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SUMMARY

The evolution of complex behavior is driven by
the interplay of morphological specializations and
neuromuscular control mechanisms [1-3], and it is
often difficult to tease apart their respective contri-
butions. Avian vocal learning and associated neural
adaptations are thought to have played a major role
in bird diversification [4-8], whereas functional sig-
nificance of substantial morphological diversity of
the vocal organ remains largely unexplored. Within
the most species-rich order, Passeriformes, “tra-
cheophones” are a suboscine group that, unlike
their oscine sister taxon, does not exhibit vocal
learning [9] and is thought to phonate with tracheal
membranes [10, 11] instead of the two independent
sources found in other passerines [12-14]. Here we
show tracheophones possess three sound sources,
two oscine-like labial pairs and the unique tracheal
membranes, which collectively represent the
largest described number of sound sources for a
vocal organ. Birds with experimentally disabled
tracheal membranes were still able to phonate.
Instead of the main sound source, the tracheal
membranes constitute a morphological specializa-
tion, which, through interaction with bronchial labia,
contributes to different acoustic features such as
spectral complexity, amplitude modulation, and
enhanced sound amplitude. In contrast, these
same features arise in oscines from neuromuscular
control of two labial sources [15-17]. These find-
ings are supported by a modeling approach
and provide a clear example for how a morpholog-
ical adaptation of the tracheophone vocal organ
can generate specific, complex sound features.
Morphological specialization therefore constitutes
an alternative path in the evolution of acoustic
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diversity to that of oscine vocal learning and com-
plex neural control.

RESULTS AND DISCUSSION

The avian vocal organ, the syrinx, shows remarkable morpholog-
ical diversity across taxa [12], yet its significance for acoustic
behavior is poorly understood. Notably, the syringes of oscines
are quite similar [13], yet oscines are considered to have the
broadest range of acoustic features in their vocal repertoires.
This broad range has been attributed in major part to vocal
learning and complex neural control [4-6]. In contrast, the sy-
ringes of their sister group, suboscines, show remarkable
morphological diversity [14]. In particular, tracheophones have
a unique set of membranes on the dorsal and ventral surfaces
of the trachea directly above the tracheal bifurcation, the mem-
branae tracheales (MT) [11, 14]. These tracheal membranes, in
addition to the unique skeletal elements (the processi vocales)
found on their sides, constitute a synapomorphy for the trache-
ophone clade [14]. Based solely on anatomical inference, these
membranes have been considered the main sound source of the
tracheophone syrinx, although the presence of bronchial sour-
ces has been recognized [10, 14]. However, here we show that
sound generation in tracheophones relies on more complex
morphology than commonly assumed. The presence of three
vibratory sources gives rise to diverse sound features and may
have played an important role in the diversification of this clade.

In order to investigate potential sound sources, we used a
fiberscope inserted into the trachea (Figure 1) to visualize the syr-
inx while we induced phonation by injecting air into the air sac
system [18]. In all six species investigated (Thamnophilus caeru-
lescens, variable antshrike; Cercomacroides tyrannina, dusky
antbird; Furnarius rufus, rufous ovenbird; Syndactyla rufosuper-
ciliata, buff-browed foliage-gleaner; Lepidocolaptes angustir-
ostris, narrow-billed woodcreeper; Certhiaxis cinnamomeus, yel-
low-chinned spinetail; Figure S1), the MTs were drawn into the
trachea upon pressurization and were induced to oscillate under
certain flow conditions (Movies S1 and S2). In addition, all spe-
cies possess a labial sound source in each bronchus, which
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Figure 1. Fiberscopic Visualization of the F. rufus Syrinx Reveals Sound Sources

(A-C) To internally visualize the syrinx and identify sound sources, we surgically inserted a fiber optic cable into the trachea. Relevant structures are labeled and
localized in an image of the view during quiet respiration (A, corresponding to D1), a schematic of a lateral view of the tracheobronchial junction (B), and a drawing
of a ventral view of the F. rufus syrinx (C) (Ve, ventral; Do, dorsal; F, fiber optic cable; T, trachea; A, air sac; MT, membrana trachealis; BS, bronchial septum; BL,

bronchial labia; B, bronchus).

(D) Still shots of the syrinx during quiet respiration (1), when the bronchial sound sources are visible and vibrating (2), and when the MTs are vibrating (3).

See also Movies S1 and S2.

seem to be the main sound generators for vocalizations in most
tracheophones. We used two approaches to verify this conclu-
sion. First, we visualized the syrinx, and once the MTs began
to oscillate, we pushed the fiberscope deeper so as to block their
vibrations and see past them. After pushing past the MTs, we
were able to see the bronchial labia, and they continued to
oscillate and produce sound (Figure 1; Movie S1). Second, we
prevented oscillations of the MTs by either rupturing the ventral
MT or reducing elasticity by applying tissue adhesive to
the ventral MT (these manipulative data are unavailable for
C. cinnamomeus, and so this species is excluded from quantita-
tive results). Despite these treatments, all species except the
dusky antbird were still able to phonate spontaneously. These
treatments resulted in specific acoustic changes, which
indicate that in the intact tracheophone syrinx, all three sound
sources can interact to produce complex acoustic features
(Figures 2 and 3).

Consistent across all species, the intact syrinx produced low-
frequency sounds, characterized by vibrations with pulse-like
time waveforms, giving rise to complex harmonic content of
sounds. Disabling of the MTs resulted in three consistent
changes. First, pulse-like quality decreased as indicated by the
increased duty cycle (Figure 4). This decrease in pulse-like qual-
ity was found in all four species for which data after manipulation

2678 Current Biology 27, 2677-2683, September 11, 2017

of the membrane are available. Second, sound amplitude signif-
icantly decreased (Figure 4D). Lastly, sound frequency showed a
consistent increase after membrane disabling (Figures 2, 3, and
S2), though the degree of increase varies between species.

Strikingly, the prominent amplitude modulations in spontane-
ously generated distress calls of the rufous ovenbird (F. rufus)
were absent after ventral MT rupture (Figure 2). The low-
frequency component representing the vibration of the MTs
was strongly reduced after the membrane was disabled with
various approaches (membrane rupture, membrane gluing,
and fibroscopic prevention of vibration) for both spontaneous
distress calls (Figures 2A and 3A) and induced phonation (Fig-
ure 3B). This strongly suggests that the MTs produce the low-fre-
quency vibrations that drive the change in amplitude, which is
superimposed on the higher-frequency labial oscillations. This
proposed mechanism for the generation of amplitude modula-
tion involves interaction of the three sound sources. To confirm
that the amplitude modulations are not produced by neuromus-
cular control, we denervated the syringeal muscles by transec-
tion of the tracheosyringeal nerves, and amplitude modulation
clearly persisted (Figure S3).

To better understand these interactions, we used a mathemat-
ical model of the syrinx [19] to generate sound with two different
oscillators representing one set of labia and the MTs. If the
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Figure 2. Manipulation of the Ventral MT Re-
veals Role in Sound Production and Interac-
tions with Labial Sound Sources in F. rufus
(A-C) Examples (oscillographic and spectro-
graphic representation) of spontaneous distress
calls (A), induced phonation (B), and mathemati-
cally modeled sound (C) before (MT intact) and
after (MT disabled) manipulation of the MT in
F. rufus. Note the absence of the prominent, low-
frequency amplitude modulations of spontaneous
distress calls and the absence of the pulsations in
induced sound after membrane manipulation, as
well as an increase in fundamental frequency (see
also Figures 3 and S3). Mathematical modeling of
the MTs and a labial sound source interacting to
produce sound (C) makes two clear predictions: (1)
when the MTs oscillate at a frequency disparate
from that of the bronchial sound sources, ampli-
tude modulation will occur; and (2) when the nat-
ural frequency of the MTs is similar to that of the
fundamental frequency of the bronchial sound
sources, they lock and oscillate at an intermediate
frequency.

50 ms

tude modulation), which therefore results
in a large shift to higher frequencies
after MT manipulation, while the variable
antshrike shows a much smaller shift to
higher frequencies, indicating the MTs
and bronchial labia likely vibrate at more
similar frequencies.
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frequencies of the two sources are sufficiently different, the
lower frequency of the MTs modulates the higher frequency of
the labial sound source (Figure 2C, “pulsations”) as seen in the
pronounced amplitude modulation in the spontaneous calls of
the rufous ovenbird (Figure 2A). If the frequencies are more
similar to each other, the two sources become “locked,” and
the resulting vibrations are of lower frequency than if the labial
source were to vibrate on its own (Figure 2C, “locking”). This
is consistent with the observed shift to higher frequencies
after membrane disabling across species (Figure 3), as well as
reduced pulse-like quality of the vibrations (Figure 4) [20, 21].
The pulsatile oscillations arise from the nonlinear interaction of
two oscillators, the MTs and the labia. We assume that the labial
oscillators can be represented by a harmonic oscillation of higher
frequency. For this reason, when the MT is disabled, the remain-
ing labial sources are free to oscillate at their natural, higher
frequency and with more harmonic character [22]. In the other
species, frequency also significantly increases, but the increase
is smaller than that found in F. rufus. This further illustrates the
diversity by which the MTs affect sound features in different
tracheophones. In other words, the MTs and bronchial labia of
F. rufus likely vibrate at significantly disparate frequencies (as
supported by data from the model and the presence of ampli-

sources tend to be of higher amplitude
than those generated with only one sound
source. Consistent with that observation,
the amplitude of spontaneous distress
calls of individuals, for which data are available, decreased
markedly after the membrane was disabled (Figure 4D). To
quantify sound amplitude before and after membrane disabling
in spontaneously generated distress calls, we expressed ampli-
tude as signal amplitude (volts) relative to background noise
(volts) to account for different recording settings. This reduction
in sound amplitude was consistent for all manipulations (note
that the L. angustirostris individual did not produce spontaneous
distress calls after manipulation, and so amplitude data are
unavailable) and can therefore not have resulted from altered
pressure differentials across the syrinx after membrane rupture.
Lastly, simulations of the model indicate that the transition
between pulsations and locking (Figure 2C) occurs with certain
changes in pressure. This may explain in part the diversity with
which tracheophones seem to use the MTs (Figures 3 and 4)
since, depending on the natural pressure produced by the
bird, they may or may not produce sounds with both pulsations
or locking and may instead produce one or the other.

The MTs and their interactions with the bronchial sound
sources in the tracheophone syrinx constitute a morphological
solution to generating loud sounds, amplitude modulations,
pulse-like quality, and low-frequency sounds. Ultimately, these
acoustic features could be attributed to the increased resistance
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Figure 3. Sound Frequency Shifts after Manipulation of MT in Tracheophones
(A-E) Examples of phonations (spectrograms) and frequency occurrence normalized to most common frequency before (red) and after (blue) manipulation are

displayed for (A) F. rufus, spontaneous distress call (n = 3); (B) S. rufosuperciliata, spontaneous distress call (n =

1); (C) L. angustirostris, induced phonation (n = 1);

(D) T. caerulescens, spontaneous distress call (n = 1); and (E) C. tyrannina, spontaneous distress call (n = 1) (see also Figure S1). All distributions after the
manipulation are significantly different from those before (Kolmogorov-Smirnov, p < 0.001). Manipulation caused immobilization of the ventral MT (vMT) and was
accomplished by either rupture or glue application. Sounds after manipulation are characterized by a shift to higher frequencies, either through absence of very
low frequencies indicating loss of amplitude modulation as seen in F. rufus (see also Figure S3) or through smaller shifts indicating loss of locked vibration as seen
in L. angustirostris and T. caerulescens (see also Figure S2). C. tyrannina was unable to produce sound after manipulation. The dotted portion of the x axis
indicates the frequency range of the vocal repertoire of each species measured from recordings found at xeno-canto.org. Images downloaded from various

sources. See also Movie S1.

across the tracheophone syrinx when the MTs are engaged as
they cause a narrowing of the trachea. While oscines achieve
some of these acoustic features through neuromuscular control
of their two sound sources [20, 21, 23-27], suboscines do
not have the same level of neuromuscular control [12, 28] and
instead likely rely on intrinsic, morphological qualities such as
the MTs to achieve these acoustic features. Our data support
this and consistently indicate that the intact MTs enable the gen-
eration of higher amplitudes, increased pulse-like quality, and
lower frequencies. In addition, different tracheophone species
seem to use the MTs to different effect, as not all species in
this study produce prominent amplitude modulations. Of those
that do (F. rufus, L. angustirostris), some may rely on the bronchial
labia to do so (L. angustirostris; modulations persist after manip-
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ulation), and, most strikingly, the dusky antbird (C. tyranina) is
unable to produce any vocalizations (induced or spontaneous) af-
ter ventral MT manipulation. In the case of the dusky antbird, the
loss in MT function may reduce the resistance across the syrinx
beyond a critical threshold, resulting in its inability to phonate.
While seemingly disparate, these data highlight the diversity
with which the MT are used in the tracheophone syrinx.

This differential use of the MT in tracheophones suggests that
reliance on morphological specialization to achieve diversity may
be inherently limiting. While there could be energetic benefits
due to the lack of dedicated specialized central nervous system
structures, oscines are constrained by morphology to a certain
extent [29]. In contrast, a larger number of acoustic features
for a given morphology may be possible through complex
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Figure 4. Manipulation of the Ventral MT In-
4 creases Duty Cycle and Decreases Sound
Amplitude in Tracheophone Species
(A-D) Using an example of F. rufus spontaneous
phonation with corresponding spectrogram (A)
and oscillogram (B), we quantified duty cycle
by measuring x (beginning of the period to apex
of the first initial peak) and y (period) (C), and
dividing x/y. We present (D) duty cycle (left y axis,
circles) and signal-to-noise ratio (SNR; right
y axis, squares) of phonations before (open cir-
- cles and squares) and after (closed circles and
squares) VMT manipulation was used to prevent

ones apnyjdwe ssiou o} [eubig

oscillation in (n) individuals listed respectively for
each parameter (n = duty cycle individuals, sound
amplitude individuals) in F. rufus (n = 3, 3),
o T. caerulescens (n = 2, 1), L. angustirostris (n = 1),
C. tyrannina (n = 1), and S. rufosuperciliata
(n = 1,1). SNR is included for species with re-
corded spontaneous distress calls. Changes in

both duty cycle and SNR are highly statistically significant (unpaired t test, p < 0.0001) for four of five species; C. tyrannina was unable to phonate after
membrane manipulation. Horizontal bars indicate standard errors for duty cycle and SNR before and after manipulation (D).

neuromuscular control. In tracheophones, and suboscines in
general, innovation of an acoustic feature likely needs to be
accompanied by specific morphological changes, and so the
scope and timescale of evolutionary change may be narrower.
In other words, generating new acoustic features via evolution
of a new morphological structure (such as the MTs) may take
longer than generating such features through plastic neural con-
trol of existing structures. In addition, different acoustic variables
appear to be linked through specific morphological adaptations
and therefore might not be able to change independently.
A common morphological origin of specific acoustic features
will therefore limit independent diversification and constrain its
evolutionary pace.

Despite the presence of three sound sources, there is no evi-
dence in our data or the vocal repertoires of tracheophones
that their syrinx is used to generate multi-voiced sounds as
seen in the two-source oscine syrinx. Instead, even the two labial
sound sources appear to interact and lock. This is in contrast to
oscines, in which the two labial sound generators are used to
simultaneously generate independent tones [15, 23, 30], while
the two sources can also be locked during generation of pulse
tones [20, 29]. Locking of oscillators in tracheophones, as in other
multi-source vocal organs, facilitates generation of a variety of
acoustic features, including pulse tone sounds with rich harmonic
content, amplitude modulation, and increased sound amplitude.

The amplitude modulation seen in F. rufus (up to 650 Hz) rep-
resents a unique production of amplitude modulation not seen in
oscines. To produce high-frequency amplitude modulations,
oscines typically use the two voices to generate difference
tones [25, 29]. In addition to difference tones, oscines can use
muscular control of the syrinx (gating) to produce amplitude
modulations up to 260 Hz [31, 32]. Neither mechanism appears
to be used by F. rufus. Bilateral transection of the tracheosyrin-
geal nerve does not impair amplitude modulation, indicating
they are not using gating, nor are there any known instances of
multi-voice phenomena in F. rufus. This, coupled with the data
resulting from experimental manipulations, strongly suggests
that the MTs represent a passive morphological solution to pro-

ducing amplitude modulation, which in oscines generally re-
quires complex neural control.

The data presented in this study are the first to highlight
the unique and previously unknown functions of the tracheo-
phone syrinx. These data confirm all three sound sources of
the tracheophone syrinx and the prominent role of the bronchial
membranes in sound production. To date, this is the largest
documented number of sound sources for a vocal organ. The
MTs clearly play a role in generating specific acoustic features
(loud amplitude, low frequency, amplitude modulation, and
pulse-like quality) and constitute an elegant and passive
morphological solution to generating these features without
complex neuromuscular control as seen in oscines.

The results of this study illustrate that diversification of acous-
tic features in the vocal repertoires of birds occurred via different
adaptations. Whereas suboscines in the absence of vocal
learning evolved morphological mechanisms, oscines show
much less morphological diversification of the syrinx but pro-
duce similar acoustic effects through diverse neuromuscular
control. The latter mechanism permits production of a broad
range of acoustic features by one syringeal morphology,
whereas the path using morphological diversification is more
restrictive to specific sound characteristics. However, the evolu-
tion of sophisticated neural control may have required concur-
rent evolution of vocal learning, which in turn necessitated major
changes in central control, such as the evolution of a dedicated
forebrain circuitry [33, 34]. Nonetheless, each adaptive mecha-
nism facilitated the evolution of vocal diversity between species
and, thus, may have played a significant role in the remarkable
radiation in suboscines and oscines.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o CONTACT FOR REAGENT AND RESOURCE SHARING
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o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Individuals
O Netting
O Husbandry
e METHOD DETAILS
Distress calls before and after manipulations
Nerve cut
vMT rupture
vMT gluing
Observation and membrane block with a fiberscope
Mathematical modeling of the syrinx
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Frequency extraction
O Quantification of duty cycle
O Signal to noise ratio quantification
o DATA AND SOFTWARE AVAILABILITY
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SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures and two movies and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2017.07.059.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Sound files (wav) Mendeley Data Mendeley: 10.17632/hrnv34rydw.1

Source code Github https://github.com/gabomindlin/tracheophones
Software and Algorithms

Praat Paul Boersma and David Weenink www.fon.hum.uva.nl/praat/download_mac.html
C++ (4.2.1) Bjarne Stroustrup https://gcc.gnu.org/releases.html

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sarah M.
Garcia (sarah.garcia@utah.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Individuals

These experiments used wild caught, male birds in the breeding state with non-regressed testes. The species investigated were:
Thamnophilus caerulescens, variable antshrike; Cercomacroides tyrannina, dusky antbird; Furnarius rufus, rufous ovenbird; Syndac-
tyla rufosuperciliata, buff-browed foliage-gleaner; Lepidocolaptes angustirostris, narrow-billed woodcreeper; Certhiaxis cinnamo-
meus, yellow-chinned spinetail. Please see Figure S1 for their dendrogram.

Netting

Individuals were captured with mistnets in November of 2014 and 2015 at the Estacién Biologica de Corrientes (EBCo) in Corrientes,
Argentina (27,55095° S 58,68441° W), under permits issued by the Fauna Province Direction and the Provincial Natural Reserve Area.
Dusky antbird (adult males) individuals were captured in March of 2015 in Gamboa, Panama with permission from the Autoridad
Nacional del Ambiente and the Smithsonian Tropical Research Institute (STRI). These institutions approved the experimental
procedures used on these individuals (SE/A-6-15, Gamboa; 17-11-2014, 20-10-2015, Corrientes). All experiments were conducted
at the respective field sites.

Husbandry

Individuals were processed within 3 hours of capture. During this time, they were individually kept in low-light conditions to limit
stress. They were not fed so as to prevent emesis during surgery. Individuals that did not readily produce spontaneous distress calls
(see below) were assigned to experiments of induced phonation (see below).

METHOD DETAILS

Distress calls before and after manipulations

Distress calls were elicited before and after syringeal manipulation (nerve cut, vMT rupture, vMT immobilization) by simple handling.
They were recorded with an Audiotechnica AT 8356 microphone and Marantz (PMD 660) recorder while birds were held ~30 cm away
from the microphone.

Nerve cut

After spontaneous distress calls were recorded, we removed a segment of either the left or right tracheosyringeal branch of the
hypoglossal nerve®'. To gain access to the nerve, a small amount of Cetacaine topical anesthetic gel was applied to the skin surface,
and a small incision was made above the trachea. We dissected the tracheosyringeal nerve free of connective tissue on one side and
removed a ~2 mm segment of the nerve. We temporarily closed the incision with tissue glue (Vetbond), and then repeated
the recording of spontaneous distress calls. After distress calls were recorded, we removed a segment of the tracheosyringeal
nerve from the other side of the trachea, resulting in a bilateral transection of the nerve and repeated the recording of spontaneous
distress calls.
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VMT rupture
After spontaneous distress calls were recorded, we removed a rectangular section of the ventral Membrana trachealis (vMT) of the
syrinx. We did this by applying a small amount of Cetacaine on the skin and the interclavicular air sac membrane prior to making
incisions to gain access to the distal end of the trachea. We then removed a ~2x2 mm rectangle of the vMT. After removal of the
vMT, we closed the air sac and skin with tissue adhesive. After a short recovery period (5-10 min), we again recorded spontaneous
distress calls.

vMT gluing

After distress calls were recorded, we applied tissue glue to the vMT of the syrinx using the same approach to gain access to the
syrinx as described above. Subsequently, the vMT was covered with tissue adhesive as well. We then closed the air sac and skin
and again recorded spontaneous distress calls.

Observation and membrane block with a fiberscope

We anesthetized individuals with a mixture of Xylazine (5pl)/Ketamine(25l), and inserted a flexible cannula into a thoracic air sac. We
then fixed the cannula to the rib cage with a suture, and sealed the insertion site with tissue glue. After this, we cut an opening
(~5mm?) in the trachea (2-3 cm above the syrinx) through which we passed the fiberscope (Hawkeye Precision Boreoscope,
0.9 mm diameter). Holding the fiberscope steady just above the MTs, we recorded video (Sony XC 505 camera) and audio during
induced phonation by applying pressure through the air sac cannula [18]. Since all experiments were conducted in the field,
we were not able to measure air sac pressure. We gently compressed the chest cavity during induced phonation to facilitate
pressurization of the air sacs and therefore phonation. This process was repeated with the fiberscope tip both above and below
the MTs when possible, allowing us to block the MTs from engaging.

Mathematical modeling of the syrinx
The model used to simulate the time traces displayed in Figure 2C reads as:

o
at

=Y1

a

% =3y, (10p; —x3)y1 — v5 (x1 +0.8x3)
dX2 _
ot Y2

ay:

Ezﬂs’)’z (1 Ouo *XE)YZ - 72 (X2 +O.8X§)

with parameters (uq, o, u3), for the sound in the left of Figure 3C,
w1 =0.1+0.25 sin(xt/1.8) — 0.25x,

fp= — 0.1+0.25 sin(nt/1.8) +0.1x;

u3=6.0
and, for the sound in the right of Figure 3C:
w1 =0.1+0.25 sin(wt/1.8) — 0.25x,

pp=—05

s =6.0

The equations above rule the dynamics of the tracheal-bronchial labia (x1), and the MTs (x2) [35], and were modeled in C++. We
assume that the two trachea-bronchial sound sources placed at the junctures of the bronchi are synchronized, and therefore they
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are treated as a unique sound source. The gain parameters u,, u, represent the transluminal pressure at the labia and MT respec-
tively. The last term in the expression defining each u; describe the modulations to the transluminal pressures, which are induced by
the airflow fluctuations due to MT and labial oscillations respectively. In this model, the parameters v; are timescale factors, and in our
simulations take the values (v4, v,) = (5000,4000). The synthetic sound is generated by linearly superposing the contributions of both
sound sources.

If the parameters of the two oscillators are very different, their dynamics will not lock, and the sound will consist of a high frequency
oscillation (the labial oscillation), modulated by the MT oscillation (which for the value of u3 in our simulations, is pulse-like). If the two
frequencies are similar, the two types of sound sources will couple, and the sound will consist of a high frequency fluctuation (at alower
frequency than the one at which the labia would oscillate in absence of the MT). With the choice of u; = 6, the labial and MT oscillations
will present, for small values of the pressure w4, dynamics sufficiently different so that pulsations arise (first part of the sound displayed
at the left of Figure 3C). As the pressure 4 is increased, the two oscillators lock (second part of the same sound). Disabling the MT
(up = — 0.5) turns the MT oscillator off. Now the sound is generated by the labial oscillations, at their autonomous frequency.

QUANTIFICATION AND STATISTICAL ANALYSIS

Frequency extraction

All recorded phonations were analyzed in Praat (software by P. Boersma and D. Weenink), using manual pitch extraction of individual
sound pulses. When amplitude modulation was present, the fundamental frequency was extracted in addition to the amplitude
modulation frequency. For histogram generation (Figure 4), frequency was extracted every 5ms and placed in 100 Hz bins. Bins
were then normalized relative to the bin with the most occurrences. Frequency range was calculated by visual inspection of spectro-
grams (xeno-canto.org) and power spectra of the lowest and highest frequencies. We performed a Kolmogorov-Smirnov test on the
distribution of frequencies before and after manipulation in Figure 3 to test for statistical significance.

Quantification of duty cycle

The duty cycle was measured as the period of the fundamental frequency of the phonation, and the pulse duration was defined as the
time passed from the initial peak to first trough of the waveform. Therefore, a purely sinusoidal waveform would have a duty cycle of
0.5. The duty cycle was calculated using 20 cycles from one high-quality recording of a representative call (note: some individuals only
made a handful of calls) per individual before and after manipulation. Species had relatively consistent distress calls (DC) and induced
phonation (IP) throughout, and so taking into account different call types was not necessary. Cycles were generally measured every
1-5 ms per call depending on call quality and duty cycle length. The calculated duty cycle in Figure 2D consisted of 2 DCs, 1 IP for
F. rufus; 1 DC, 1 IP for T. caerulescens; 1 IP for L. angustirostris; 1 IP for C. tyrannina; and 1 DC for S. rufosuperciliata. For example,
3 individuals were used to calculate the duty cycle for F. rufus, two of which had distress calls recorded while the remaining had
induced phonation recorded. Of these three, 20 cycles were measured per individual before manipulation, and 20 cycles were
measured from the same individual after manipulation. Duty cycle for IP versus DC may vary depending on the species/individual
(though we cannot categorically say this since we do not have IP and DC from the same individuals, as this is not possible to measure
in the field), though this variation seems to be generally small. We used an unpaired t test to test the statistical significance of the
change in duty cycle after manipulation, the results of which can be found in Figure 4. The number of individuals used can be found
in the figure legend, and represent the number of individuals used for each quantification (e.g., in T. caerulescens, phonations from
2 individuals were used to calculate duty cycle, and phonations from 1 individual were used to calculate the signal to noise ratio).

Signal to noise ratio quantification

Signal to noise ratios were calculated using distress calls, and extracted using the intensity feature in Praat. While gain on the Marantz
was adjusted between individuals and individual calls to accommodate field conditions, it was held constant during an individual call.
The noise (intensity listing in Praat, volts) for each individual distress call was measured just before the call. The signal was then
extracted every 5 ms over the duration of the distress call. The number of data points used to calculate the overall SNR therefore
depended on the length of the call, and how many times the individual produced the call. Since only distress calls were used to
calculate SNR, the number of signal extractions (before manipulation, after manipulation) are as follows, with multiple numbers rep-
resenting multiple individuals for a species: F. rufus (596, 591)(604, 585)(849, 830); T. caerulescens (2093, 791); and S. rufosuperciliata
(2234, 218). We used an unpaired t test to calculate the statistical significance of the change in SNR after manipulation, the results of
which can be found in Figure 4D. As with duty cycle, the number of individuals used can be found in the figure legend, and represent
the number of individuals used for each quantification (e.g., in T. caerulescens, phonations from 2 individuals were used to calculate
duty cycle, and phonations from 1 individual were used to calculate the signal to noise ratio).

DATA AND SOFTWARE AVAILABILITY

The accession number for the sound files reported in this paper is Mendeley: 10.17632/hrnv34rydw.1. Source code for the modeling
of the syrinx can be found at Github: https://github.com/gabomindlin/tracheophones.
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