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A Possible Population-Driven Phase Transition in Cicada Chorus∗
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Abstract We investigate the collective synchronization of cicada chirping. Using both experimental and phenomeno-

logical numerical techniques, here we show that the onset of a periodic two-state acoustic synchronous behavior in cicada

chorus depends on a critical size of population Nc = 21, above which a typical chorus state appears periodically with

a 30 second-silence state in between, and further clarify its possibility concerning a new class of phase transition, which

is unusually driven by population. This work has relevance to acoustic synchronization and to general physics of phase

transition.
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1 Introduction

The key for understanding synchronization is to de-

scribe the coupling interaction between oscillators (e.g.,

Refs. [1–5]). According to several historical models pre-

sented by Peskin,[6] Winfree,[7] and Kuramoto,[8,9] it was

predicted that the onset of synchronization is a phase

transition,[10] which can be tuned either by the homo-

geneity in a population or by the global coupling strength

among oscillators.[11] Recently, bacterial quorum sens-

ing in synthetic biology agrees with the phase transi-

tion pictures.[12,13] In this work, we shall focus on the

acoustic chorus of noisy cicadas that are famous for deli-

cate synchronous behaviors,[14,15] which is reminiscent of

biological phenomena such as rhythmicity of a popula-

tion of circadian oscillators in suprachiasmatic nucleus.[16]

Most of the terminology used in this work can be traced

back to Walker’s acoustic synchrony papers of the 1960s,

e.g., Ref. [17] And our observations will be based on

entomology[18] and studies of cicada chirping.[19] We shall

report that the onset of periodic two-state (namely, chorus

state and silence state) acoustic synchronization in cicada

chorus depends on a critical population Nc, above which

a typical chorus state appears periodically. The analy-

sis of order parameters near Nc yields general aspects of

phase transitions in statistical physics. The transitions

are demonstrated to be unusually driven by population,

which seems to be of particular interest when compared

with abundant phase transitions already known in con-

densed matter and Nature.
The remainder of this work is organized as follows. In

Sec. 2, we present the experimental observations, which is

followed by Sec. 3, in which we establish our simulation

model and then present the simulation results and their

comparison with experimental results. This paper ends

with a conclusion in Sec. 4.

2 Experimental Observations

Fig. 1 Picture of Cryptotympana atrata used in our
experiments.

We perform our experimental study on Cryptotym-

pana atrata, one cicada species that is favorable for cho-

rus (at certain moments in a day). For a picture of such a

cicada, please see Fig. 1. Male cicadas participate in cho-

rus by either chirping spontaneously or by following their

neighbors, in order to warn others of their territories and

resources. Certain choruses even have a daily reoccurrence

at precise moments, demonstrating that the cicada have a

typical circadian clock. Once a chorus is formed in a sin-

gle tree or a cluster of branchy trees, all inhabiting cicadas

usually produce a high-pitched sound of up to 90 dB and
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continue characteristically for about 30 seconds, as shown

in Fig. 2(a). The duration of chorus and rest (silence) may

appear by turns, yielding a periodical behavior, see, e.g.,

Figs. 2(d), 2(e), and 3(c).

Fig. 2 (a) A typical record of Cryptotympana atrata’s chorus (data provided by Jin-Chang Jiang). (b)–(e) Our records
on the chirp of cicadas as the size of population N increases: (b) N < 10, (c) N ≈ 20, (d) N ≈ 30, and (e) N ≈ 50.
They suggest that there exist periodical choruses as N exceeds a critical size of population Nc. The frequency of our
cicada chirp is over a wide range, 0–5000 Hz. Here, smpl represents the sample value of our records. The voice records
shown in (b)–(e) were conducted in Summer 2006 in Yangpu Park, Shanghai, China (South region).

Although various elements like temperature, weather,

and time in a day may affect the acoustic synchrony, by

recording choruses under the same conditions except for

the population of cicada communities, we discovered that

acoustic synchrony is shown to be dependent on popula-

tion (Figs. 2(b)–2(e) and 3). In our study, we have chosen

isolated osier trees to record the acoustic synchrony in a

natural environment because captured cicadas are hard to

manipulate for sound. The sparse branches of these trees

enable us to count the number of cicadas with small error

bars. The error gets larger as the size of population N

increases.
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Fig. 3 (a)–(c) The records on the chirp of cicadas as the size of population N increases: (a) N < 15, (b) N ≈ 20, and
(c) N ≈ 30. They also suggest that there exist periodical choruses as N exceeds a critical size of population Nc. These
voice records were conducted in Summer 2007 in Wuyang Park, Wuyang County, Henan Province, China (North region).

When N is quite small (N < 10 of Fig. 2(b) or N < 15

of Fig. 3(a)), often in newly planted trees, the chorus is

much less frequent, followed by a long period of silence,

see Fig. 2(b). If the community holds up to about 20

individuals, they occasionally chirp in unison lasting for

about 30 seconds (Fig. 2(c) and Fig. 3(b)). As the num-

ber exceeds 30 or so, it is found that every cicada keeps

chirping about 30 seconds and then rest for another 30 sec-

onds (Figs. 2(d) and 2(e) and Fig. 3(c)). This two-state

behavior, namely, chorus-silence behavior can occur pe-

riodically. Thus, we conclude that the observed acoustic

synchrony has a critical size of population Nc, which sat-

isfies 20 < Nc < 30 according to Figs. 2 and 3. For a com-

munity of about 50 cicadas, Fig. 2(e) also suggests that a

higher-pitched sound comes into being while all the other

features look almost the same as in Fig. 2(d) (which was

recorded for the cicadas of 30 or so). In Sec. 3, we perform

numerical simulations to understand the emergent coher-

ence in our observations, which will further help to clarify

the general physics behind the acoustic synchronization.

Finally, we should mention that the experimental results

presented in Figs. 2(d) and 2(e) and Figs. 3(a)–3(c) were

conducted in different places and different time. In de-

tails, the voices displayed in Figs. 2(b)–2(e) were recorded

in Yangpu Park of Shanghai in China (south region) in

Summer 2006. In contrast, the voices shown in Fig. 3 were

recorded in Wuyang Park of Wuyang County of Henan

Province in China (North region) in Summer 2007. The

comparison between Figs. 2(b)–2(e) and Fig. 3 leads to

the fact that the existence of the above-mentioned critical

population is independent of regions and time.

3 Numerical Simulations

3.1 Numerical Model

For establishing a model, we assume that there is no

interaction between two cicadas until one of them starts

to chirp, and that any interaction should have the same

strength.[6] Therefore, the coupling strength on a cicada is

a linear summation of the interactions between itself and

other chirping ones. In what follows, we simulate the pro-

cesses of absorption and ejection of cicadas dynamically

to evolve the collective synchronization of cicada chirp-

ing. For the notation to be used, please refer to Table 1.
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Table 1 Key notations

Notation Meaning

n Number of cicadas in a synchronous group

N Number of all cicadas including those in the

synchronous group or not

N1 Threshold number of cicadas in the synchronous

group. When n > N1, a newly chirping cicada

which does not belong to a synchronous group

definitely join the synchronous group.

N2 Threshold number of cicadas in the synchronous

group. When n > N2, no cicada in a synchronous

group can be pulled out of the synchronous group.

Our numerical model is first subjected to a physio-

logical mechanism. In this mechanism, a cicada should

first be ensured physiologically (quantized by its chirping

strength) before making any further decisions. We initial-

ize the chirping strength for each cicada to be zero, and a

cicada’s chirping strength decreases or increases one unit

after one simulation step, according to whether it chirps

or not in this step. In our simulations, we set one step to

represent one second of time, and the maximum of each ci-

cada’s chirping strength to be 30 units, which corresponds

to the maximum chirping length of 30 seconds (or so) in

the experimental observation. That is, a cicada stops to

gain its chirping strength when the strength is raised to

the maximum. On the other hand, subjected to the phys-

iological mechanism, a cicada will definitely stop to chirp

if its chirping strength drops to zero, and can only restart

to chirp after its chirping strength regains its maximum

value of 30 units.

For a cicada, which meets the physiological mecha-

nism, the numerical process for the probability S(t + 1)

of each cicada appearing in a synchronous group (with n

cicadas) at time t + 1 can be described as

S(t + 1) = (1 − W2(t))S(t) + W1(t)(1 − S(t)) . (1)

According to Eq. (1), we can obtain how many cicadas

are in chorus or silence, i.e., the dynamical behavior of

the cicadas. In other words, it enables us to investigate

the evolution of collective synchronization as a function of

the size of population N . In Eq. (1), a transfer probabil-

ity, W1 or W2, for a cicada pushed into or pulled out of a

synchronous group, is respectively determined by

W1 =

{

(1 − θ)(n/N1) + θ , n ≤ N1 ,

1 , n > N1 ,

W2 =

{

1 − (n/N2) , n ≤ N2 ,

0 , n > N2 .

Here θ stands for the spontaneous chirping probability of

a cicada before entering a synchronous group, 0 < θ < 1.

Actually, W1 and W2 are the transfer probabilities per

second (corresponding to one step of the simulation). In

detail, W1 is used to denote the probability of a cicada

(which does not belong to a synchronous group) being

pulled into the synchronous group, and W2 the proba-

bility of a cicada (which is already within a synchronous

group) being pulled out of the synchronous group.

Fig. 4 Numerical simulation results about the effect of the size of population of cicadas (N) on the evolution of
acoustic synchronization. In the left and middle panels, the synchronization is characterized by the number of cicadas
in unison. In the left, middle, and right panels, the cases for N varying from top to bottom layers, N = 15, 20, 25, and
30, correspond to asynchrony, occasional synchrony, occasional asynchrony, and (perfect) synchrony, respectively. Left
panels: The number n of cicadas in a synchronous group versus simulation time for an individual simulation. Middle
panels: n versus simulation time; the curves are obtained by averaging over 500 simulations. Right panels: Fourier
transformed intensity versus frequency. Parameters: θ = 0.1, N1 = 12, and N2 = 10.

In the numerical simulations, we see all the cicadas

under consideration to be identical and have the same

θ. To some extent, W1 and W2 can be seen as terms to

switch cicada chorus on or off. The coherence property

is first represented by the number of synchronized cicadas

n, which is just the number of cicadas chirping in unison.
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There are two key parameters N1 and N2 in the above ex-

pressions for W1 and W2. For more than N1 synchronized

cicadas, the coupling is strong enough to make sure no ci-

cadas are lagged behind (namely, to be excluded from the

group). In other words, when n > N1, the absorption of

the newly-chirping cicada definitely occurs. On the other

hand, the ejection from the synchronous group is also due

to insufficient coupling. For a lagged cicada in the syn-

chronous group, the probability to be dropped out is given

by 1−n/N2. Here N2 denotes another coupling strength,

which differs from N1. In principle, N1 and N2 cannot be

chosen arbitrarily in this model. In Figs. 4 and 5, we use

N1 = 12 and N2 = 10, in order to achieve good agreement

with our experimental observations displayed in Figs. 2

and 3. The dependence of Nc on the model parameters

(i. e., N1, N2, and θ) will be addressed in Fig. 6 and Fig. 7.

3.2 Simulation Results and Comparison with Ex-

perimental Observations or Data

The left four panels of Fig. 4 show the results of a rep-

resentative simulation with total cicada numbers, N = 15,

20, 25, and 30. For N = 15, a random noise dominates,

which indicates uncooperative chirps in the case of 15 ci-

cadas. For N = 15 and N = 20, sidesteps emerge irregu-

larly, which corresponds to the unison of all the cicadas at

the same time. For N = 30, a perfect coherence appears,

which is reflected by the periodic alteration of sidesteps

with a 30-second silence in between. As a result, our sim-

ulation for the first step shows that the two-state acoustic

synchrony depends on a critical size of population Nc,

above which a periodic chorus-silence behavior does ap-

pear. To comply with Fig. 3, here we should remark that

the simulation results for N = 10 and N = 50 (no simu-

lations shown here) are similar to those for N = 15 and

N = 30, respectively.

In the left four panels of Fig. 4, we have run the dy-

namic simulation for a single time. In fact, one simulation

contains unavoidable stochastic noises. To overcome this

problem, simulations should be conducted and averaged

for the same N as many times as possible. In the middle

four panels of Fig. 4, we have simulated our system 500

times for N = 15, 20, 25, and 30. Apparently for N = 15,

the noises in the left panel have been largely smoothed.

The N = 20 and N = 25 cases correspond to two undulate

and decaying signals, reflecting the existence of unstable

coherence. While the signals in the middle panels are dis-

tinctly different from those on the left for N = 15, 20, and

25, the signals for N = 30 remain unchanged. Addition-

ally, for N > 30, the signals have the same periodicity as

those for N = 30. The comparison between the signals

for N ≥ 30 and N < 30 suggests that a perfect and sta-

ble coherence comes to appear as the size of population

N exceeds a critical value Nc, which echoes our previous

experimental observations.

We further investigate the evolution of coherence by

harmonic functions obtained by the Fourier transforma-

tion. We achieve the same set of discrete modes for vari-

ous sizes of population, known as the basic harmonic fre-

quency f1 (f1 = 1/60 Hz), the third harmonic frequency

3f1, the fifth harmonic frequency 5f1, the seventh har-

monic frequency 7f1, and higher-order harmonic frequen-

cies, see the right panels of Fig. 4. In the right panels,

the results for N = 15 (or for N = 20 and 25) display

the occurrence of less distinguishable (or broader) peaks

at those harmonic frequencies. The comparison among

the right panels yields the conclusion that the system ap-

proaches stable coherence with sharper Fourier peaks as

N increases.

Fig. 5 Numerical simulation results about (a) order pa-
rameter T and (b) its variance ∆T versus the size of
population N . The behavior of T clearly shows a gen-
eral phenomenon of phase transition, which is unusually
driven by N . We define the order parameter T as the
percentage of the time for coherent sidesteps with re-
spect to the total simulation time, and its variance as the

mean square deviation ∆T =
√

(T̄ 2) − (T̄ )2. The transi-
tion point corresponds to the critical size of population
Nc = 21. Parameters: θ = 0.1, N1 = 12, and N2 = 10.

We define an order parameter T as the occupation per-

centage of coherent sidesteps over a long time series, see

Fig. 5(a). In our simulations, the time for all the individ-

uals in coherence are summed together within the total
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simulation time 4000 s, and is divided by 4000 s to give

the order parameter T [Fig. 5(a)]. The order parameter

T depicted in Fig. 5(a) ranges from zero to the maxi-

mum when chorus and silence each accounts for about 50

percent in duration. Obviously, the order parameter ex-

periences a minimum-to-maximum transition. There are

two stable states of incoherence (at small N) and coher-

ence (at large N) and the rapid crossover at the middle

range of N . This again indicates the existence of a criti-

cal size of population Nc, which is located at Nc = 21 as

clearly shown in Fig. 5. The critical value Nc is similar

to the transition point for phase transitions in statistical

physics. It is also worth pointing out that the two stable

states of incoherence and coherence are similar to Stro-

gatz’s prediction of phase transition, see Ref. [10]. The

comparison between them implies the possible existence

of a new class of phase transition, which is driven by the

size of population of cicadas and has a transition point

at Nc = 21. In the mean time, we investigate the vari-

ance of the above order parameter T by defining the mean

square deviation as ∆T = [ ¯(T 2) − (T̄ )2]1/2. Figure 4(b)

shows that ∆T reaches a maximum at the transition point

Nc = 21 indeed, which corresponds to an abrupt change

of the order parameter T in Fig. 5(a).

Fig. 6 After identifying the critical size of population
Nc in Fig. 5, we demonstrate the value of Nc globally
in the space of the parameters N1 and N2 used in our
model, see the spherical symbols. Parameter: θ = 0.1.

In a word, according to Figs. 5(a) and 5(b), we safely

identify the transition point 21 as the critical size of

population Nc = 21, which echoes the previous obser-

vations [Figs. 2(b)–2(e)] and simulations (Fig. 4). Since

the variance becomes most strong at Nc = 21 as shown

in Fig. 5(b), it should not be expected to observe per-

fect synchrony for cicadas with the size of population N

which is slightly larger or smaller than 21. This seems

to be the reason why Fig. 2(c) for N ≈ 20 (experimental

results) and Fig. 4 for N = 25 (simulation results) show

no perfect synchrony, but some occasional asynchrony.

Finally, we investigate the dependence of Nc on N1

and N2 to understand the parameters used in our model,

see Fig. 6. The fitting of Nc with N1 and N2 is not planar.

That is, the critical size of population (Nc) is not linearly

composed of the two coupling strengthes (N1 and N2).

On the other hand, Fig. 7 displays the dependence of the

critical size of population Nc on the spontaneous chirping

probability θ in our model. Generally, the Nc is caused

to decrease as θ increases. Also, the framework shows a

step-like behavior. And, within each step, Nc owns the

same value with respect to various θ.

Fig. 7 The dependence of the critical size of popula-
tion Nc on the spontaneous chirping probability θ in our
model. Parameters: N1 = 12 and N2 = 10.

4 Discussion and Conclusion

Here some comments are in order. As a matter of

fact, whether an individual cicada (with enough chirping

strength) joins a synchronous group or not depends on the

sound level of the existing chorus. This has its physiolog-

ical basis, i.e., a cicada is able to sense the sound level

of its surroundings. In our model, sound level has been

quantified as the number n of chirping (identical) cicadas

in the synchronous group. Then, according to a cicada’s

sensation, it makes the decision of whether to join the

synchronous group or not, which in our model is related

to the two probabilities W1 and W2. The current version

of the model only captures a few essential features, in an

attempt to present the possible existence of phase transi-

tion in acoustic synchronization. Here we have to claim

that this model should be subjected to further develop-

ment by including factors as many as possible, like net-

work connection between oscillators[20] and fluctuations of

oscillators.[21] On the other hand, a perfect justification for

the numerical model is still in need. For this purpose, the

most important thing might be to present some protocol

or method of some type which could allow verification of

the components of the numerical model.

To sum up, we have reported that the onset of peri-

odic acoustic synchronization in cicada chorus depends on
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a critical size of population Nc = 21, above which a typi-

cal chorus state can appear periodically with a 30-second

silence state in between, and reproduced the dynamics

on how acoustic synchronization evolves with the size of

population. The agreement between experimental obser-

vations and numerical simulations has helped us to clarify

its possibility concerning a new class of phase transition,

which is unusually driven by population.
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Kramer, PLoS Comp. Biol. 3 (2007) 0667.

[17] T.J. Walker, Science 166 (1969) 891.

[18] M.D. Greenfield, M.K. Tourtellot, and W.A. Snedden,
Proc. R. Soc. Lond. 264 (1997) 1355.

[19] K.H. Reid, Science 172 (1971) 951.

[20] Y.W. Chen, L.F. Zhang, and J.P. Huang, J. Phys. A:
Math. Theor. 40 (2007) 8237.

[21] C. Ye and J.P. Huang, Physica A 387 (2008) 1255.


