vowels has the same height as in tense vowels of the same 
category (e.g. /i/ and // or /u/ and //) or even a higher f0. 

1.2 Voice quality 

 
Lotto et al. (1997) showed by perception experiments with English listeners that  breathy 

voice is often associated with tenseness in the perception of vowels. Therefore, perceptual 
discrimination would be enhanced by combining breathiness with tenseness and modal voice 
with laxness. A possible explanation of this combination is the low F1 frequency of tense 
vowels. Many African languages (for example Akan and Dinka) use the principle of 
interaction between high vowels with a low F1 and breathy voice which reduces F1 further, to 
create a greater acoustical contrast. This contrast might provide the listener with an enhanced 
auditory contrast. According to Kingston et al. (1997) biomechanical reason factors also play 
a role for the above mentioned African languages, i.e. the anatomical linkage between tongue 
root and the arytenoid cartilage. However, up to now it has not yet been investigated whether 
this link is relevant for the realization or enhancement of the tense-lax contrast in Germanic 
languages. 

From these considerations we hypothesize that the same relation between tenseness and 
breathy voice as in English might also be found for German: 

• Tense vowels are associated with breathy voice  
• High vowels are also associated with breathy voice 

1.3 Target alignment 

 
In the autosegmental-metrical phonology the intonation is mainly characterized by two 

different levels. These pitch accents are denoted with L for a low tone and H for a high tone. 
According to Ladd (2000) and to Ladd et al. (2003) the L tone of the prenuclear rising accent 
in Dutch is aligned near the onset of the syllable, in short and long vowels. The f0 maximum 
H depends on the length of the vowel. In a syllable with a long vowel, H is aligned with or 
just before the offset of the vowel. In syllables with short vowels, H is realized during the 
following consonant. They proposed that the difference in alignment is caused by the amount 
of time which is needed for the f0 increase from L to H. The duration of a lax vowel is too 
short for the rise to be realized completely during the vowel. 

Atterer and Ladd (2004) analysed whether Northern and Southern speakers of German can 
be distinguished by tonal alignment. Speakers of both dialectal groups show a later alignment 
of the H compared to English, Greek and Dutch. However,  Southern speakers of German 
produce the maximum somewhat later than the Northern speakers.  
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This alignment is called “segmental anchoring” which means that both the beginning and the 
end of a rising pitch accent are anchored to specific points in segmental structure (see 
Arvaniti, Ladd and Mennen, 1998) 

With this information we can derive three more hypotheses:  
• f0-minimum L is aligned with the onset of the stressed syllable independent of the 

tenseness of the following vowel.   
• f0-maximum H is aligned with the vowel in a stressed syllable with a tense 

nucleus or with the following consonant in a syllable with a lax nucleus.   
• f0 contour is identical in words with tense and lax vowels in the same 

surrounding. This means both contours have the same duration.   

2. Method 

2.1. Speakers 
 

For our experiment we recorded three male and three female speakers, aged 20 to 25. They 
were all non-smokers and lived in Northern Germany for all their lives.  
 

2.2. Speech material 
 

Words with tense and lax vowel pairs were constructed in order to control the consonantal 
context. 
 

Walle – Wahle   [val] - [val] 
Welle – Wehle   [vl] - [vel] 
Wille – Wiehle   [vl] - [vil] 
Wolle – Wohle [vl] - [vol] 
Wulle – Wuhle [vl] - [vul] 
Wölle – Wöhle [vœl] - [vøl] 
Wülle – Wühle [vl] - [vyl] 

 
We chose  flanking voiced consonants to make sure that the whole word was produced 

with voicing. These 14 test words were spoken in the carrier sentence: 
  Ich habe __ gesagt (I said __) 
and repeated 9 times in randomized order. The subjects were instructed to emphasise the 
target words, i.e. they were nuclear accented. 
 

2.3. Recordings 
 

The recordings were carried out in an anti-echoic studio at the IPDS in Kiel. The subjects 
read 126 sentences which were individually presented on a screen. The audio signal was 
recorded via a microphone (Sennheiser MD 421); the larynx signal was recorded by a 
laryngograph, both with a 16 kHz sampling rate. 
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2.4. Speech analysis 
 

The sentences were labelled by means of PRAAT and the labels were read into the EMU 
speech database management system. The first derivative of the larynx signal (henceforth 
termed dlx signal) was calculated with a 2-point differentiation and used for labelling the 
glottal pulses.  The f0 signal was calculated based on the lx derivative by tkassp (implemented 
by Michel Scheffers at the IPDS, Kiel) with the Schaefer-Vincent periodicity detector. 

In EMU, the minima and maxima of the f0 signal were manually marked during the whole 
test word. In R the minima and maxima in the dlx signals were labeled automatically. For 
peak detection of the laryngographic signal operationally determined thresholds were applied, 
i.e. maxima had to exceed a value of 100 and minima had to be smaller than -50. 
In order to assess the breathiness of the analysed vowels the Open Quotient OQt was 
calculated on the basis of the dlx signal:  
 
 

 
 

Figure 1. Calculation of the Open Ouotient by two methods for determining the 
moment of glottal opening; a 4/7 threshold method and by using the dlx 
maximum. T= cycle duration, tthresh = open glottis phase based on a 4/7 
threshold, tmaxi= open glottis phase based on the maximum of dlx signal.  

 
Figure 1 shows a part of the lx signal and superimposed the corresponding dlx signal. 

The lx signal shows the open glottis phase in the positive part of the period. If the glottis is 
closed, this is shown by the negative part. 

The moment of closing is characterized by a pronounced negative peak in the dlx 
signal and therefore easy to detect (Henrich et al. 2004). The exact moment of glottal opening, 
however, is hard to specifiy because of the more continuous change in the signal (see raising 
slope of the lx signal in Fig. 1). Therefore two different methods were applied, a 4/7 threshold 
method and the positive peak in the dlx signal. Following Howard (1995) in the first method 
the moment of opening is measured on the basis of a specified threshold (tthresh in Fig. 1) of 
4/7. The amplitude from minimum to maximum of the lx signal is divided. At a point of 4/7 
the moment of opening is defined. In the second method the moment of glottal opening is 
defined on the basis of the dlx signal (see tmaxi in Fig. 1). In this case the moment of opening 
correlates with the maximum of the dlx signal. Since very frequently this dlx maximum is not 
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easy to identify, the fixed threshold is a good alternative because of its enhanced consistency 
(see Howard 1995). 

The duration of the opening phase is divided by the cycle’s duration (T) to get the 
open quotient. A high value of the open quotient involves a breathy voice. 

 
Sentences were excluded when there was devoicing in the test word, or the sentence 

was not read with the intended intonation. 

3. Results 

3.1. Differences in f0 

 
Figure 2. f0 [Hz] measured at the time of the maximum in the stressed syllable 
for a female speaker. 

 
 

Figure 2 shows the differences in f0 for tense and lax vowels at the time of maximal f0 
excursion for a female speaker. The only vowel pair showing a significant difference as 
expected was [a] vs. [a:] with the lax vowel having a higher f0 (F(1, 13)=4.79 p < 0.05). For 
all other vowel pairs either no significant difference could be found for a higher f0 for lax 
vowels or the differences were significant for tense vowels having a higher f0 than lax 
vowels. 

The other speakers showed similar tendencies to this female speaker, with only some 
vowels showing speaker-dependent differences: more specifically, f0 was higher in [] for 
two speakers, in [] for one speaker and in [] for one speaker compared with their tense 
counterparts. 
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3.2. Open quotient 

 
 
 

Figure 3. Differences in the open quotient in tense and lax vowels for FSA (male speaker).  
 

The differences in the open quotient at the vowel onset were only significant for the 
male speakers. Female speakers showed no distinctions, neither in one direction nor the other. 
 One male speaker produced a significant difference for all vowel pairs except for the 
vowels [ø] and [œ]. In every case the tense vowels had a higher open quotient which 
indicates a more breathy voice quality.  
 The other male speakers were less consistent: only half of the vowel pairs were 
significantly distinguished by the OQ. Here again the open quotient is higher for tense 
vowels, only one vowel pair ([] vs. [e:]) for one speaker differed the other way around. 
 Speaker FSA (Figure 3) showed a significant difference only between one pair,i.e [ø] 
and [œ] (F(1, 10)=16.96 p < 0.01).  
 

3.3. L – alignment 
 

As shown in Figure 4, there were no significant differences in the low tone alignment 
of the vowel pairs, neither for female, nor for male speakers. The f0 minimum (L) was 
generally placed in the onset of the stressed syllable for all subjects. 
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Figure 4.  Alignment of the f0 minimum at the vowel onset for a male speaker; Y-axis: time in 
ms.   

 
 

3.4. H – alignment 
 

Figure 5. Interval between f0 maximum and the 
vowel offset. Example for a male speaker. In the y-
axis, 0 marks the vowel offset, the boxplots show f0 
maxima of the different vowels. 

Figure 6. Distribution of the f0 maxima. Example 
for a male speaker. Italic and bold =lax, 
normal=tense. In the x-axis, 0 marks the vowel 
offset. Every mark in the negative area shows a f0 
maximum within the vowel, in the positive area a 
maximum occurring after the vowel.  

 
The tense and lax vowels showed clear differences for the placement of H. As can be 

seen in Figure 5, the f0 maximum (H) was located close to the vowel offset for tense vowels 
(negative values) and during the next consonant for lax vowels (positive values). Five subjects 
followed this pattern, and one speaker realised the f0 maximum in general quite early. For 
him the H occurred during the tense and lax vowel. However, it can be observed that for this 
subject H was still reached earlier in tense than in lax vowels.  

Duration (ms) 

f0
 (H

z)
 

D
ur

at
io

n 
(m

s)
 



  Schneeberg and Schlüßler 

 34

Figure 6 shows the same distribution of the maxima of tense and lax vowels as shown 
in figure 5. Maxima of lax vowels primarily occurred after the vowel offset which was 
marked by 0 on the x-axis, maxima of tense vowels were located within the vowel. Figure 5 
and 6 are examples. All other speakers, except for one, produced the vowels in a similar way 
and the figures look almost the same. 
 

3.5. f0 contour 

 
   Figure 7. Duration of the rise from L to H for a female speaker. 

        
           Figure 7 shows that there were some differences between tense and lax vowels. The 
duration of the rise was longer for tense than for lax vowels. This can be observed in a similar 
way for all speakers. 
 

4. Discussion and Conclusions 

Contrary to our hypothesis, there was no evidence to show that f0 in lax vowels is 
higher than in their tense counterparts. Only the female speakers showed a higher f0 in some 
lax vowels. But it depended on which vowel they produced a higher f0. 

The second hypothesis that tense vowels are produced with a higher degree of 
breathiness could not be completely confirmed. The female speakers showed no differences 
between tense and lax vowels based on the open quotient. Interestingly the male speakers 
produced some highly significant distinctions between the vowel pairs in the supposed 
direction. Thus, the data from the male speakers was completely consistent with the 
hypothesis. However, we cannot explain from our data why male and female speakers should 
differ in this respect.  

The third hypothesis that breathiness is correlated with vowel height could also not be 
confirmed. None of the speakers showed any difference between high and low vowels based 
on the open quotient. 

Concerning the tonal alignment, we hypothesized that for all subjects the f0 minimum 
occurs approximately at the onset of the stressed syllable. This hypothesis could be 
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confirmed. For all subjects the f0 minimum occured approximately at the onset of the stressed 
syllable independently of the tenseness status of the following vowel. 

Again following our hypothesis, the f0 maximum was associated with the offset of the 
tense vowels for five of the six subjects. The f0 maxima occurred mostly in the consonant 
and far less often within the vowel itself. For the lax vowels the H occured 20-60 ms in the 
following consonant. 

It could not be confirmed that the rise time of f0 contour is identical in words with 
tense and lax vowels in the same surrounding. We expected an approximately equal duration 
for the rise from L to H in the vowel pairs and also almost the same f0 values at the f0 
maximum. But there were huge differences in the duration of rise time of tense and lax 
vowels.  

 
To summarize, the influence of intrinsic f0 on lax and tense vowels is about the same. 

The hypotheses of Fischer-Jørgensen (1990) and Iivonen (1989) could not be confirmed. 
There is also no evidence that high vowels are produced with a breathier voice quality. 
Except for the male speakers there is a slight influence on tense vowels. A linguistic contrast 
as described by Lotto et al. (1997) could not be the reason for this. If a linguistic contrast 
would be the cause male and female speakers would articulate the same way. There may be a 
gender effect: as Hanson and Chuang found, women in general speak with a more breathy 
voice. There may be some general physiological associations between breathy voice and 
tense vowels which only play a role for male speakers. 

There is a segmental anchoring as proposed by Ladd (2000) and Ladd et al. (2003) for 
Dutch. We found that the L was consistently aligned at the vowel onset in both tense and lax 
vowels. The f0-maximum was aligned with the offset of tense vowels and the following 
consonant of lax vowels. The rise time of the f0 contour is not identical in words with tense 
and lax vowels in the same surrounding. Ladd et al. (2003) discussed two possible 
explanations for the different anchoring of H in long and short vowels. One explanation 
comes from Caspers and van Heuven who think a time pressure influences the realisation of 
the f0 movements. The lax vowel is just too short for a certain f0 rise time which is at least 
needed and so the H occurs in the following consonant. Xu on the other hand means that the 
f0 movements are bound by the syllable structure. This means, in syllables with a tense vowel 
the f0 maximum is anchored in the last segment of the syllable: the tense vowel. But in the 
syllables with a lax vowel the last segment of the syllable is an ambisyllabic consonant and 
therefore the H occurs in this consonant. Both explanations may be right but they do not 
really support the hypothesis of an identical rise time in syllables with tense and lax vowels. 
A reason for our results with a shorter f0 rise time for the lax syllables could be the 
phenomenon of “compression” (Grabe 1998b). The f0 contour starts and ends at the same 
level like other f0 contours but falls or rises in a shorter time. At least the rise time should be 
analyzed more intensive to obtain concrete results. 
 
 
We thank all our speakers who did a good job, Herbert Fuchs for recording our experiment and Tine 
Mooshammer for her help in statistical and phonetical questions. 
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Appendix 
 
MRPA IPA 
2: ø 
a: a 
e: e 
i: i 
o: o 
u: u 
y: y 
U  
9 œ 
a a 
E  
I  
O  
Y  

Table 1: The machine readable phonetic alphabet and its IPA transcription. 
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