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Abstract

This study explores how fundamental frequency (£0) and ar-
ticulatory strength are related in Italian geminate consonants.
Consonant-intrinsic FO (CFO0) effects are examined with a fo-
cus on the hypothesis that geminates exhibit such effects as a
consequence of their inherent “tense” articulation, manifested
as higher F0 and a more constricted articulatory target. Simul-
taneous articulatory and acoustic data were collected from 10
native Central and Southern Italian speakers pronouncing six
disyllabic nonce words ([ip(:)a, ib(:)a, im(:)a]) within a carrier
sentence varying in speech rates. F0 values were extracted at 10
ms intervals before and after consonantal closure, while articu-
latory data, including Minimum Lip Aperture (LA) and Maxi-
mum Jaw Height (JH), were recorded using an AG501 Carsten
EMA. Linear mixed-effect regressions were fit to the data. The
findings reveal that geminates exhibit higher post-closure FO,
lower LA, and higher JH compared to their singleton counter-
parts, supporting the hypothesis that geminate consonants pos-
sess “tense” properties. Additionally, weak positive correlations
were observed between post-closure F0 and LA.

Index Terms: CFO, articulatory, geminates, Italian, micro-
prosody

1. Introduction
1.1. CFO0 and geminates

Numerous studies have demonstrated that fundamental fre-
quency (F0) can be affected by intrinsic consonantal proper-
ties. Specifically, it has been observed that F0 following voice-
less obstruents tends to be higher than FO following voiced ob-
struents, as noted in [1, 2]. This effect of onset voicing on the
FO of subsequent vowels has been observed in both non-tonal
[1,3,4,5, 6, 7] and tonal languages [8, 3, 9]. For instance, in
Italian, a “true voicing” language featuring a contrast between
fully voiced consonants and voiceless unaspirated consonants,
voiceless obstruent onsets /p, f/ exhibit higher F0 on the subse-
quent vowel compared to voiced obstruents /b, v/ and nasal /m/
[5].

The observed consonant-intrinsic FO (hereafter CF0) of
voiced and voiceless consonants is commonly attributed to ar-
ticulatory mechanisms favoring or hindering voicing. These
mechanisms include the adjustment of vocal fold tension as-
sociated with voiceless obstruents [10, 11], as well as lar-
ynx lowering and pharyngeal expansion in voiced consonants
[12, 13, 14, 15].

FO has also been identified as a non-durational acous-
tic cue of geminate consonants in various languages, both in
word-medial position [16, 17, 18] and in word-initial position
[19, 20, 21]. Specifically, FO is higher on vowels adjacent to
geminate consonants compared to those adjacent to singletons.
It is important to note that FO effects vary across languages.
In some languages, the effect is observed on vowels preceding
geminates (e.g., [16, 17, 18]), while in others, it is observed on
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vowels following geminates [19, 20, 21]. Conversely, some lan-
guages may not exhibit any FO effect on the adjacent vowel in
the presence of geminates [22].

Several hypotheses have been proposed to explain this phe-
nomenon. One hypothesis posits that geminate production in-
volves more than just a longer closure duration to encompass
multiple articulators [21]. This line of thinking unifies the
singleton-geminate contrast and the lenis-fortis contrast. In
essence, the higher F0, along with other acoustic and articula-
tory correlates, observed in geminates can be attributed to their
“tense” articulatory strength. Similarly, the elevated articula-
tory pressure and larger constriction area observed in geminates
[23, 24] are also considered the results of “tense” production. A
question that arises is whether the “tense” articulatory strength
exhibited by geminates, characterized by multiple articulatory
actions such as higher FO0, increased articulatory pressure, and
a larger constriction area, are interconnected. In essence, the
question is whether the various articulatory actions observed are
a consequence of the coordination of articulators working to-
gether to achieve a unified “task” in geminate production. This
is similar to the production of bilabial consonants that involve
articulatory actions of the jaw, the lower lip, and the upper lip
[25].

An additional interesting aspect worth exploring is the po-
tential interplay between gemination and voicing, given their
potentially conflicting effects on the FO of surrounding vow-
els. [22] explored this issue, suggesting that the produc-
tion of voiced geminates involves an active strategy to sustain
voicing throughout the prolonged closure of geminates. This
prompts the question of whether the F0O perturbation effect dif-
fers in voiced singleton-geminate pairs compared to voiceless
singleton-geminate pairs.

In the context of previous work on Kelantan Malay, it has
been reported that FO is consistently higher following gem-
inates than following singletons across voiceless obstruents,
voiced obstruents, and sonorants. However, the effect is more
pronounced for the voiceless pairs [26]. A parallel observation
extends to intraoral pressure during the production of singleton
and geminates with different voicing categories in Italian: gem-
inates exhibit higher intraoral pressure than singletons, with the
effect being more pronounced for voiceless singleton-geminate
pairs compared to their voiced counterparts [27].

1.2. Research Questions, hypotheses, and predictions
In this paper, we tackle the following three research questions.

1. How does gemination interact with CFO in Italian?

2. Do Italian geminates exhibit tenser articulation than sin-
gletons?

3. What is the relationship, if any, between geminates effect
on FO and their articulation?

For 1), we can entertain the following three hypotheses and
associated predictions. A) Gemination does not interact with
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CFO0 and we will thus observe no effect of gemination on CFO.
B) Gemination magnifies CFO effects, increasing the already
higher FO after voiceless stops and decreasing the already lower
F0 observed after voiced stops. C) Gemination raises F0 across
the board regardless of voicing.

For 2), we can entertain the following two hypotheses and
associated predictions. A) Italian geminates reflect a tenser ar-
ticulation, hence they will display more constricted target. B)
Italian geminates are simply longer consonants with articulation
comparable to that of singletons, thus, articulatory targets will
be comparable for the two categories.

For 3), we can entertain the following three hypotheses and
associated predictions. A) There is no relationship between ar-
ticulation of geminate and thier FO effects, no correlations will
therefore be observed. B) There is a “synergistic” relationship
(or a trading relationship) between articulation and FO effects.
In the presence of weaker articulation, £0 will supply as a cue to
gemination. Hence, a negative correlation should be observed
between the two, indicating that they compensate for each other.
C) There is a “non-synergistic” relationship between articula-
tion and FO effects. FO effects are purely aerodynamically re-
lated to articulation; hence a positive correlation should be ob-
served between the two, indicating that they proceed in tandem,
as a consequence of “tense” articulation.

2. Methods

2.1. Data collection

We collected simultaneous audio and Electromagnetic Articu-
lography (3D Carsten AG501 EMA) data from 10 native Ital-
ian speakers, speaking Central and Southern varieties (south
of the Rimini-La Spezia line) where geminates are uncontro-
versially realized (e.g., [28]). Participants were instructed to
produced six disyllabic nonce VCV words containing all sin-
gleton and geminate Italian bilabial consonants: [ipa, ip:a, iba,
ibia, ima, im:a]. We refer to /i/ as V1 and /a/ as V2. A high
to low vowel transition was chosen to maximize tongue verti-
cal movement and facilitate landmarking. Bilabial consonants
were chosen to avoid competing demands on tongue movement
from consonants and vowels. Additionally, bilabial consonants
are contrastive for voicing with voiceless stops, voiced stops,
and nasals. Target words were embedded in a carrier sentence
[dika __ due volte] “Please say __ twice”. Trials were produced
at 5 rates “very slow”, “slow”, “normal”, “fast”, “very fast”, to
introduce variability in duration. Each word was repeated 12
times at each rate in randomized order. We thus collected ap-
proximately 360 tokens per speaker. Following the exclusion
of trials with speech errors, we arrived at a dataset comprising
3,593 tokens for subsequent analyses.

2.2. Data processing

Audio recordings were segmented using the MAUS forced
aligner [29]. The segmentation was hand-corrected when nec-
essary.

F0 was obtained using the Summation of Residual Harmon-
ics (SRH) algorithm [30], which was implemented using the
pitch() function in MATLAB. FO tracking employed a window
size of 42 ms with a 1 ms time step. The F0 extraction process
consisted of a two-step procedure for each participant, follow-
ing the approach proposed by Hirst [31]. Initially, a broad FO
range of 75-400 Hz was used for the first pass. The first (Q1)
and the third quartiles (Q3) of FO values for each participants
were calculated. In the second round of FO tracking, the FO
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floor for each participant was set to Q1 x 0.75, while the FO
ceiling was set to @3 x 1.5. Following z-scoring by partici-
pants, two FO means were computed for subsequent statistical
analysis: (i) the mean of FO values during the last 10 windows
(10 ms) of V1 preceding the consonantal closure, and (ii) the
mean of F0 values during the first 10 windows of V2 following
the consonantal closure. Note that the FO values from windows
spanning medial consonants were excluded from the analysis to
avoid artifacts caused by tracking errors during silence or burst
periods.

This paper examined two articulatory trajectories: Lip
Aperture (LA) and Jaw Height (JH). LA was defined as the 3D
Euclidean distance between the Lower Lip and Upper Lip sen-
sors. Conversely, JH represents the height of the Jaw sensor.
For the analyses, we extracted Minimum LA and Maximum JH
during the bilabial closure of the target consonants ([p(z), b(z),
m(:)]). A small Minimum LA and an elevated JH indicate a
more constricted closure of the bilabial consonants.

2.3. Data analyses

We initially conducted statistical analyses to investigate poten-
tial differences between geminates and singletons in terms of
FO values for V1 and V2, as well as constriction degrees rep-
resented by Minimum LA and Maximum JH. All dependent
variables were entered in linear mixed effect regression models.
The fixed effects were geminate status (categorical, with ref-
erence as singleton), consonant voicing (categorical, with ref-
erence as nasal consonant), and their interaction. A random
intercept for subject was also included. Likelihood ratio tests
were performed to compare all conceivable nested models and
determine the best fitting models for each dependent variable.

Moreover, we explored whether FO values of vowels pre-
ceding and following geminate consonants could be predicted
based on constriction degrees. FO values of V1 and V2 were
employed as dependent variables in linear mixed-effect regres-
sion models. The fixed effects were constriction degree (Mini-
mum LA or Maximum JH; continuous), consonant voicing, and
their interaction. A random intercept for subject was included
in this model as well. Likelihood ratio tests were performed
to compare these models against their respective null models,
where consonant voicing served as a fixed effect and subject as a
random intercept. This analysis aimed to determine whether in-
corporating a fixed effect of constriction degree improves model
fit.

3. Results
3.1. Fundamental frequency (F0)
3.1.1. Vowel preceding target consonant (V1)

The likelihood ratio tests identified the model with only conso-
nant voicing as the best fitting model. This outcome indicates
distinctions in V1 FO values based on the voicing status of the
following consonants. Specifically, V1 FO values are higher
preceding /p(:)/ compared to those preceding /m(:)/ (£(3335) =
4.62,p < 0.001), with an effect size of 0.12 z-scores. Simi-
larly, V1 FO values are also higher preceding /b(:)/ compared to
those preceding /m(:)/ (¢(3335) = 2.63,p = 0.009), with an
effect size of 0.07 z-scores. Note that within the same model
with /p(:)/ as a reference, we also observed differences in V1
FO0 values between /p(:)/ and /b(:)/ with /b(:)/ showing lower V1
FO (¢(3335) = —2.01,p = 0.045), with an effect size of -
0.06 z-scores. The absence of geminate status in the best fitting
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Figure 1: FO trajectories of target words with singleton and
geminate consonants anchored at the release of the medial con-
sonant. Normalized time based on the mean duration of each
segment and stimuli type.

model implies that V1 FO values do not differ between words
with singletons and words with geminates.

The FO trajectories of V1 are illustrated in Figure 1 (pre-
closure).

3.1.2. Vowel following target consonant (V2)

The likelihood ratio tests identified the model with geminate
status and consonant voicing (excluding their interaction) as the
best fitting model. This outcome suggests differences in V2 FO
values following consonantal closure between singletons and
geminates. Specifically, words containing geminates exhibit
higher FO values during the initial 10 ms of V2 compared to
words with singletons (£(3286) = 2.79,p = 0.005), with an
effect size of approximately 0.07 z-scores. Additionally, we ob-
served that V2 F0 values are higher following /p(:)/ compared
to those following /m(:)/ (£(3286) = 7.37,p < 0.001), show-
ing an effect size of 0.22 z-scores. Conversely, V2 FO values
are lower following /b(:)/ compared to those following /m(:)/
(t(3286) = —2.71,p = 0.007), with an effect size of -0.08
z-scores. Note that within the same model with /p(:)/ as a ref-
erence, we also observed that V2 FO is lower following /b(:)/
compared to following /p(:)/ (¢(3286) = —10.04,p < 0.001)
with an effect size of -0.3 z-scores. The absence of interac-
tion between geminate status and consonant voicing indicates
that, while V2 FO values differ across different voicings of the
preceding consonant, the effect of geminate status is stable irre-
spective of voicing.

The FO trajectories of V2 are illustrated in Figure 1 (post-
closure).

3.2. Constriction degrees
3.2.1. Lip Aperture (LA)

The likelihood ratio tests identified the model with geminate
status and consonant voicing (excluding their interaction) as the
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Figure 2: Minimum Lip Aperture during consonantal closure.

best fitting model. This result suggests differences in Mini-
mum LA during consonantal closure between singletons and
geminates. Specifically, geminates exhibit a lower Minimum
LA (indicating more constriction) than singletons (¢(3589) =
—25.14, p < 0.001), with an effect size of approximately -0.8
millimeters. Furthermore, we observed that Minimum LA is
higher (indicating less constriction) for /p(:)/ compared /m(:)/
(t(3589) = 2.66,p = 0.008), showing an effect size of 0.1 mil-
limeter. Similarly, Minimum LA is higher for /b(:)/ compared to
/m(:)/ (£(3589) = 3.96,p < 0.001), with an effect size of 0.15
millimeters. It is important to note that within the same model
with /p(2)/ as a reference, we did not observe differences in Min-
imum LA between /p(:)/ and /b(z)/ (¢(3589) = 1.30,p = 0.19).
The absence of interaction between geminate status and conso-
nant voicing indicates that, although Minimum LA varies across
different voicings of the preceding consonant, the effect of gem-
inate status remains consistent regardless of voicing.

Figure 2 illustrates the Minimum LA of geminates and sin-
gletons.

3.2.2. Jaw Height (JH)

The likelihood ratio tests identified the model with geminate
status and consonant voicing (excluding their interaction) as the
best fitting model. This result suggests differences in Max-
imum JH during consonantal closure between singletons and
geminates. Specifically, geminates exhibit a higher Maximum
JH (indicating more constriction) than singletons (¢£(3589) =
4.05,p < 0.001), with an effect size of approximately 0.13
millimeters. Furthermore, we observed that Maximum JH is
lower (indicating less constriction) for /p(:)/ compared to /m(:)/
(t(3589) = —8.12,p < 0.001), showing an effect size of -0.32
millimeter. Similarly, Maximum JH is lower for /b(:)/ compared
to /m(:)/ (¢(3589) = —2.34,p = 0.02), with an effect size of
-0.09 millimeters. It is important to note that within the same
model with /p(:)/ as a reference, we observed that Maximum JH
is higher (indicating more constriction) for /b(z)/ compared to
Ip() (£(3589) = 5.78,p < 0.001), showing an effect size of
0.23 millimeters. The absence of interaction between geminate
status and consonant voicing indicates that, although Maximum
JH varies across different voicings of the preceding consonants,
the effect of geminate status remains consistent regardless of
voicing.

Figure 3 illustrates the Minimum LA of geminates and sin-
gletons.

3.3. Relationship between F0 and constriction degrees

Given that only V2 F0 values exhibit significant differences be-
tween words with geminates and singletons, this section will
exclusively address the relationship between V2 FO and con-
striction degree measures of geminate consonants.
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Figure 4: Relationship between FO and Minimum LA (left) and
the relationship between FO and Maximum JH (right) of /pY.
Solid lines represent regression lines and dashed lines represent
95% confidence intervals.

3.3.1. V2F0and LA

The likelihood ratio tests identified the model with Minimum
LA, consonant voicing, and their interaction as the best fit-
ting model. This result reveals that V2 FO values can be pre-
dicted from Minimum LA. In other words, there is a relation-
ship between V2 FO values and Minimum LA. However, the
relationship is significant only for words with stop geminates
/p:,bi/. This is suggested by the absence of significance for Min-
imum LA in the model with nasal geminate /m:/ as reference
(t(1625) = 0.43,p = 0.66), while the interactions between
Minimum LA and /p:/ (¢(1625) = 3.23,p = 0.001) and /b/
(t(1625) = 2.21,p = 0.02) are significant. In the same model
with /p(:)/ as a reference, the effect size is approximately 0.16
z-scores indicating that an increase of one z-scored Minimum
LA correspond to an increase of 0.16 z-scored V2 F0. Sim-
ilarly, in the same model with /b(:)/ as a reference, the effect
size is approximately 0.11 z-scores indicating that an increase
of one z-scored Minimum LA correspond to an increase of 0.11
z-scored V2 FO. In sum, for /p:,b:/, an increase in Minimum
LA (less constriction) corresponds to an increase in V2 FO0, as
shown in Figure 4 (left).

3.3.2. V2F0andJH

The likelihood ratio test reveals that adding the Maximum JH
does not improve the model fit (x*(1) 2.17,p = 0.14).
This result suggests that V2 F0 values cannot be predicted from
Maximum JH. In other words, there is no significant relation-
ship between V2 F0 values and Maximum JH, as shown in Fig-
ure 4 (right).

4. Discussions

Before delving into the answers to our research questions, it is
noteworthy that our analyses reveal a consistent pattern: vow-
els following geminates in Italian exhibit higher O compared
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to those following singletons. This aligns with the behavior ob-
served for geminates in various languages. Additionally, our
analyses confirm the existence of CFO effects of consonant
voicing on vowels, both preceding and following the target con-
sonants based solely on voicing.

In addressing the first research question, our findings are
compatible with an absence of voicing-specific interaction with
gemination concerning F0 effects. This outcome suggests that
the FO effect of gemination remains consistent across voicing
categories. In simpler terms, gemination neither amplifies the
voicing effect nor vice versa. Instead, geminate consonants ele-
vate F'O uniformly across all voicing categories.

Beyond the elevated F0, our analyses reveals that geminate
consonants are not characterized only by longer duration; they
also exhibit a more constricted closure, as indicated by both
LA and JH measures. The raised F0 and the more constricted
articulation collectively suggests “tense” articulatory properties
associated with geminate consonants.

Lastly, our analyses reveal a “synergistic” relationship be-
tween FO and LA in geminate production. This pattern implies
the coordination of multiple articulators working together, pos-
sibly not bio-mechanically linked, to achieve a singular “task”
in geminate production. Specifically, when the closure is less
constricted, FO appears to compensate to accomplish geminate
production. This compensatory behavior draws parallels to ob-
servations in the production of e.g., bilabial consonants, where
restricted jaw movement prompts adjustments in the move-
ments of the upper and lower lips to fulfill the task [32]. How-
ever, a note of caution is in place for this last analyses, as we
do not observe a synergistic relationship between FO and JH,
which may be expected to be stronger than the one between FO
and LA. The absence of a relationship between F0 and JH in our
data may be attributed to the limited range of observed values in
Maximum JH. This limitation arises from the inherently more
restricted vertical movement of the jaw compared to the upper
and lower lips. Alternatively, it is also possible that the FO is
higher in the presence of less constricted targets (where lips are
less compressed and reduce less the closure volume) simply as a
consequence of an aerodynamic effect whereby less constricted
target allow a higher transglottal airflow and thus interfere less
with vocal fold vibration. This would also be more in line with
the lack of effects on sonorants observed in the data.

5. Conclusions

In this paper, we have presented an investigation of the rela-
tionship between gemination and CFO effects in Italian. We
have found that bilabial geminates increase 0 on the follow-
ing vowel. Additionally, we also found that this raising in F0
is accompanied by more constricted targets. Finally, we also
found that correlation of F0 and LA seem to point to an articu-
latory trade-off relationship of the synergestic type; at least for
some geminates and in some articulatory dimensions. But more
work on this aspect is needed to rule out an aerodynamic effect.
We have interpreted our findings in light of a “tenser” articula-
tion of geminates and a synergy of various laryngeal and oral
articulators underlying the production of geminate consonants.
Future work probing more places of articulation, gemination in
other languages, and laryngeal gestures is needed to assess the
generality of our findings.
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