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ABSTRACT

Cognitive load from speaking a foreign language has
an influence on vocal measures such as pitch. Cogni-
tive load induced by increasing task difficulty was
found to affect the vowel space in some studies, how-
ever, the results are inconclusive. This study exam-
ines the influence of increased cognitive load from
speaking a less dominant language on vowel formants
in 95 bilingual speakers of High German and Low
German. F1 and F2 values and vowel durations were
extracted from the vowels /a/, /1/, and /u/ in stressed
syllables in a route description task. We found gen-
der-dependent differences related to language domi-
nance for F1 and vowel duration of /a/ and for F2 of
/i/. The other results point more towards language-
specific differences. We conclude that cognitive load
from speaking a less dominant language has some ef-
fect on vowel realizations, however, language-spe-
cific differences prevail even for very similar lan-
guages.

Keywords: Vowels, cognitive load, bilingualism,
High German, Low German.

1. INTRODUCTION

Various acoustic measures are related to speech under
increased cognitive load [1]-[4]. Cognitive load in-
duced by task difficulty has been associated with an
increase in disfluencies and filled pauses [5]. An in-
crease of f0 has been reported in multiple studies,
with a steeper increase for real-life stress (e.g., air-
plane crash) than for laboratory induced stress [6]—
[11]. Additionally, acoustic measures related to the
glottal signal, such as jitter and shimmer, are reduced
under increased cognitive load [12]. Cepstral peak
prominence has also been correlated with speech pro-
duction under increased cognitive load [13].
Previous studies on the influence of cognitive load
on vowel formant frequencies show contradictory re-
sults. For real-life stress in airplane incidences, [6]
found higher F1 values for one pilot while [10] found
no significant changes in F1 for the pilot but a signif-
icant increase in F1 for /i/ and a decrease for /u/ for
the copilot. For F2, the pilot showed an increase for
/a/, /e/, and /¢/, while the co-pilot did not show any
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significant differences. In studies like these, the sam-
ple size is naturally very small, i.e., only one or two
pilots are investigated. In a flight simulator study with
13 subjects, [14] found increased F1 values and de-
creased F2 values for front vowels and increased F1
and F2 values for back vowels under cognitive load,
1.e., more centralized vowels.

For laboratory induced stress, [15] found no sig-
nificant differences for F1 and F2 in a dual-task con-
dition compared to the control condition. In a Stroop
test analysis of one speaker, [10] found a decrease in
F1 for /u/ and for /@/ and increased F1 and F2 values
for /e/ with increasing cognitive load. In their analysis
of a larger Stroop test database, [16] found a decrease
in F2 for /ao/; however, they did not find an overall
smaller vowel space for the higher cognitive load
condition. With increased cognitive load, vowels
showed longer durations, potentially because subjects
spoke more slowly [16]. Cognitive load was also
found to affect the vowel space in anxiety-denying
women (centralization), i.e., these effects varied de-
pending on speaker sex and coping style [17]. In three
different cognitive load conditions, [18] found in-
creased F1 and F2 values compared to a control con-
dition. In conclusion, both centralization and periph-
eralization of the vowel space have been observed
with regard to an increase in cognitive load due to an
increase in task difficulty.

It is not clear whether effects of cognitive load on
vowel formants also occur in the less dominant lan-
guage of bilingual speakers. Cognitive load from
speaking a foreign language is reported to have an in-
fluence on f0 level and f0 dispersion ([19], [20] (Eng-
lish/Finnish), [21] (High/Low German)). These re-
sults are in line with the results regarding cognitive
load from task difficulty. There is ample research on
the influence of the vowel system of the more domi-
nant language on the vowel system of the less domi-
nant language (e.g., [22]-[24]). However, there have
been no studies on the effect of cognitive load caused
by speaking the less dominant language on vowel for-
mants. In this case, vowel formant analysis is difficult
because the acoustic characteristics of vowels often
differ between two languages. For this reason, we fo-
cus on two closely related languages in this paper.

We report results of a study that examines the in-
fluence of cognitive load on vowel formants and
vowel duration in bilingual speakers of High German
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and Low German. Low German is a regional lan-
guage spoken in northern Germany that nowadays is
no longer acquired monolingually, but always to-
gether with High German. Since the use of Low Ger-
man is declining in younger speakers [25], we expect
that they are more dominant in High German than
older speakers. We expect that these speakers exhibit
larger differences in F1 and F2 between the two lan-
guages than more balanced bilinguals, i.e., the mid-
dle-aged and older speakers. We also expect the
speakers who are more dominant in High German to
have longer vowel durations in Low German than the
more balanced bilingual speakers.

2. METHOD
2.1. Participants and data collection

A total of 95 participants, aged 15 to 88 years, took
part in this study. All subjects (47 female, 48 male)
grew up in the municipality of Krummhom in East
Frisia, in the northwest of the federal state of Lower
Saxony in Germany. The subjects were native speak-
ers of East Frisian Low German (LG) and the regional
standard variety of High German (HG). We had to ex-
clude 4 participants because of missing data, retaining
91 subjects for analysis.

All subjects verbally completed a questionnaire
consisting of 55 questions on socio-demographics as
well as on age of acquisition, frequency of language
use, and self-attributed language proficiency (adopted
from [25-27]). Of all questions, 28 were used to cal-
culate global language scores for each subject and
language (based on [26] and [27]). To obtain the lan-
guage dominance score used in our analysis, we sub-
tracted the HG values from the LG values. Negative
values indicate a dominance of HG over LG (= HG
dominant), positive values a dominance of LG over
HG (= LG dominant). A value around 0 indicates bal-
anced bilingualism. Possible values range from -174
to +174; the values in our sample range from -119 to
+58. The younger speakers show the highest domi-
nance of HG while the older speakers exhibit bal-
anced dominance scores. For a more thorough analy-
sis of the correlation between age and dominance
score in our subjects see [28].

Speech recordings were collected using a head-
mounted omnidirectional microphone (DPA 4066)
and a portable digital recorder (Tascam DR-100
MKIII). The recordings were digitized at 48 kHz
sampling rate with 24 bits/sample quantization.

2.2. Procedure and data selection

During the experiment, subjects completed seven
tasks in each language. The order of the languages
was randomized per subject, the order of the tasks
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was kept stable. One of these tasks was giving a route
description, for which we varied the level of task dif-
ficulty to induce different levels of cognitive load. In
the more difficult condition, the participants received
a map without any labels or landmarks. In the easier
condition, labels and landmarks were added to the
map. The routes were different in each condition.

We manually segmented the point vowels /i/, /u/,
and /a/ in stressed syllables in the route description
tasks. We excluded vowels in the context before /1/,
as post-vocalic /r/ is vocalized in LG and in HG re-
sulting in a diphthong [29][30]. For /i/ and /u/, we do
not expect any language-specific spectral differences
[29][30]. For /a/, we expect a central open realization
for HG [29] and a more retracted and slightly rounded
realization for LG [30]. Regarding vowel duration,
we do not expect language-specific differences for all
three vowels.

The duration of the route description tasks ranged
from 15.87 s to 176.31 s (x = 68.93 s). In total, the
sample contained 2,470 /a/ tokens, 2,343 /i/ tokens,
and 1,409 /u/ tokens.

2.3. Acoustic analysis

F1 and F2 values were measured at vowel midpoint
using Praat [31]. We calculated five formants using
the Burg LPC method. The formant ceiling was set to
5000 Hz for male speakers and to 5500 Hz for female
speakers. Window length was 25 ms and pre-empha-
sis from 50 Hz. Additionally, we extracted the dura-
tion for each vowel. All recordings were downsam-
pled to 16 kHz before analysis. During the inspection
of the automatic formant extraction, we found obvi-
ous measurement errors. To reduce these, we excluded
the 5% outermost values for each vowel and each for-
mant, leaving 2,235 /a/ tokens (HG: 1,207; LG: 1,263),
2,115 /i/ tokens (HG: 1,294; LG: 1,049), and 1,286 /u/
tokens (HG: 370; LG: 1,039) for analysis.

2.4. Statistical analysis

We fitted LMMs in R [32] using the glmmTMB pack-
age [33]. The dependent variables were F1, F2, and
Duration of each vowel. As fixed effects, we added
the within-subject effect Language (HG vs. LG) and
the between-subjects effects Dominance Score and
Gender (female vs. male) to the model as well as all
possible interactions. We used random intercepts for
Subjects as well as by-subject random slopes for Lan-
guage. Since the residuals for the dependent variables
were not normally distributed, we used the Gamma
distribution and log-link function in our models. In-
teraction results are reported using the emtrends func-
tion from the emmeans package [34]. The level of sig-
nificance was set to p = 0.05. Figures were created us-
ing tidyverse packages [35].
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We included the main effects for Gender and
Dominance Score only as control variables, which is
why we do not report these results below. The factor
Task Difficulty (easy vs. complex) was left out of the
models because the effects on vowel production were
inconsistent and difficult to interpret. This could
probably be because the difficulty levels did not differ
sufficiently from each other to reliably affect vowel
realizations.

3. RESULTS
31.F1

Figure 1 displays F1 values for each vowel as a func-
tion of Dominance Score per Gender.
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Figure 1: F1 values. Shading indicates 95%
confidence intervals.

For /a/, statistical analysis revealed significantly
lower F1 values for LG compared to HG
(7 = 185.691, p <.001).

For /i/, statistical analysis revealed significantly
higher F1 wvalues for LG compared to HG
(= 63.394, p <.001). In addition, we found a three-
way interaction between Language, Gender, and
Dominance Score. Contrast analysis revealed a sig-
nificantly steeper, positive slope for HG compared to
LG for male speakers (estimate=-0.0005,
SE =0.0002, z-ratio=-2.051, p<.05), suggesting
that LG dominant speakers exhibit smaller differ-
ences in F1 between the two languages than HG dom-
inant speakers.

For /u/, statistical analysis revealed significantly
higher F1 values for LG compared to HG (y° = 4.484,
p <.05).
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3.2.F2

Figure 2 displays F2 values for each vowel as a func-
tion of Dominance Score per Gender.
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Figure 2: F2 values. Shading indicates 95%
confidence intervals.

For /a/, statistical analysis revealed significantly
lower F2 values for LG compared to HG (y° = 440.83,
p <.001). Additionally, we found a three-way inter-
action between Language, Gender, and Dominance
Score. Contrast analysis revealed a significantly
steeper, positive slope for HG compared to a slightly
negative slope for LG for male speakers (esti-
mate = -0.0005, SE =0.0002, z-ratio=-2.299,
p <.05), suggesting that LG dominant speakers ex-
hibit larger differences in F2 between the two lan-
guages than HG dominant speakers.

For /i/ and /u/, statistical analysis revealed signifi-
cantly lower F2 values for LG compared to HG (/i/:
1 =12.766, p <.001; u/: * = 16.784, p < .001).

3.3. Duration

Figure 3 displays Duration values for each vowel as a
function of Dominance Score per Gender.

For /a/, statistical analysis revealed significantly
longer vowels for LG compared to HG (y° = 29.353,
p <.001). Additionally, we found a three-way inter-
action between Language, Gender, and Dominance
Score. Contrast analysis revealed a significantly
steeper, positive slope for HG compared to a negative
slope for LG for female speakers (estimate = -0.0013,
SE =0.0006, z-ratio=-2.340, p <.05), suggesting
that LG dominant speakers exhibit a smaller differ-
ence in Duration between the two languages than HG
dominant speakers.
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For /i/ and /u/, statistical analysis revealed signifi-
cantly longer vowels for LG compared to HG (/i/:
i =58.117, p <.001; /u/: ¥ = 17.348, p < .001).
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Figure 3: Duration values. Shading indicates 95%
confidence intervals.

4. DISCUSSION

In this study, formant values and vowel durations of
the point vowels /a/, /i/, and /u/ were analyzed from
route descriptions provided by 91 bilingual speakers.
Our hypothesis was that HG dominant speakers, i.e.,
mostly younger speakers, would show larger differ-
ences between LG and HG than LG dominant speak-
ers, i.e., middle-aged and older speakers, as for the
former the use of the less dominant language, LG, is
associated with increased cognitive load. We con-
ducted nine analyses, including F1, F2, and vowel du-
ration for each of the three vowels, and found that lan-
guage dominance had a partial effect on male speak-
ers’ F1 values for /i/ and F2 values for /a/, as well as
on female speakers’ durational values for /a/.

The lower F1 and F2 values for /a/ in LG suggest
that /a/ is pronounced as a more closed back vowel in
LG compared to HG. These results can directly be at-
tributed to language-specific differences [30]. Addi-
tionally, a three-way interaction between Language,
Gender, and Dominance Score showed a larger dif-
ference in F2 for LG dominant male speakers than for
HG dominant male speakers. This effect is the con-
trary of what we hypothesized. Moreover, the differ-
ence can be attributed to a change in F2 in HG while
the F2 values in LG remain relatively stable across
speakers with varying language dominance.

For /i/, we found higher F1 values and lower F2
values in LG compared to HG. In combination, these
values indicate a less peripheral production of /i/ in
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LG. Furthermore, a three-way interaction between
Language, Gender, and Dominance Score showed a
smaller difference in F1 for LG dominant male speak-
ers than for HG dominant male speakers, as we hy-
pothesized. However, the difference can be attributed
to a change in F1 in HG while the F1 values in LG
remain relatively stable across speakers independent
of their dominance score.

The higher F1 values for /u/ in LG compared to
HG indicate a more open production of /u/ in LG. In
contrast, lower F2 values in LG indicate a further
back production of /u/ in LG. As we find no interac-
tions with language dominance for /u/, we cannot de-
cide whether these effects arise from increased cogni-
tive load in speaking the less dominant language or
from language-specific differences.

Regarding the durational values, we found longer
vowel durations in LG than in HG for /a/, /1/, and /u/.
These results are in line with [16], who found it an
important measure for increased cognitive load. For
/a/, a three-way interaction between Language, Gen-
der, and Dominance Score showed converging dura-
tional values for LG dominant female speakers. How-
ever, for the most part we cannot decide whether
these are language-specific or cognitive load-related
differences.

In only three cases, our results include a partial ef-
fect of language dominance; and even these cases are
contradictory. Considering the results at hand, the
question arises whether vowel formants and durations
are suitable indicators for cognitive load in bilingual
speech. The inconsistent results of our study are in
line with previous research. One possible explanation
would be that different coping styles as reported in
[17] have led to opposing effects that have largely
cancelled each other out.

5. CONCLUSION

Our study revealed only a few effects of increased
cognitive load from speaking a less dominant lan-
guage on vowel production. Most of our findings
could also be attributed to language-specific differ-
ences. Nevertheless, this study adds to the existing lit-
erature by investigating cognitive load in spontaneous
speech of bilingual speakers.
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