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Abstract
Behavior emerges from the interaction between the nervous system and peripheral devices. In the case of birdsong produc-
tion, a delicate and fast control of several muscles is required to control the configuration of the syrinx (the avian vocal 
organ) and the respiratory system. In particular, the syringealis ventralis muscle is involved in the control of the tension of 
the vibrating labia and thus affects the frequency modulation of the sound. Nevertheless, the translation of the instructions 
(which are electrical in nature) into acoustical features is complex and involves nonlinear, dynamical processes. In this work, 
we present a model of the dynamics of the syringealis ventralis muscle and the labia, which allows calculating the frequency 
of the generated sound, using as input the electrical activity recorded in the muscle. In addition, the model provides a frame-
work to interpret inter-syllabic activity and hints at the importance of the biomechanical dynamics in determining behavior.
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Introduction

Behavior requires the central nervous system (CNS) to 
generate instructions, which ultimately drive a set of bio-
mechanical apparatuses, which in turn interact with the 
environment. These instructions are transduced by muscles 
into time-dependent forces responsible for changing the con-
figuration of the biomechanical systems. This translation is 
dynamical in nature. Birdsong is a great example of this 
process. Its production requires a delicate (and extremely 
fast) control of a peripheral biomechanical organ, the syrinx, 
which is achieved through the generation of several gestures 
by the CNS.

A seminal work (Goller and Suthers 1996a) revealed that 
the air sac pressure establishes the necessary conditions for 
phonation, generating adequate flow through the syringeal 
lumen. It also showed that gating is actively controlled by 
some syringeal muscles and that the frequency modulations 

during the production of a syllable are affected by the config-
uration of the syringealis ventralis (vS) muscle. This picture 
emerged from studies performed on brown thrashers (Toxos-
toma rufum). In particular, the study showed a clear relation-
ship between the average electromyographic (EMG) activity 
across a syllable and its mean fundamental frequency.

Yet, it was soon realized that the translation of gestures 
into acoustical features is complex and species specific. The 
study of song production by the zebra finch (Taeniopygia 
guttata) shows, for example, a complex relationship between 
the syllabic fundamental frequency and the pattern of the 
vS muscle activation (Vicario 1991). Unlike in the brown 
thrasher, the relationship between vS EMG activity and fun-
damental frequency shows no distinct relationship for high-
frequency syllables (Goller and Riede 2013). Zebra finches 
present distinctive bursts of activity in the vS muscles right 
before syllable onsets, and in many cases, bursts of activity 
right after syllable endings. These are not features with an 
obvious interpretation in terms of frequency control, which 
seemed to be the primary role in other species like the brown 
thrasher. The relationship between the syllabic mean activity 
at the vS muscle, and the mean fundamental frequency holds 
for many species, but as soon as the temporal modulation 
within a syllable is inspected, the relationship does not hold 
for every syllable type.
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This seminal study opened a wider investigation on the 
roles played by the different muscles, in different contexts, 
for different species. This led to the realization, for exam-
ple, that in some species, frequency modulation might be 
mostly controlled through pressure, like it was the case 
for the suboscine Great Kiskadee (Pitangus sulphuratus) 
(Amador et al. 2008). Even the simplest theoretical mod-
els of birdsong production require a synergistic interaction 
between the control parameters to determine the frequency 
modulations of the song (Alonso et al. 2014). In fact, the 
multi-functional and context-dependent nature of the fre-
quency modulation in birdsong production was verified 
experimentally in studies performed on Bengalese finches 
(Lonchura striata domestica) (Srivastava et al. 2015). An 
additional difficulty arises from the fact that the electrical 
activity of the vS muscle measured by electromyography 
affects the vocalized fundamental frequency indirectly. Elec-
trical activity generates muscle contractions that indirectly 
affect the tension of the vibrating labia via movement of 
cartilage components, which provide the main insertion sites 
for the muscle. Thus, we have to understand how to trans-
late electrical activity into syringeal configuration changes 
to unveil its association with frequency modulation. This 
will be particularly important in syllables presenting fast 
frequency modulations, for which EMG envelopes might 
not be an immediate proxy for labial stretching.

In this work, we present a simple model for muscle and 
labial dynamics that allows transducing electrical activity in 
the syringeal muscles into the fundamental frequencies of 
the recorded songs. We present this model in the Materials 
and methods section, in which we also discuss the experi-
mental methods for recording EMGs. In this section, we 
present the fitting procedures carried out to reconstruct the 
model´s parameters as well. The data for one bird are used to 
present these methods. In the Results section, we introduce 
and analyze data from four other birds, and in the Discussion 
section, we discuss our results.

Materials and methods

We plan to test the hypothesis that with a biomechanical 
model of muscle activation and labial dynamics, it is pos-
sible to transduce EMG recordings of the vS muscle into fre-
quency modulations, consistent with the song uttered, while 
the EMG activity was recorded. Our approach requires then 
the development of a theoretical model capable of translat-
ing EMG into frequency, as well as the experimental meth-
ods for measuring the EMGs in muscles during birdsong 
production. For this reason, we organize this section in two 
parts: the theoretical methods are described first, followed 
by the experimental ones.

Theoretical methods

In Fig. 1a, we display a sketch of the tracheobronchial syr-
inx. It is a bipartite structure at the juncture between the bron-
chi and the trachea. There are two pairs of labia, one in each 
bronchus. When airflow is established between these labia, 
they are set in motion, and sound is generated. The syringeal 
muscles can change the configuration of the syrinx, stretching 
or relaxing the oscillating tissue, which generates frequency 
modulation. For example, the ventral syringeal muscles (right 
and left vS muscles) connect to the second cartilaginous annu-
lus. Therefore, the contraction of the vS muscle of either side 
results in the stretching of the labia located between the second 
and the third annuli of the respective bronchi. The schemat-
ics at the right (Fig. 1b) illustrate the muscle model (in red), 
which consists of a sliding slack (of length x0) in parallel with 
a dissipative component. In the model, the slack´s length is 
controlled by the electrical activity in the muscle. The labium 
is modeled through a stretching viscoelastic element (in blue), 
subjected to the force exerted by the muscle (see Fig. 1b).

As the electrical activity shortens the slack, the difference 
between the muscle´s actual length (x1) and the slack (x0) is 
transduced into force (Shapiro and Kenyon 2000) through a 
nonlinear (exponential) function, which reflects the fact that 
muscles produce force efficiently on contraction (x0 < x1) but 
not on elongation (x1 < x0). In this way, their dynamics are 
ruled by the following equations: 

dx1

dt
= x2

dx2

dt
= − kvS

(
x1 − x0(t)

)
− �vSx2,

vS

(a)
x₀

(b)

Fig. 1   a Oscine syrinx. Schematic illustration of the tracheobronchial 
syrinx, located at the junction of the trachea and the bronchi. The 
muscle syringealis ventralis (red) is inserted in the second bronchial 
ring, which is also connected to the vibrating labia (blue). b Sche-
matic representation of the model. The muscle is modeled as a spring 
with variable slack and dissipation (red). The labium (blue) is mod-
eled as a string subjected to the force generated by the muscle
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where kvS and βvS represent the elastic and viscous 
properties of the muscle, and the relationship between the 
slack and the measured EMG is given by 

with the function g (EMG(t)), the envelope of the rec-
tified electromyogram. Once the dynamics of the muscle 
is computed (i.e., once x1 is computed), the force can be 
estimated as 

with B a constant to be determined phenomenologically 
(Rokni and Sompolinsky 2012).

The second part of our model consists of a viscoelastic 
element representing the labium, which is stretched by the 
force exerted by the muscle. We can describe it in terms of 
its length x3, whose dynamics will be ruled by 

where f stands for the muscle force, βl represents dis-
sipation in the labium, and kl its elastic properties. The 
scaling of the equations of the model allows finding the 
minimal number of parameters (time constants) determin-
ing the system’s behavior, which leads us to the final set 
of equations for our model: 

These scaling parameters are related to the physical 
ones by these relationships:

τ1 = βvS/kvS, τ2 = 1/βvS, τ3 = βl/kl, τ4 = 1/βl, A = α/kl. 
The time constants are measured in seconds.

Experimental methods

To record the EMG, the syringeal muscle was exposed by 
an incision in the skin and the interclavicle air sac between 

x0 (t) = Δ0 − �g (EMG(t)),

f (t) ≡ �eB(x1−x0(t))−1,

dx3

dt
= x4

dx4

dt
= −kl

(
x3
)
− �lx4 + f ,

dx1

dt
= x2

dx2

dt
=

1

�2

(
−x2 +

1

�1
(−x1 + x0)

)

f (t) ≡ AeB (x1−x0(t))−1

dx3

dt
= x4

dx4

dt
=

1

�4

(
−x4 +

1

�3
(−x3 + f )

)
.

the clavicles (Goller and Suthers 1996b). A pair of bipolar 
electrodes was inserted in either the left or right syrin-
gealis ventralis (vS) muscle, and secured with a drop of 
surgical tissue adhesive. For one bird, we inserted bipolar 
electrodes in both right and left vS muscles. In all the 
cases, the wires were led subcutaneously to the back, and 
connected to signal conditioning electronics, which ampli-
fied (× 225) and filtered (high pass filter + 150 Hz) the 
signals. After recovery from the surgery, the EMG activity 
and the song were simultaneously recorded.

The first step in the processing of the data consisted of 
computing the signal´s envelope. To do so, we computed 
the maxima of the rectified signal in 7 ms windows. In 
Fig. 2a, we display the rectified EMG, and the envelope 
in Fig. 2b.

As discussed in the section describing the theoretical 
methods, we propose for the slack that x0 (t) = ∆0 – δg 
(EMG (t)) where the function g (EMG (t)) stands for the 
EMG´s envelope. The values of the parameters were cho-
sen as ∆0, δ = (0.005, 0.004)

Since our fitting aimed at reproducing the song´s fun-
damental frequency (F0) modulation, the first step in the 
processing of the song was to compute its spectrogram. 
To do so, we used custom written software using Python´s 
“scipy” library. From these spectrograms, we extracted 
the fundamental frequency, by choosing at least four fun-
damental frequency values at times tj, j = 1, 2, 3, 4 per 
syllable, and extrapolating the values for the rest of the 
sampling times. In this way, we generated a set of values 
ω0 (t), i = 1, …, N, with N the number of sampling times 
needed to cover a syllable. To compare these reconstructed 
values with the output of our model, we assumed that the 
frequency is related to the labial stretching through 

where the parameters (a, b) are found by linear regres-
sion. We ran the equations of the model for different sets 
of the parameters (τ1, τ2, τ3, B), with an ODE integra-
tor (Runge–Kutta of 4th order). Notice that τ4 was not 
included among the parameters to be fitted. We found that 
as long as τ4 ≪ τ3, the solutions would not differ signifi-
cantly. For each set of parameter values, we computed 

We changed the parameters through a genetic algo-
rithm, searching for the set that would minimize ς.

Each step of our genetic algorithm consisted of 30 
numerical simulations of the model´s equations, each one 
using a different set of parameters τ1, τ2, τ3, and B. For 
each simulation, the value of ς was computed, and was 

� = a
√
x3 + b,

� =

√√√√
N∑

i=1

1

N
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(
ti
)
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used to order the set of parameters. The seven sets giving 
the smallest ς values were retained for the next step of 
our procedure. The remaining 23 sets of parameters were 
constructed in the following way. For each set, a random 
number between 0 and 1 was generated. If this number 
exceeded 0.8, the set was also retained. Then, for each of 
the retained sets, each parameter was changed with a prob-
ability of 25%. The last step of the procedure consisted 
of completing the initial number of sets (30), through a 
procedure that is called “crossing”; the parameters of these 
new sets are defined as (τ1

i, τ2
i, τ3

j, and Bj), where the 
superindexes (i, j) denote parameters sets already retained. 
This procedure was repeated for at least 200 steps. To test 
whether the final values corresponded to minima of ς, we 
explored the values obtained for parameters in the neigh-
borhood of the ones obtained through the genetic algo-
rithm. These explorations are displayed in Fig. 2c–f, for 
the simulations carried out for one of the birds. In these 

figures, a blue line indicates the actual values returned by 
the genetic algorithm. Notice that even in the cases for 
which the returned values did not correspond to minima, 
both in terms of ς and the actual parameter values, the 
differences were minimal.

For the values that were obtained using the genetic algo-
rithm described above, we performed the simulations of the 
model and obtained the time traces displayed in Fig. 3. In 
Fig. 3a, we show the slack length x0 . In Fig. 3b, we show 
the difference between the muscle length and the slack value 
(x1 – x0), and the resulting force exerted by the muscle in this 
dynamical process is shown in Fig. 3c. Finally, the dynamics 
of the variable representing the labial stretching is shown 
in Fig. 3d.

Fig. 2   a Rectified EMG signal 
collected from the vS muscle as 
described in the experimental 
methods. b Envelope of the 
rectified signal. c–f � as a func-
tion of each of the parameters. 
The parameters were changed 
one at a time, around the values 
obtained by the genetic algo-
rithm (marked in blue)
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Results

In Fig. 4a, we display the spectrogram of a zebra finch song. 
As it is typically the case in this species, we observe two 
types of syllables: those with low (i.e., < 1.3 kHz) and high 
(i.e., ≳ 1.3 kHz) mean fundamental frequencies. We selected 
two segments of the sound data, corresponding to the syl-
lables, whose fundamental frequencies are painted in green 
(Fig. 4a). The fundamental frequency of the rest of the syl-
lables (of either high or low fundamental frequency syllables) 
is painted in red. The two syllables selected for the fitting are 
low-frequency ones, and therefore, we will assume that they 
are generated with the two syringeal sound sources (Goller 
and Cooper 2004; Jensen et al. 2007). Using only those two 
segments, we fitted the parameters of the model of muscle and 
labium, and integrated the equations for the entire time lapse of 
the recording. The resulting frequency predicted by the model, 
using as input the EMG of the left vS muscle, is illustrated 
with a black continuous line. We quantified the goodness of 
the fit using the reduced Chi-squared: 

�2

reduced
≡

1

�

N∑

1

(
�0

(
ti
)
−� (ti)

)2
∕�2

i
,

with � the number of degrees of freedom (number of 
points - number of fitted parameters −  1), and σi the error of 
the ω0 (ti). Since the temporal window ∆t used in the com-
putation of the fundamental frequencies was ∆t ≤ 20 ms, 
we used σi = 1/∆t = 50 Hz. For this bird, we obtained 
�2

reduced
= 0.4, for the fitted syllables.

Notice that despite not being used to fit the model param-
eters, the fundamental frequency of some syllables is well 
approximated by the black line. On the other hand, the 
fundamental frequency of the high-frequency syllables is 
well out of the range of the model´s prediction. Notably, if 
we compute twice the value of the prediction (blue line in 
Fig. 4), we can obtain a good approximation for those fun-
damental frequencies.

The song of the zebra finch is generated with the two 
sides of the syrinx. Some syllables present fundamental fre-
quencies of less than about 1.3 kHz, and are generated using 
both sides of the syrinx in a 1:1 locked dynamical state. 
Other syllables of higher fundamental frequencies are gener-
ated with the right syringeal side only (Goller and Cooper 
2004). In this way, to generate the high-frequency syllables, 
the left syringeal valve has to be closed. Since the speed of 
the air through the valves is much smaller than the speed 
of sound (i.e., Mach numbers much smaller than one), the 
air can be considered an incompressible gas. In this way, 
it is reasonable to assume that closing the left valve leads 
to a duplication of the flow through the right valve. It has 
been reported that the mucosal wave along the labia within 
the syringeal valves is proportional to the airflow through 
them (Doellinger and Berry 2006; Boessenecker et al. 2007). 
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Moreover, in the case of the zebra finch vocal organ, a linear 
relationship between the resulting fundamental frequency 
and the mucosal wave velocity has been measured (Elemans 
et al. 2015). In this way, closing one valve would lead to 
at least a duplication of the fundamental frequency of the 
sound generated by the valve´s operation, with respect to 
the fundamental frequency values that would be obtained 
with both sides open. Notice that within these hypotheses, 
if the valve that remains opened is also slightly contracted, 
the speed of the air through it can be even higher, leading to 
an even greater increase in frequency. This picture is consist-
ent with the reported observation that low-frequency sounds 
are generated by pulse like labial oscillations, while high-
frequency ones are more tonal (Jensen et al. 2007): when the 
flow is doubled, the labia are less likely to collide against 
each other in each cycle, leading to a smoother, more tonal 
modulation of the airflow.

Consistent with this conjecture, once we select the stand-
ard output of the model (black curves in Fig. 4a) for syllables 
of low fundamental frequency, and the frequency-doubled 
output (blue curves in Fig. 4a) for high fundamental fre-
quency syllables, we obtain a good approximation for all 
the fundamental frequencies. This final result is illustrated 
in Fig. 4b.

In Fig. 5, we show an alternative strategy, for the same 
bird. We fitted the two segments in green (the ones that were 
fitted with the frequency-doubled output in the previous dis-
cussion), and integrated the equations of the muscle-labial 
model. The result of the computed fundamental frequency is 
displayed in black. Then, we halved the resulting fundamen-
tal frequency, and found that the predicted time trace was an 

excellent proxy for the low-frequency syllables (blue line). 
The selected segments are displayed in Fig. 5b.

We proceeded to repeat this analysis for four additional 
birds (apart from the one used to present the methods). The 
results are shown in Fig. 6. In all cases, the green time traces 
correspond to the fitted segments. In the cases illustrated 
in Fig. 6a and b, it is safe to assume that these segments 
correspond to low fundamental frequency syllables. In both 
cases, the black segments correspond to the predicted fre-
quency, while the blue segments correspond to twice this 
frequency. The computations used EMG recorded from the 
left vS muscle.

In the case displayed in Fig. 6c, the selected segments 
presented fundamental frequencies starting around 1400 Hz, 
and therefore, we assumed that they were high-frequency 
syllables. With those values, we fitted our models, plotted 
the predicted frequencies with a black line, and computed 
a second time trace with the halved frequencies (blue line). 
As we show in Fig. 6c, the blue line approximates well the 
fundamental frequencies of the other syllables in the song.

For Fig. 6d, we used EMG recordings from both (right 
and left) vS muscles. The green lines are the fundamental 
frequencies of the segments that were fitted. The red seg-
ments represent the fundamental frequencies of the rest of 
the song. The black lines correspond to the fundamental fre-
quency obtained from integrating the equations of the model 
using as input the EMG from the left side. The magenta 
lines correspond to the fundamental frequency obtained by 
fitting the same segments, but using as input the EMG of the 
right side. Finally, the blue lines are twice the fitted values 
that were computed using the EMG of the right side. It is 
worth remarking that in all the cases, the fitting segment 
was a small fraction of the total song. Moreover, syllables 
presenting a frequency modulation qualitatively different 
from those used to fit the model´s parameters could be well 
approximated by the model.

For all the cases analyzed, we report the val-
ues of the fitting parameters obtained through the 
genetic algorithm, and tested that these parameters 
were close to minima of � . These results are displayed 
in Table  1. The averages and standard deviations are �
⟨�1⟩ ± ��1 , ⟨�2⟩ ± ��2 , ⟨�3⟩ ± ��3

�
= (0.03 ± 0.02,

0.06 ± 0.04, 0.18 ± 0.08).

A remarkable feature in the EMG of the vS muscle of 
zebra finch during song production (Vicario 1991; Goller 
and Cooper 2004) is the existence of activity bursts both 
at the beginning and end of many low-frequency syllables. 
It is tempting to conclude from that observation that these 
patterns of activity are associated with gating. However it 
is possible to interpret the patterns in terms of frequency 
modulation as well. According to our simulations of the 
muscle and labial model, the peaks of the forces at the 
beginning of the syllables are followed by a relaxation of 
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the labium. This explains the slowly decaying fundamental 
frequencies in the typical down-sweeps of zebra finch song. 
Most remarkably, the activity bursts (“kicks”) at the end of 
the syllables allow labial stretching to reach values, such 
that the following activation (i.e., immediately before the 
next syllable) is sufficient to provide a labial tension com-
patible with the attained fundamental frequency. In Fig. 7, 
we display four down-sweeps, where forcing kicks exist at 
the beginning and end of the syllables (Fig. 7a), as well as 
the fitted force (Fig. 7b), variable x3 (Fig. 7c) and frequency 
(Fig. 7d). Notice that without the kick received at the end 
of a syllable, the activation before the start of the follow-
ing syllable would not place the labial stretching at a value 
required to obtain the observed fundamental frequency. This 
mechanism bares some resemblance with the co-articulation 
found in human vocalizations.

Other methods had been proposed in the past to link EMG 
measurements with the acoustic features of the sound. The 
most frequently used one involves the computation of the 
envelope of the rectified EMG data and assumes that muscle 
activation is correlated with labial tension. We looked how the 
fit of our model with the fundamental frequency of the sound 
compares to the results obtained using envelopes. To do so, 
we computed the envelope of the rectified EMG data for the 
five birds in our study using two different methods: the one 
described in the Methods section, which we call box-envelope, 
and the Hilbert transform method (Boari et al. 2015). Then, 
we computed the optimal delay between EMG activation and 
its putative effect on fundamental frequency as the delay with 
the highest correlation between the envelope and the square 
of the fundamental frequency of the syllables (optimal delay 
OD = − 8 ms). Then, we fitted the fundamental frequency, 
using the same data segments as we used to fit the parameters 
of our physical model. Finally, we calculated the reduced χ2 
using the shifted envelopes. The average ratio between the 
reduced χ2 using our model (χmodel

2) and the box-envelope 
method (χbox

2) is < χmodel
2/χbox

2 > ~ 0.17, while with the Hil-
bert method, we obtained < χmodel

2/χHilbert
2 > ~ 0.13

Discussion

We were successful in transducing EMG into frequency for a 
wide range of syllable types found in the songs of the zebra 
finch. We managed to do so through the use of a dynamical 
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halved segments (blue) for bird CH012. d In the case of bird 411, 
the two sides of the vS were measured. The black segments corre-

spond to the frequency predicted using the left side EMG, while the 
magenta ones correspond to the right side EMG. The blue segments 
correspond to the frequency doubled of the predicted frequency of 
the right side. The correlation between the envelopes of the right and 
left EMGs is C = 0.74 ± 0.2, in 50 ms windows. In each case a–d, 
the goodness of the fit was quantified by the reduced chi-squared, 
which for the cases in a–d were �2

a,reduced
= 0.26 , �2

b, reduced
= 0.39 , 

�2
c, reduced

= 1.85 , �2
d right,reduced

= 0.92 , �2
d left,reduced

= 1.0

Table 1   Fitted parameters of the model obtained for each of the 
birds (and for both syringeal sides in the case of bird 411). These 
were obtained using a genetic algorithm to minimize the difference 
between the predicted frequency and the song frequency

B �1 �2 �3

AB009 1380 0.008 0.1 0.126
AB005 557 0.006 0.051 0.209
CH012 448 0.085 0.13 0.169
ZFMCV 730 0.029 0.006 0.082
411-left side 86 0.022 0.031 0.329
411-right side 216 0.027 0.038 0.154



	 Journal of Comparative Physiology A

1 3

model for the joint dynamics of a system consisting of an 
elastic labium attached to a muscle. This allows advancing 
further from the relationship between average activity and 
fundamental frequency, which was reported in a seminal 
work on syringeal control (Goller 1996a).

The measurements of EMG from syringeal muscles in 
zebra finches posed some puzzles. The observation of activ-
ity bursts in the syringealis ventralis muscles right before 
syllable onset, as well as right after syllable offset, suggested 
a role in gating, somewhat independent of the frequency 
modulation. Surprisingly, these EMG bursts are associ-
ated, in the framework of our model, with the frequency 
modulation for most syllables in the zebra finch. In many 
cases, this modulation consists of a monotonic decrease in 
frequency value. According to the interpretation provided by 
our model, this modulation is, therefore, the passive decay 
of the stretching after a kick, and therefore, it emerges as a 
coarse instruction is transduced into the smooth temporal 
evolution of a biomechanical parameter.

In several cases (Fig. 7 displays an example), the EMG 
presents a peak of activity at the end of the syllable (indi-
cated by the arrows in Fig. 7a). Interestingly, this allows 
the activity burst right before the onset of the next syl-
lable to induce the right initial tension value. In Fig. 7b 
we display the peaks of the force exerted by the muscle, 
and in Fig. 7c the computed value of the labial stretching 
(x3). Notice the rapid increases in labial stretching between 
the syllables due to the forces right after the syllable off-
sets. For completeness, the fitted frequency is displayed 
in Fig. 7d.

Surprisingly, in all the cases that we reported, fittings 
from small segments of the temporal trace allowed the 
reconstruction of the frequency modulation in the whole 
song. It is also remarkable that the high-frequency syllables 
could be approximated computing twice the value obtained 
fitting the low-frequency syllables. It is known that when the 
high-frequency sounds are generated, airflow is established 
through the right side only (Goller and Cooper 2004). We 
have shown the plausibility of accounting for this phenome-
non if we assume incompressibility of the fluid, a hypothesis 
consistent with the Mach numbers involved. If the right and 
left vS instructions are highly correlated, the signals from 
either side can be used as a proxy for the other. This is not 
necessarily the case, since the degree of correlation between 
right and left side varies from bird to bird. In the case for 
which we measured both sides in this work, the correlation 
was high (see values in the caption of Fig. 6d).

In this work, we have built models for the syringeal mus-
cles and labia to account for the modulation of the funda-
mental frequencies. It is known that air sac pressure does 
have some influence on the resulting fundamental frequency. 
Yet, its role in modulation is secondary. Nerve cut experi-
ments in zebra finches (i.e., cuts of the tracheo-syringeal 
nerve) have shown that the without syringeal muscle activ-
ity, the syllables present almost no modulations (Goller 
and Cooper 2004; Riede et al. 2010). It is also known that 
other muscles are active during phonation. Vicario reported 
that during some zebra finch calls, the syringealis ventralis 
muscle is silent while the dorsalis muscle is active (Vicario 
1991). Moreover, in a recent work (Düring et al. 2017) it has 
been shown that the musculus syringealis dorsalis media-
lis (MDS) attaches to cartilaginous pads embedded in the 
medial labium. It must, therefore, influence the tension of 
the labia directly and, therefore, modify the fundamental fre-
quency during song production. Furthermore, the gating of 
airflow via movement of the labia by the ventral and dorsal 
tracheobronchial muscles also affects fundamental frequency 
[e.g., (Mencio et al. 2017) and (Laje et al. 2002)]. It is, there-
fore, likely that during the syllables, where in our examples 
the fitting is less successful, the synergistic contributions of 
the other syringeal muscles play a larger role in frequency 
control.
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Fig. 7   Role of the inter-syllabic activity. a Rectified EMG is pre-
sented in blue, over the song sonogram. The arrow marks a burst of 
activity in a silent period. b Force generated by the muscle (magenta). 
Notice the force ‘kick’ after the syllable ends. c Labial stretching. The 
labium is quickly stretched after the first syllable, in preparation for 
the next one. d Predicted frequency (black) over the sonogram. The 
green segments are the fitted syllables, and the red ones, the funda-
mental frequency of the rest of the song
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The models presented in this work are ultimately an inte-
gration of the rectified EMG. For slow modulations, the 
predictions of this model would not differ much from the 
rectified EMG´s envelope. In this way, we can put the results 
obtained from different species in the same framework, 
allowing us to explain the apparently discrepant results from 
brown thrasher (Goller 1996a) and zebra finch with its rapid 
frequency modulations. For the case of rapid modulations, 
it is crucial to account for the muscle´s dynamics: the net 
force is the result of the mismatch between muscle length 
and slack, which might be non trivial in the case of rapid 
EMG variations.

It has been argued that behavior emerges from the 
interaction between a central nervous system (CNS) and a 
peripheral device (Chiel and Beer 1997). The fact that the 
frequency modulations of many zebra finch syllables are 
the passive decay of an elastic labium after being rapidly 
“kicked” is a clear and dramatic example of this observa-
tion, and leads to a clear hint on how the CNS controls the 
periphery.
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