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ABSTRACT

Acoustic and perceptual research has shown
that an individual’s vocal characteristics change
with age. In this paper, we report a later-life
longitudinal investigation of three male speakers
using publicly available archives of speeches
given to large audiences on a semi-regular basis
(generally with a couple of years between each
instance). The collection of speeches was given
during the last 40-50 years of each speaker’s life.
From each speech, 5-minute samples (recordings
and transcripts) were force-aligned to identify word
and phoneme boundaries. We investigate non-linear
changes in vowel duration, word duration, speech
rate, fundamental frequency, and vowel space
using Generalized Additive Mixed Models. We
describe the vocal changes over the lifespan in the
speakers’ later years. The current results do not
support expected outcomes from previous research
and illustrate idiosyncratic and dynamic effects for
individuals in later years.
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1. INTRODUCTION

With advancing age, our bodies undergo a variety
of physiological and cognitive changes that impact
speech [1]. These changes have been shown
to impact speech production and speech acoustics
metrics. In order to understand how age influences
speech, we use longitudinal data from three separate
male speakers covering the last 40-50 years of life.
This paper investigates the longitudinal effects of
age on vowel and word duration, speech rate, vowel
space, and fundamental frequency.
Research on speech and aging has found variable

effects [2, for a review]. Generally, segment and
word duration increases with advancing age [3,
4, 5]. Jacewisz et al. [6] found that reading
and speaking rate increased from early adulthood
to middle adulthood following which it slowly
decreased throughout late adulthood. However,
Quene et al., [7] found that the speech rate of one

Dutch speaker (Queen Beatrix) between the ages of
42 and 74 years decreased from 42 to 62 years of age
and then increased from 62 to 74 years. They argue
that it is possible that the increased speech rate in
Dutch culture and decades of experience reading the
Troonsrede may have impacted her speech rate.
Many studies have found changes in fundamental

frequency with age [8, 9, 10, 11, 12, 13, 14].
Researchers performing long-term longitudinal
investigations have primarily focused on individual
speakers’ fundamental frequency changes. For
example, Harrington found a significant decrease of
an average of 21 percent in fundamental frequency
for four speakers from an earlier recording to a
recording made at a later age [10]. In a more in-
depth analysis of the speech of both Queen Elizabeth
II and Alistair Cooke, Reubold et al. [11] found
that the fundamental frequency of Queen Elizabeth
decreased as a function of age in a linear pattern
while for Alistair Cooke fundamental frequency
decreased until the age of 87, but then increased
after 87. Hunter et al. [15] used one of the same
subjects as the current study (S1) and found that F0
decreased until the age of 68 where it then increased
until the age of 98 years. They attribute this change
to general physiological changes. In cross-sectional
studies, researchers have found differences in the
patterns of male and female participants with a
u-shaped result for female participants [13, 14, 3].
The vowel space of aging speakers has also been

investigated. This research is also variable with
some research indicating an increase in phonetic
height (decreased F1) and backness (decreased F2)
with age [10, 11, 1, 16]. In a longitudinal analysis
of the speech of participants from the UP corpus,
Gahl & Baayen [17] examined how the vowel space
shifts with aging between early to late adulthood.
They found that vowel space shifts more toward
the periphery with an increase of age, even when
controlling for an increase in vowel duration.
The purpose of this study was to build on

previous reports of later-life speech changes. From
the perspective of using available recordings and
automatic analysis techniques, later-life speech
changes could be investigated over a larger period
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of time. This approach allows for a larger number
of longitudinal samples compared to what could be
accomplished in a laboratory setting.

2. METHOD

The present study analyzes regular speeches by
three religious leaders to university students that
cover a time period ranging from 40 to 50 years.
This source includes longitudinal data covering
middle adulthood to late adulthood. The speeches
were given in the same style keeping the style
characteristics consistent across the years recorded.

2.1. Participants

This study analyzes the speech of three male
speakers: S1 (born: 1910), S2 (1899), and S3
(1922). Speakers S1 and S3 were born in Utah,
and S2 was born in Idaho. The majority of the
speakers’ lives were spent in the western United
States, especially Utah and Idaho. However, both S2
and S3 spent time in the eastern United States living
and working in Washington DC, Massachusetts, and
New York. Additionally, per lifestyle choice, the
speakers reportedly did not consume alcohol or
coffee, and they did not smoke; these substances
all have been shown to affect voice production and
vocal health [18, 19].

2.2. Forced Alignment

Five-minute segments were extracted from
each recorded speech and were then annotated
orthographically using the linguistic annotator
ELAN software [20]. Phonetic alignment of the
speech was obtained using the Penn Forced Aligner
[21] with no manual correction. We extracted
acoustic measures using Praat [22] for 73,305
stressed and unstressed vowels from 51,842 words.

3. RESULTS

We performed a generalized additive mixed models
(GAMM) [23, 24] on the extracted data to account
for non-linear trends found within the acoustic
trajectories over time with speaker and word
included as random effects. Four separate GAMMs
were run on the data to investigate trends for
vowel duration, word duration, speech rate (syllables
per second for each recording), and fundamental
frequency with advancing age as a smoothed
predictor and word and speaker as random effects.
Convex hulls for each speaker’s vowel space were
calculated in order to investigate vowel space shifts

Figure 1: Mean vowel duration overtime for S1,
S2, and S3

with age [25, 26].
Figure 1 shows the mean vowel duration of the

stressed vowels (n = 41, 359) for each speaker
(top) and a visualization of the GAMM results
(bottom). Each speaker shows a unique pattern
of mean vowel duration over the later-decades of
the lifespan. Vowel duration for S1 decreases to
about the age of 68 and then vowel duration starts
to increase at the age of 85. While vowel duration
for S2 generally decreases to about the age of 80
with a slight increase after that. S3, interestingly,
shows a largely flat, with maybe a slight decrease
to about the age of 70 followed by a sharp increase
in duration, producing the longest vowel durations
of all the speakers. The GAMM with duration
measures for all three speakers, illustrated in lower
part Figure 1, shows that themodeled vowel duration
trajectory follows a U-shaped pattern, with vowel
duration decreasing until approximately the age of
71 years, where it then increases. The model shows
a significant effect of Age (edf = 3.8144, F =
66.4155, p < 0.0001).
The average word duration data by speaker is

plotted at the top of Figure 2 and the effect of Age in
the GAMMmodel is found at the bottom of Figure 2.
The top part of the figure illustrates the individual
variation present for each speaker. While the word
duration begins at about the same point in their early
50s, S1 decreases slightly, then increases slightly
where word duration then levels off for the last
decade and a half. For S2, however, there is a slight
increase after which there is a U-shaped pattern of
a decrease followed by an increase occurs. The
trajectory for S3 shows a relatively stable duration
until his mid-70s, where it then sharply increases.
The bottom part of Figure 2 summarizes the result of
a GAMMwith Age as the primary predictor of word
duration for all speakers. The model indicates that
as speakers age word duration follows a U-shaped
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pattern, similar to that which was found for vowel
duration. From the ages of approximately 48 to 70
years, word duration is flat or decreases. Following
the age of 70 years, words are produced with longer
durations as speakers age (edf = 3.9258, F =
81.3261, p < 0.0001).

Figure 2: Word duration over time for S1, S2, and
S3 and the results of a GAMM analysis of word
duration (s) over time.

The average speech rate for each speaker (the
number of vowels divided by the total duration of
the recording) is plotted in the top half of Figure 3.
As was the case with both vowel and word duration,
the average speech rate pattern is unique to each
individual. With S1, speech rate increased until
around the age of 68 years where it then seemed
to level off until the age of approximately 81 years,
where it then decreased. S2 followed a somewhat
similar trajectory with an increase of speech rate
until the age of around 80 years, followed by a
decrease. The speech rate of S3 increased until the
age of 68 years, when rate decreases sharply. The
pattern for all three speakers is generally consistent;
however, the age at which the decrease in speech
rate begins varies across the three speakers. We
generated a GAMM for speech rate using data from
all three speakers again focusing on the effect of
Age. In the model, the trajectory of speech rate was
found to increase until the age of 70 years, where it
then decreases (edf = 2.983, F = 2.84, p < 0.05).
This aligns nicely with the results reported for both
vowel and word duration.

The top part of Figure 4 plots the average
fundamental frequency of the stressed vowels for
each speaker as they age. While a general U-
shaped pattern can be seen for each speaker, there
are differences between the speakers. Fundamental
frequency for S1 decreases slightly until the late
70’s, then gradually increases. Fundamental

Figure 3: Changes in speech rate
(syllables/second) for S1, S2, and S3 with
advancing age (top) and Results of a GAMM
analysis of speech rate over time (bottom)

frequency for S2 actually increases from 52 years to
59 years, then decreases until the mid 70’s where,
like S1, it begins to increase. S3 decreases very
slightly until the early 70’s and is followed by the
sharpest increase out of all the speakers. As can be
seen in Figure 4, modeled fundamental frequency
follows a significant U-shaped pattern, decreasing
from the age of around 50 years to 70 years, where it
then follows an increasing trend with advancing age
(edf = 3.997, F = 298.528, p < 0.0001).

Figure 4: Changes in fundamental frequency
for S1, S2, and S3 with age and GAMM of
fundamental frequency for all speakers over time.

In Figure 5 (top left) we see S1’s vowels space and
how it changes over time. In this case, the vowel
space shifts to lower F1 and F2 values. Changes in
the vowel space of S2 can be seen in Figure 5 (top
right). S2 also follows a similar trend as S1 although
the shift is much less extreme. We note however that
for S2 in his 50s there seem to be some surprisingly
high F2 values. At the bottom of Figure 5, S3’s
vowel space is plotted, indicating that there was no
shift to a decreased F1 but there may be a slight
lowering of F2 over each decade. The vowel space
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area for speakers remains relatively constant with
age (e.g., 1255 to 1366 for S1).

Figure 5: Overlaid vowel plots reflecting
production for all three speakers over time. Each
decade of the speaker’s life is represented by a
convex hull [27].

4. DISCUSSION AND CONCLUSION

This paper investigates the effects of age in three
male speakers on segment andword duration, speech
rate, fundamental frequency, and vowel space.
Our data is longitudinal, controlling for potential
confounding variables that arise with cross-sectional
studies, such as individual differences. Our findings
show that the acoustic changes that occur with age
are dynamic and idiosyncratic. They are dynamic in
that the acoustic changes do not follow a linear trend,
but are more U-shaped (or upside-down U-shaped)
with age. The results also indicate that each speaker
presents individual patterns in their acoustic data.
Our results of vowel and word duration build on

the previous literature. These results align with
the literature in that segment and word duration is
longer in late adulthood than in young adulthood.
However, it adds to previous literature by suggesting
that the trajectory follows a U-shaped pattern and not
a strictly linear pattern.
There are interesting similarities between the

trajectories of vowel duration and word duration.
Both trajectories follow a U-shaped pattern where
the segments and words are produced faster until
around the age of 70 years when both start to be
produced slower with advancing age. The relation
of the two patterns makes sense as vowel duration
ultimately affects whole word duration.
It is also important to note the similarities found

between the two durational GAMMs and the speech
rate GAMM. The two measures are related as
segment and word duration influence speech rate.

As vowel and word duration shorten, speech rate
increases, and vice versa, as vowel and word
duration lengthen, speech rate decreases as less
syllables are able to be produced per second. In
this study, the speech rate refers to specifically
read speech given in a talk. Different results are
expected in the cases of spontaneous speech or
speech produced from a different elicitation tasks.
Speech rate follows an inverted U-shaped

trajectory expected from results found by [6] who
also found an inverted U-shaped pattern. However,
[6] found the peak to occur at the age of 45 years,
whereas our data peaks at around 71 years. This
is likely due to the fact that our data only samples
later years and doesn’t include anything below 45
years old. Also, our results are different for speech
rate than that found by [7] who found that speech
rate increases in late adulthood. However, this
strengthens Quene and colleagues’ arguments that
sociolinguistic factors contribute to their result.
Our findings that show a U-shaped trajectory

for fundamental frequency support the findings of
other researchers for males and females [14] and
for Alistair Cooke [11]. However, a key difference
between our results and the previous analyses is the
age at which the U-shaped pattern occurs, as with
speech rate. Our results suggest that on average for
our three speakers there is a change in their early
70s. However, Reubold et al. [11] found that an
increase in fundamental frequency occurred at the
age of 87 years for Alistair Cooke, and Stathopoulos
et al. [14] found it to be around 50 and 60 years
for males and females respectively. This suggests
that the age at which the change in the direction of
fundamental frequency occurs is likely an indicator
of individual aging processes and will be unique for
every individual.
For vowel space, we find that in general for all of

our male speakers, there is a decrease in F1 and F2
with aging. This corresponds with earlier findings
[10, 11, 1, 16] but does not agree with findings by
Gahl & Baayen who find a more peripheral vowel
space with age. Again this may be due to differences
is the sampled speakers’ ages.
While the effects of age on vowel and word

duration, speech rate, fundamental frequency, and
vowel space from our data follow general trends that
have been found in previous research, our results
also indicate that there are dynamic and idiosyncratic
patterns for individual speakers. Furthermore, the
pattern of change is not linear. As a result, a
statistical model that allows for non-linear trends
is necessary for research on the acoustic changes
related to aging.
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