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Abstract

In several insect species, choruses are formed where mamidurads interact acoustically.
Particularly interesting are assemblies of males which lsgnize (or alternate) their
cyclically occurring song elements (chirps) during acousticastens. Song synchrony is
imperfect, however, since some males (leaders) begin thgasctmme tens of milliseconds
earlier compared to their counterparts (followers). Leadersnare likely to be chosen by
females as mates. We have shown previously, that male-malenseragtions in the insect
Mecopoda elongata (M. elongata) could be successfully simulated by coupling two limited-
cycle oscillators, which respond to perturbations by a phase shifinkitom experimentally
derived phase response curves (PRCs). Further, the differeveeebethe free-run cycle
lengths of two males in a duet mainly determines the edtaiwist of either the leader or
follower role. The aim of the current study was to develop a madheth allows the
simulation of acoustic interactions between many signalers large chorus, taking into
account an inhomogeneous spacing of individuals and a variability of modehgtara
observed in nature.

Keywords: Chorusing, coupled oscillators, ecological modeling, multiagentrsulation,
insect swarm.
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was found among real males in a population. Further
1 Introduction the strength of oscillator coupling depends on the

distance between two agents. All these properties
The synchronization of communication signals irfonstitutes this model as more “realistic” compaied
large aggregations of individuals has attracted tHB0del studies in which mutually coupled oscillators
interest of many researchers throughout the laBeCOme synchronized assuming homogeneous
century. Synchronized optical signals can be foind Oscillators lacking any spatial structure [8,12].
the East-Asian fireflies [1,2,3], but also in thepastic Whether at all oscillators in thkl. elongata model
interaction of different insect species (like cet&and Will ever show a global stable phase coupling needs
bushcrickets) [4,5,6,7]. be determined.
Synchrony within a population of biological . o ]
oscillators is achieved by mutual entrainment. &imi Fémales in some chorusing insect species are known
mechanisms were found in the pacemaker cells of tf@f choosing that male, which initiates his sigfiest
heart, circadian pacemakers, the hippocampugéader) in a male-male interaction [13,15]. This
insulin-secreting cells of the pancreas, the manastr ultimately results in a chorus in which males cotape
periods of women (for an overview see: [8,9]). MucHor the leader roIe.and synchrony is establishea as
theoretical work is based on the Peskin model 0] by-product of ongoing male competition [16]. In buc
“integrate and fire” oscillators in which the insetion & chorus imperfect signal synchrony and a highetegr
between two oscillators are either smooth or plikge Of temporally overlapping signals have to be expect
[11,12]. As Peskin already conjectured and Mirolid-or @ full understanding dfl. elongata chorusing it is
and Strogatz proved, for aimost all initial conulits a therefore of importance to study those mechanisms
steady state evolves among a population dhat regult in the observepl variability of malenﬂg
homogeneous “all to all” coupled oscillators in wii Properties forming the basis of female choice.
all oscillators fire in synchrony. In mutually entrained biological oscillators firinig
In the current work a chorus model was developedynchrony those oscillators exhibiting a fasteedren -
which is based on the properties of song oscilkatgr Ccycle period (CP) were found to be among thosediri
the chorusing bushcricket specscopoda elongata earlier [12]. A similar result was obtained in duef
(M. elongata). Males of this species synchronize theiM- €longata males where the leader was found to
chirps in male aggregations in order to attractdies  €xhibit a higher solo chirp rate compared to its
The establishment of a high degree of synchromy.in competitor [5]. Since chirp rate is a signal chegac
elongata duets was found to be based on a phase def@ijen favored by females [17,18] and associatedt wit
and a phase advance mechanism, both acting in thgher energetic demands [19], this suggests that
perturbed cycle [5,6]. Together with only smallfémales assess the energy reserves of a male by
variance in solo chirp period (CP) (< 2%) Sucfphoqsmg the leader in a Chorus. However, as was
properties constitute this type of oscillator to béreviously shown [20] no difference was found
unique among insect song oscillators. These speckftween the solo CPs of two groupshf elongata
properties are of particular interest for develgpm Mmales reared on two feeding regimes, differinghia t
model chorus in which agents mutually couplénergetic content of their food. This finding does
heterogeneous oscillators by acoustic signals. Tteclude the possibility that low-nutrition malegght
model would allow to reveal critical parametersshow a reduced ability to synchronize to a stimulus

influencing the establishment of steady state lasoil Presented at a higher rate as their own solo CP.
coupling. In different species selective attention allowsaleno

interact with only one or two males within the
In contrast to other biological oscillator modeldjich ~ acoustic range [21,22,23]. This selective attention
are based on “integrate and fire” oscillators [b2] mechanism could prevent the_ establlsh_ment of the
inhibitory-resetting oscillators [13], oscillatons the leader role of a faster signaling male in a chorus
current model show the same behavior in response guation. The chorusing model allows to invesggat
a stimulus as males do in playback experimentsgusirﬁhe mfl.uence of selective attention on .m_ale-male
a conspecific signal as stimulus. Similar to Ermeut  interactions and allows to make predictions for
1991 [14] this was achieved by modeling a realistifemales choosing a mate in a chorus situation.
oscillator behavior known from phase response aurve
(PRCs). This method is principally different from
other oscillator studies in which the endogenoug Methods
oscillator, controlling the rhythmic production of

chirps, itself was modeled by assuming sever 'hle Ger;e:ili:;ssmné%t(l)or:)sda elongath. ( elongata)
unknown variables like the timecourse of the P P gatal. 9

integrate-and-fire  oscillations, firing threshold,Z)(Z'rl?t';sir‘?l tf\gl(éhcor}tg fnegéoe? v(vC(:el:e) |$1fo d:jetsjl ;rr}dtll?\?basi
oscillator return interval and effector delay [13],1 9

Agents in the current model exhibit a natural spgci of coupled signal osciI.Iators exhipiting the same
and a variability of model parameters similar toatvh properties as was found in a population of 11 mafes

the M. elongata. The phase response curves (PRCs) of
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these individual males were obtained from playbac&scillator cycle, the chirp was found to be shaeten

experiments using a conspecific stimulus, which wasnd loud syllables are brought forward in time ygre

broadcast at 50, 60 and 70 dB SPL (PRCs welime).

published in [5]). Most simulation parameters litke

distribution of individual free-run oscillator cyel The average chirp duration of 12 individual malesw

lengths, the variability of response phases, chirfound to be 273 ms + 28.6 ms. In the model a longer

intensities, chirp durations and the intensity dospr average chirp duration of 31 + 2 simulation steps (

distance are known from behavioral experiments arstep = 10 ms) was chosen. This compensates for a

were implemented in the model in order to estatdish prolongation of a chirp signal as a result of eshoe

M. elongata chorus model as realistic as possible.  added to the original signal due to signal transiois
(similar to Fig. 1B).

In the currentmodel agents couple their oscillatorsThe average chirp level of singing males recordeal a

using acoustic signals with an intensity profilmgar  distance of 1 m is about 86 @BSPL. This level

to conspecific chirps. Such a model allows to studgorresponds to the maximum level of the last sidlab

numerous questions dealing with chorus synchrorgf the simulated chirp. In the model the level of

and it allows to draw inferences for females chogsi subsequent syllables comprising a chirp increased

a male in a chorus. The following model parameterstepwise according to equation 1. This models the

and chorus manipulations were performed in order iacrease of signal level of subsequent syllables

investigate their influence on the degree of choruseginning at 40 dB SPL up to 86 dB SPL as a functio

synchrony: agent density, chorus spacing, free-ruf the remaining cycle lengtlalj.

cycle length, signal duration, intensity summation,

agents joining or leaving a chorus, selective gitian s level = (86-40)

. 1)
*(chirp_dur —cl)+40 (
to only a subset of agents and a precedence effect. chirp _dur (ehirp_ )

2.2 Model description
The acoustic interaction between males (agents
which mutually couple their song oscillators on the2
basis of acoustic signals (chirps), was modelethén
JAVA (Sun Inc.) based multiagent simulation
environment Netlogo .
(http://ccl.northwestern.edu/netlggo Although

hirp_dur denotes the current chirp duration of an
gent, which fluctuates on a chirp to chirp ba3is £
steps). Loud syllables at the end of a male cluiep

of about 20 ms in duration corresponding to 2 time
steps in the model. Therefore, after every thirdeti
step syllable level (devel) was decreased by 7 dB.

- The resulting intensity profile of a simulated ghir
Netlogo allows to increase the number of agent®up . )
; : ig. 1C) covers the envelope of a transmitted male
1000, a simulated chorus always consisted of 1

individuals. This size covers a male aggregatiogea chirp considering transmission effects which obte

enough to study principal chorusing effects. Beeausth(? characteristic temporal syllable structure ofiae
males do not move while they sing, agents were n(c)plrp.
allowed to move throughout a simulation run. Each
simulation step in the model refers to a 10 ms time

period. A

2.3 Simulated chirp signals

Conspecific chirps ofl. elongata are characterized by
a steady increase of syllable level with brief meus
between subsequent syllables (Fig. 1A). Due to @ B
reverberations occurring in the acoustic transmissi @
channel, chirps loose their characteristic temporals @g-{
pattern (Fig. 1B). Therefore chirps were modeled
without silent gaps between adjacent syllablegeats

nsity [a. u.]

signal level dropped by 7 dB after every third >
simulation step (Fig. 1C). 0] Time [ms] 357
Fig. 1 %

Chirp of aM. elongata male.

The oscillogram of a male chirp recorded at a dista

of 1 m consists of syllables of increasing intenég).

B represents the same chirp as shown in A but after,

ity [dB SPL]
(é

echo processing performed in CoolEdit (Syntrillium g 30

Inc.) using a delay time of 8 ms and 70% decay. The® 2]

intensity profile of a simulated chirp is shown @ = 12— ,,,,,,,,,,,,,,,,,,,,,,,,,,,
(black line). In response to the perception of a 1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31
neighboring chirp (arrow) in the final phase of the Simulation steps
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The average maximum chirp level was on average &ssigned to one of these PRCs at the beginning of a

dB SPL and chirp to chirp level variability was ésk simulation run. The degree of phase shift followang

from a Gaussian distribution with a SD of 3 dB. §hi perturbation of the signal oscillator depends on

variability accounts for a level fluctuations asesult stimulus level and on the phase of the stimuluth@

of signal transmission in a natural habitat. oscillator cycle. The relation between stimulus ggha
(period between the last male signal and the stisnll
free-run cycle length) and the normalized response

% 15 A phase (length of the disturbed cycle / free-runlecyc
£ 5] length) are displayed in a PRC.
§ 1.1/ The left branch in a PRC refers to responses to
§. M/ stimulations (a conspecific chirp) occurring shprtl
o 097 - after the focal male’s chirp and was modeled using
£ 071 second- or third-order polynomials (see appendix).
S 05 | | | | Stimuli up to a phase of about 0.7 (transition phas
' resulted in a prolongation of the perturbed cycle.
00 02 04 06 08 10 - ; . ,
0 Stimulus phase 360° Linear equations or first-order polynomials wer_eahs
to model the right branch of PRCs referring to

18 - responses to stimulations occurring late in theecyc
= 1 B The response to stimulations in the second pattef
S 4 cycle resulted in a shortening of the perturbedecyc
é‘ if) length (an example is shown in Fig. 2A). The figtin
g s equations describing the PRCs of all 11 real mates
8 o listed in the appendix. Each of these oscillators
i exhibited an individual transition phase. The data

0 shown in the PRCs of real males were obtained by

s0F 32 " 3 8 3 d taking stimulus times and response times at theoénd
Solo chirp period [s signals.

167 Each agent in the model exhibits its own free-run
> . C period (solo CP), its own PRC and its own transitio
g 10 phase. These properties were assigned to eachatgent
S ° the start of a simulation run. The PRC and the
= j: transition phase was randomly chosen from a tdtal o
f{ 2 11 PRCs. The free-run signal periods (solo CP) of

o —— A LAE o different oscillators Tp) was taken from a normal

58 & & 8 /8 R 8 ¢ distribution with a mean of 2 s (200 simulationpse
Solo chirp period [steps] and a SD of 70 ms (7 simulation steps). This redult
Fig. 2 in a distribution of free-run cycle lengths (FigC)2
Phase response curve and distribution of solo chifmilar to what was found in a male population (Fig
periods. 2B). A cycle to cycle variability of the free-ruiyae

An example of a PRC (male #1) obtained in playbackngth was modeled according to equation 2. This
experiments with a conspecific chirp presented at @mulates the variability of CPs naturally found in

stimulus level of 70 dB SPL is shown in A. In such Songs in which males synchronized to a conspecific
plot the stimulus phase was plotted against th&limulus with a period of 2 s.

normalized response phase (length of the disturbed

cycle / free-run cycle length). These data weredit Tc= int(To+ (To* ranc(0.0Z))) ()

with polynomials or linear functions (curves in A).

These equations (see appendix) were used to ca@culgang” refers to a Gaussian distributed variabilitigh

the change in phase following stimulations. B showg sp of 0.02 simulation steps. Agents exhibiting a
the distribution of solo CP (mean: 1.97 s) within grge_run cycle length of 200 steps will therefore

male population. A similar distribution of solo @P  expibit a cycle to cycle variability with a SD of 4
agents was simulated in the model chorus (C). &l totgimy|ation steps.

of 57 males contributed to the data in B and C. In every simulation step (corresponding to 10 ms),
each agent executes 6 logic queries (Fig. 3). &1 th
2.4 Signal oscillators first the remaining oscillator cycle lengttel)( is

Oscillators in the model were mutually coupled andlecremented by one. In the final phase of the signa
after the perception of a stimulus (chirps generag Oscillator cycle (ifcl <= chirp_dur) each agent starts
neighbors) the resulting phase shift was calculatd@ broadcast a chirp (step 2) which may be detduyed
from PRCs obtained in playback experiments of 1f€ighbors in the active space of the signaler.

real males. Every agent in the model was randomly
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ifcl >0 thencl =cl -1

if (cl <= 0) then

=i * 1,
Tc =int [To + (To * random (SD of CP))] 6. o | i ol <= chirp_dur
then sound-propagation
If sum_level < thresh and In one '
max(sum_level) >= thresh and simulation Calculation of stimulus level at each

receiver in the active space

stimulus duration >= 5 steps
step...
then oscillator perturbation S. P 3.

| Stimulus level summation at the

- - - - 4. receiver

Calculation of oscillator phase shift, which

depends on max(sum_level) and Calculation of the maximum stimulus level

the phase of disturbance (¢). max(sum_level) in a maximum time window of

size chirp_dur.

Fig. 3
Logic queries executed by agents in each simulatiothe amount of simulation steps corresponding to the
step. delay of a signal traveling from one agent to aepth

Every agent executes 6 logic queries independentlyas calculated assuming a transmission velocity of
from each other in every simulation step. For d&taisound in air of 340 m/i&quation 5).

see method<l = remaining cycle lengtkchip_dur =

chirp duration,s level = stimulus level, sum_level = dist*

perceived stimulus levell, = average free-run cycle delay = rounc{(—j*lOOj (5)

length,Tc = current free-run cycle length 340

Since one simulation step corresponds to 10 ms, the
Signals overlapping in time will be summed up & thquotient in equation 5 was multiplied with 100 ahd
receiver (steps 3) and the maximum stimulus levgJroduct was rounded in order to obtain an integer
detected in a stimulus (steps 4) was used fimlue. Each agent services a list of delays and the
immediately calculate a perturbation of the ostwlla appropriate levels of detected signalsvel;) and

phase of the receiver at the end of a stimulup (S}e  considers these data for signal level summation as
At the end of a cycle a newc was calculated explained in the following.

according to equation 2.

Level addition of temporarily overlapping signals

results in an amplification of stimulus level

(aum_level) at the receiver. Therefore, signals
grelonging to different sources were summed up in
sequence according to equation 6.

2.5 Signal propagation
The active space in which agents may perceive
signal to be suprathreshold was calculated aft

equation 3.
s_level ~thresh L smood ol 6
10 » sum_level = 3 10* log,,( 10 +10 (6)
aspacezT (3) =

] 2.6 Signal perception
Thresh refers to the hearing threshold (48 _dB SPLAs soon as the accumulated signal lewah( level)
and sf refers to a scale factor allowing theat a receiver drops below the level of hearing
investigation of effects resulting from differemttér-  yreshold (48dB SPL) and the signal was contingousl
agent distances on the establishment of chorygtectable at least within the last 5 simulaticepst
synchrony. In a choruses simulated with the stahdafhe end of a stimulus was detected. A perturbation
parameter set (shown in table 1) almost all agenj§e current oscillator cycle was calculated if the
were found in the active space of each agent. maximum signal level in a stimulus exceeded hearing
The level of a signals(level) attenuates with distance threshold. This maximum was calculated in a time
because of spherical spreading and was calculatgghdow of a maximum size which corresponds to the
after equation 4. Access attenuation, which is kmowyyerage chirp duration. Temporal overlap of diffiere
from the signal transmission of high-frequency Sbunsignals may cause a severe prolongation of sigials
signals, was neglected because the frequency apectireceiver. For practical reasons, signals lastingéo
of M. elongata chirps is dominated by frequenciesihan 35 simulation steps caused a perturbatiomef t
below 7 kHz. oscillator cycle, even if the end of the stimuluasw
not reached yet. Different temporarily separated
level =s_level - [20* log,,(dist* sf)] (4) signals could perturb the cycle length several sime
within a single oscillator cycle. The maximum signa
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level perceived within the last stimulus was used tThe remaining oscillator cycle lengthcl) after

calculate the appropriate perturbation of the ttoit detection of a stimulus was calculated by subtngcti

cycle. the already passed phase before a stimulus occurred
(Tc - cl) from the length of the perturbed cycle

The phase of perturbation of the oscillator cyage) ( (€quation 11).
after detection of a suprathreshold stimulus was

calculated according to equation 7. cl =Pcycle—(Tc—dl) (11)
_(Tc-d @ 2.7 Spacing effects
To Although the mean inter-male distance fdd.

elongata in the field is unknown and may vary in

T, denotes the average free-run CP Bincefers to the 29dgregations —of different bushcricket species
cycle length of the current cycle. By multiplicatiof ~ Substantially (e.g. Thiele and Bailey 1980; Romed a

L ailey 1986), an inter-male distance of approxiryate
¢& by 360 the phase of perturbation in degrees can B€ "\ as frequently observed in male choruses of

obtained. _ ) _ _ another Mecopoda species [24], and in the
The resulting phase shift following an OSC'"atorsynchronizing bushcricket  Neoconocephalus

perturbation was calculated from individual PRCSnebrascensis[ZS].

which -~ were originally derived from playback g qing of males observed in nature was found to be
experiments of 11 different males performed atéhre, o o |ess clustered. In the model clustering was

different stimulus intensities. In order to caldala :
| achieved by a sort of random walk performed by each
phase shifts for a broader range than 50, 60 ard70 agent starting in the center of the simulated worlte

SPL interpolations and extrapolations of the résglt heading of 15 agents after their sequential cradtio
response phases were cglculateq for th_e Ieft. bran tlogo follows a systematic scheme. Each agent
exclusively. The phase shift following a stimulugfw o< towards a direction which is 24 degrees highe
a maximum stimulus level between 50 and 60 dB SP(lzompared to the agent which was created before.
(equat!on 98) as Wlt.a” asl petweer|1 6% and 70 dB SI?drgents kept walking by heading towards a randomly
(equation 9) were linearly interpolated. chosen direction in the range of 0 - 19 degrees
(calculated from the current heading) until thererav

o=@, + (max{int) -50)* (¢ — %o) ®) no other agents in a user defined radius correspgnd
0 10 to a user defined minimum inter-agent distance. A
quite realistic spacing of agents was achieved when
max(int)-60)* - agents covered a randomly chosen distance in each
P=q, +( axint)=60)* (g, = so) 9) walking step in the range of 0 — 3 patches. Distanc

10 between agents were converted in meters by

. multiplication of the distance (given in patchesjhw
Signals below 50 dB SPL and above 70 dB SPL WefRq gcae factorsf). After agents spaced themselves in

linearly extrapolated as a linear fL_mc_ti_on of stinsu the simulated world, agents did not move within a
level. Because of a simulated variability (see W¢lo ;1 1ation run.

of response phases, it was not necessary to itéepo

or extrapolate responses for various stimulus &fal 2.8 Modeling a precedence effect

the right branch of PRCs. Neurophysiological experiments revealed that the
representation of two equally loud signals sepdrate

In order to account for a naturally observed vdliigh time by some tens of milliseconds resulted in camly

of the resulting phase change following a stimulugyeak representation of the follower signal in tH¢SC

Gaussian noise (SD: 3.4 steps for the left bramzh aof M. elongata [15,26]. Such an effect is quite

SD: 1.8 steps for the right branch) was added ¢o ttfommon among vertebrates and invertebrates and was

response phasep)(obtained from PRCs. The size oftermed precedence effect [27]. Such an effect may

this response variability was drawn from deviatiohs have profound consequences on chorus establishment

response phases from the equations fitting the deaad female choice [15]. In order to appropriatéldy

displayed as PRCs. All agents in the model exhibitethis effect in the current model, a dynamic hearing
the same degree of response Variabi”ty_ threshold replaced the fixed hearing threshold &f 4
dB SPL. The dynamic hearing threshold was

oscillator perturbation was transformed into thegia ~ Perceived sound stimulus just 1 dB below its

10. was defined as 1/3 of the mean chirp duration (10

simulation steps). The dynamic threshold was
prevented from falling below a hearing threshold ®&f

— *
PCyCIe_mt(TO ¢') (10) dB SPL (see Fig. 4). As a result silent signald wil
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more likely remain subthreshold if they follow loud free-run cycle length adaptation, which was
ones. left unconsidered in the current model. In a
chorus exhibiting a natural distribution of

7 free-run cycle lengths (Fig. 2B) this effect
may be of minor importance and affects only

60 a small number of slowly chirping agents.
RN e The sound field around a chirping agent was
50 modeled to drop homogeneously over
distance. Agents did not face a certain
401 direction: as a result sound propagation and
sound perception did not suffer from the
current heading of agents. The simulation of
a homogenous sound field ignores obstacles

present in a habitat and a directional sound
output of senders.

N

30 1

20 1

Perceived sound level [dB SPL]

10 4

2.10Measurement parameters

0 Most simulations were performed at least 12 times
0 Time steps 85 without changing parameter setting in order to anto
Fig. 4 for the implemented parameter variability. The

standard chorus situation refers to simulation runs
Berformed with the parameter set listed in tablénl.
each run agents started at a random phase in their
oscillator cycle. The degree of synchronously dhgp
agents in a chorus was calculated on an individual’
basis by summing up the number of those agents in
Ltjge active space of a focal agent that signaled in
synchrony. The range of synchronous interactions in

Dynamic hearing threshold.

An example of the dynamic hearing threshold (dotte
line) in response to the perception of a neighlinimc
is shown.

Tab. 1 Standard simulation parameters in the chor

m;)del - the current study is defined from the end of a lfoca
arameter Value | Unit ; . ) .

: agent's chirp + the duration of the average chirp
Chorus size 15 N | ho| h | fth b f
Hearing threshold 28 4B SPL ength. In each cycle an average of the number o

— - synchronously signaling agents was calculated acros
Mean F:hll_’p |nte_nS|ty 86 dB SPL all agents. The amount of simulation steps before
SD chirp intensity : 3 dB chorus synchrony was established was divided by the
Mean free-run chirp period 200 | steps| average CP and represents the periods of
SD free-run period 4 steps asynchronous interactions. In the standard chorus
Mean chirp duration 30 steps model a synchronous chorus refers to a situation in
SD chirp duration 2 steps which on average more than 8 agents chirped in
SD left branch of the PRC 6 degrees synchrony in a focal agents’s active space.
SD right branch of the PRC 3.2 degrges In order to quantify chorus synchrony at each time
Minimum distance between6or9 | m step taking all agents into account a synchrorapati
agents index was calculated in every simulation step after
Agents start at a random phase in theyes Goel and Ermentrout 2002 [11].
cycle
Dynamic hearing threshold no All statistical calculations were performed with
Selective attention towards locaho Sigmastat 2.03 (SPSS Inc.). All data were evaluated
neighbors for normal distribution before applying non-

parametric tests.

2.9 Variables left unconsidered in the model

e All agents shared the same average chir. Results
duration and the same average maximu
chirp level. Both parameters were found t@.1 General behavior of the chorus model
differ considerably among males in aUsing the standard parameter set shown in table 1
population. synchrony among agents was established within only

« Free-run cycle length was left unchanged few signal oscillator cycles. Synchrony turnetitou
throughout the simulation. After entrainmentbe the only global stable oscillator coupling. A6
of slowly chirping males to a high repetitionminimum  inter-agent distance about 20%
rate (1.8 s) a gradual return to the free-ruasynchronous choruses were found and about 30% at
cycle length was found within about the nexan inter-agent distance of 9 m. Once synchrony was
10 cycles. This behavior suggests a dynamiestablished the highest chorus synchronizationxinde
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was found in the last phase of the joint chirp @etri close to each other were more likely to overlagrthe
(~0.6, calculated after Goel and Ermentrout 2002%ignals in time compared to more distant ones.

This index quickly dropped within the first part thie — A
joint CP as a consequence of individual differerioes

Z2.14 2200
the free-run cycle lengths of oscillators among gu L2150 T
simulated agents. £ 2100 8
Because an adaptation of free-run cycle lengtthéo t Es l —2050§
stimulus period was not possible in the model, &gen = s 2000
exhibiting a longer free-run cycle length perceived §4 L 10508,
stimuli in the final part of their oscillator cyclén £, 1500 §
contrast, agents exhibiting a shorter free-run eycl & o 1850
percelved Slower agentS |n the fIrSt part Of thelr 1 401 801 1201 1601 2001 2401 2801 3201 3601 4001 4401 4801
oscillator cycle. Since the response to a stiminlube Simulation steps (N)
first part did not affect cycle length much, slower o B c
agents will speed up their CP in a synchronizeduho 330;-«—~-\3°
and faster agents will prolongate their oscillatgcle. 300/ r\eo
This resulted in an average joint CP calculatedssr / ‘JA/ S:gilr"gs
all agents which was found to be slightly below the?™ %
mean free-run CP (200 steps) as soon as synchron o 120 "h:seb‘;ft.
was established. In the model synchrony was*" . S perlbeton
maintained on a chirp to chirp basis by propelling 21%*0/ 150 ; —

m

signal oscillators forward or backward in their leyc .
Once synchrony was established, 85% - 95% of tho§dd- S
agents in close proximity to each other signaled iR€velopment of chorus synchrony.
synchrony (¢ the average duration of the chirp)him After about 2600 simulation steps (13 cycles)
standard chorus situation (6 m minimum distanc@Ynchrony was established in the standard chorus
between agents) about 50% of all perceived stimJfodel. Then about 12 agents simultaneously
occurred between 30 degree before and 30 degre@ntributed to chorus synchrony (lower curve in A
after the end of a focal agent’s chirp (z 17 stepte exh|b|t|ng osc_ﬂlayons). The average joint chirgriod
average CP). The simulation of a small chorus (dnly (UPPer line) is increased as long as asynchronous
agents) resulted in 72% of all stimuli falling with INteractions are going on. .
this phase range. In a synchronized standard chof@sShows a result obtained form a different standard
2.5 times more stimuli fell within the first phaséthe ~chorus (spacing is shown in C) in which agents
oscillator cycle compared to the final phase. Taia Signaled in synchrony (minimum inter-agent distance
consequence of the global stable oscillator cogpli® M)- The phases of perceived stimuli are showa in
(imperfect synchrony) in which most agents peragivePolar plot (inner circle), O degree refers to that
stimuli in the first phase of their cycle where thePScillator phase representing the end of a chirp.
perturbed cycle length was not affected much. F.urther, the end of ph|rps were pIotFed in theeout
circle as the phase difference in relation to tgent

Interestingly, stimuli perceived in the final phase €xhibiting the fastest free-run period (187 stefisle
the oscillator cycle resulted in a shortening of thdata shown in B were obtained from 4 consecutive
chirp (Fig. 1C, grey line). Therefore, the chirpChirp interactions.

duration in the standard chorus model was fourtokto

on average 22.6 + 6.4 steps, which is significantlg 5 |nfluence of the PRCs on chorus synchrony
lower compared to the chirp duration of solo clipi |n order to investigate the influence of intrinsic
agents in the model (31 + 2.0 steps). This cormdpo properties of individual PRCs on chorusing,
to a mean chirp shortening of 74 ms. This unexpectgjmuylations of homogeneous choruses were performed
result is a direct consequence of the propertyhef tin which all agents were assigned to the same PRC
implemented PRCs. A stimulus perceived in thelfingone of the 11 PRCs listed in the appendix) and
phase of the oscillator cycle results in a shongmif  spacing was maintained constant throughout all
the cycle because there the remaining oscillatotecy simulation runs (9 m minimum inter-agent distance).
may already be shorter compared to the solo chitRmong all PRCs two types clustered out: The first
duration. type always resulted in the establishment of awhor
in which all members signaled in synchrony, the
Among synchronously chirping agents intrinsicallysecond type resulted in two alternating choruses. |
faster ones often initiated chirping first and pmg  the |atter, two subpopulations of synchronously
activity spread out across all agents quickly (Fp. signaling agents were found at the same time. Each
Chorus synchrony could be temporarily lost duehtd t agent belonged to either of two alternating chasuse

noise added to the oscillator cycle length. Syneyiro \which were about 220° out of phase (interval betwee
across agents was therefore not perfect, but agefimt chirps ~1.3s) .

ISBN 978-3-901608-32-2 8 Copyright © 2007 EUROSIM / SLOSIM



Proc. EUROSIM 2007 (B. Zupancic, R. Karba, S. Blazic) 9-13 Sept. 2007, Ljubljana, Slovenia

Leaders

A 4

Fellowers A

Oscillaotr phase [steps]
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185 190 195 200 205 210 215 T s s 4 s e 7 s e o a
Free-run cycle length [steps] PRC #
Fig. 6 Fig. 7
Faster signaling agents are more likely leaders. Homogeneous choruses.

In a synchronous chorus (standard parameter séfje results of simulations of homogenous choruses
minimum inter-agent distance: 6 m) the free-rund@P (spacing is shown in A) in which all participantene
agents correlated with the oscillator phase (A) angissigned to the same PRC are shown in B. Chorus
with At (B). The free run cycle length of an agent thagynchrony was established within 3 — 6 cycles (blac
just terminated his chirp was plotted against thears) with the exception of PRC #5 and #9. These
oscillator phase of all other agents present irattive  PRCs tend to form choruses in which participants
space (A). In this plot the remaining oscillatorapa belonged to either of two alternating choruses. éOnc
of neighbors is given as a positive number and ttgynchrony was established 9 to 12 agents signaled i
beginning oscillator phase as a negative numb&ynchrony (open bars).

(simulation steps). The time difference between the

relative ends of all chirpsAf) displayed in four chirp period after each run. Only spacing of agents
successive synchronous interactions was plottétsS maintained constant in all simulation runs.aAt
against free-run cycle length in B. Relative timdnter-agent distance in the range of 3 to 9 m syoroh

differences 4its) were normalized to the first signalerWas established after only a few oscillator cy¢fag.
in the chorus. 8) and asynchronous choruses were rarely found. In

simulations performed with a larger inter-agent
Synchrony in such alternating choruses is nevélesta distance (> 9 m) the establishment of synchrony was
and the average joint chirp period is much longant delayed. At a distance of 15 m only 50% of all
the average free-run cycle lengths of individuapimulation runs resulted in the establishment of a
agents. Interestingly, agents belonging to eitfiewo ~ Synchronous chorus. Further, the number of agents
subpopulations are not necessarily spatially closer Signaling in- synchrony significantly dropped at a
each other. This kind of interacting choruses reenb Minimum inter-agent distance of more than 12 m.
frequently observed in high population density edlr
insects (personal observqtions). In _the chorus moq§_4 Influence of spacing on chorus synchrony
PRC #5 and #9 resulted in alternating choruses. (Figy simulation runs in which the spatial arrangement
_7). This result corrobora_ltes simulation resultsaoietd 15 agents (spacing) changed between each run|lbut a
in a male duet both assigned to PRC #5 [5]. TREP agents were assigned identical PRCs (#3) 80%
is characterized by a late transition phase anérg v synchronous choruses were found at a distancemf 6

steep left branch. and 70% synchronous choruses at a distance of 9 m.
3.3 Influence of inter-agent distance on chorus Inall simulation runs on average ~9 agents
behavior contributed to chorus synchronization in each cycle

The influence of inter-agent distance (chorus dgpsi Since a different spacing goes ahead with altered
was investigated in simulations in which agentseNerSt'mums levels at receivers, this manipulation was

assigned to a different PRC and a different free-rsufficient to affect the outcome of oscillator cting
(either synchronous or asynchronous). This resak w
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reproduced in simulations in which not only thefound in simulation runs performed without stimulus
spatial arrangement changed after each simulation rsummation compared to simulations considering
but also agents were assigned to a different rahdonstimulus level summation (2.2 + 0.63 periods with
chosen PRC. stimulus summation; 4.7 + 3.4 periods without
stimulus summation; p < 0.05, Mann Whitney test, n
15 runs). Further, the average amount of
A synchronously chorusing agents was slightly but
significantly higher in simulation runs considering
stimulus summation compared to control (11.1 = 1.0
agents with summation; 9.8 + 1.0 without summation;
p < 0.05, Mann Whitney test, n = 15 runs). These
results were obtained in simulations in which the
spacing, PRCs and free-run cycle lengths of agents
was maintained between individual simulation runs.

3.6 Chirp duration

12 1 B Syllable intensity steadily increases in a chirpelo
10 geometrical spreading a distant receiver will pmee
o only the most intense syllables at the end of gochi

therefore investigated 3 different chirp duratid¢Bs,
27 and 31 steps) for their influence on the
1 ﬁ establishment of synchrony in a chorus of high agen

Periods to synchrony [N]
and synchronous agents [N]

density (minimum inter-agent distance: 4 m; spacing
of agents was maintained between different rung. (Fi

3 e ° s 18 9A). A significantly higher amount of cycles was
Minimum nearest neighbour distance [m] necessary to establish synchrony in simulationh it
Fig. 8 mean chirp duration of 250 ms compared to 310 ms

Influence on agent density on chorus synchrony.  (open bars in fig. 9B). Additionally, a significant
The minimum distance between members in a chortigher number of synchronously chirping agents was
was constantly increased. The chorus consisteds of fiound in simulations with longer chirps (filled Isain
participants and agent spacing was held constant (/('g- 9B).
With increasing inter-agent distance it took a kng
simulation period before synchrony was established A
(filled bars in B). Further, the average amount of
synchronously chirping agents present in the active
space of a focal agent dropped with increasing-inte
agent distance (open bars in B).

The influence of free-run cycle length on the
establishment of chorus synchrony was investigated
by assigning a new free-run cycle length to eadntg

after synchrony was established. 10 cycles after re 0 112m
assigning free-run cycle lengths a similar numbler o —
synchronously chirping agents (10.5 + 2.7) was tbun 16

144 [ x ] B

compared to the situation before (10.5 + 2.0 agent
This demonstrates that reassigning a new free-ru

*

cycle length alone was insufficient to change globa 04 I ‘
oscillator coupling in the chorusing model (minimum |
inter-agent distance: 9 m). In this simulation $pgc N
of agents in the chorus and their PRCs wer
maintained between individual simulation runs. : “ ﬁ

N

0 T T

250

3.5 The effect of stimulus summation 210 ato

Since the stimulus level at the receiver increagesn Mean chirp duration [ms]

several surrounding agents overlap their signals #ig. 9

time, simulation runs were carried out in whichsthi The effect of chirp duration.

additive affect was either simulated (default ire thIn simulation runs performed at a high chorus dgnsi
standard chorus model) or turned off. A significan{minimum inter-agent distance: 4 m, spacing shawn i
longer delay before synchrony was established wag three different mean chirp durations were

hrony [N]
and synchronous agents [N]

Pel’lOJg to sync
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simulated and their influence on chorus synchronghorus originally consisting of 15 agents. 10 cgcle
was studied. The amount of oscillator periods whiclater (7000 steps) a significantly lower number of
were necessary before synchrony was establishegnchronously chirping agents were found. Noteé tha
(open bars) and the average amount of synchronouslgw agents started at a random phase in theirlsigna
chirping agents (filled bars) are shown in B. Barsscillator cycle.

represent the average of 12 simulation runs. *0p0%

3.8 Precedence effect

In simulations with a lower agent density (minimumN . . : . .
; ; ) ; P europhysiological results in which the perceptidn
inter-agent distance: 9 m) it took significantlynéeer jmperfgc%l syncghronized signals M. elongata vsere

before synchrony was established for an average chi

duration of 270 ms compared to 310 ms (270 ms: 4|§vestigated revealed that acoustic signals willdss

+ 2.7 periods; 310 ms: 2.7 + 1.3 periods; p < 0_Oé/vell represented in the sensory system if they

Mann Whiney test, n = 12). In a synchronous chonlg 2R Ry e RO SRR 8 T R
no significant difference was found in the amouht oP

synchronously chirping agents between simulatioﬁ.y dynamically shifting the hearing threshold todar

runs performed at different chirp durations (270 ms 'ghef Ievels_ (see methods) accordmg to .the ctigren
perceived stimulus level at the receiver (Fig. 4).

Contrary to the expectation, a simulated precedence
ef%ect did not influence the amount of time necgssa

. Lo : : until synchrony was established (about 2.1 + 1.5
perturbation occurring in the final oscillator pbathe o
average chirp duration in a synchronous chorus %/cles). Further,_ it did 'not'affect'the mean ”“'Wef
much lower (22.6 * 6.4 steps) compared to the chir ents.overlappmg.thelr signals |n. a qhorus (viittzo .
duration of solo signaling agents (31 steps). Thi ynamic threshold: 10.4 + 0.4; with a dynamic

effect might have reduced the influence of différen reshold: 9.9 + 0.5 agents). Th|§ result Wa.s'fully
solo chirp durations in the model. reproduced at a lower chorus density of 9 m minimum

inter-agent distance.

9.78 + 1.3 agents; 310 ms: 9.9 £ 1.4 agents; 05,0.
Mann Whitney test, n = 12).
Because of a phase advance in response to

L . 3.9 Selective attention to three nearest neighbors
3.7 Agents joining or leaving a synchronous From neurophysiological as well as behavioral gsdi

chorus it is known, that receivers pay attention to tharest
Adding either 2 or 3 agents to a synchronous standa ' pay

chorus originally consisting of 15 agents signifitp heighbors to a greater extent compared to morardist

reduced the number of agents generating synchmbnizr%g:l.s e[jt’zs]hc:?nthgll gw;earl]st emggetl trgzlie (égru;gt be
chirps within the following 10 cycles (p < 0.001 2 y 1gnoring '9 Xcep

Mann Whitney U test, n = 24) (Fig. 10). This indes ne|ghbors. The numbe'r of synchronously Ch|rp|ng
a rearrangement of mutual coupling after manipaoitati agents in a chorus quickly dropped after selective
attention to the nearest three agents (arrow ad@)20

of the chorus structure by introducing new agenr_? . .

. . his effect was reversible because overall synghron
whose signal oscillators started at a random phase, . . oo

was re-established quickly after switching off the

The observed effect corresponds to a 23% loss Selective response to only three nearest neighbors
synchronously signaling agents 10 cycles after awo arrow at 16800) Throu r):out this mani uIatiogn of
three new agents joint the chorus. A 18% degree IOg:'eceiver attention' s nchrgon within Iocalp neighdor
of synchronization was found after killing a randgm » SY y 9

chosen pair of sgents v the standard crorus (o Y2 14 e consant (above e in o 1) e
minimum inter-agent distance). After killing three y 9 gsp 9

agents a loss of 20% was observed (30 simulatins ruchorus.

each). Interestingly, the phase difference of song odoit&
= u between agents in a synchronous chorus was found to
o 12 be the same as in simulations in which agents
S 0l T ( interacted with only three nearest neighbors (compa
g 4] J l lower left plot with lower right plot in Fig. 11)in
8 o T T simulations in which agents selectively attend dyo
g | L I two nearest neighbors it happened quite frequently,
% N that local synchronization dropped below 70%. In
S 2] “selective attention choruses” a significant catien
@ o of the solo CP of agents with the oscillator phasies

oo 7000 local neighbors was restricted to periods in which
Simulation steps R
local synchronization was above 85%.
Fig. 10

Increasing the size of a chorus.
After 5000 simulation steps two (open bars) or éhre
(filled bars) new agents joint an already synchrmno
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was found Pteroptyx malaccae: [29]; electric organ in

16 e 100 fish: [30]. In contrast to the snhowy tree cricket
%l“* hw HW‘” (Oecanthus fultoni) [71, Neoconocephalus
glz’ o F nebrascensis [4] and Pteroptyx cribellata [31] a
] e perturbation always affects the perturbed cyclé/in
g | §§ elongata song oscillators without interfering with the
% 4 72 subsequent one [5]. Males of the spedétesophylla
2] camellifolia show a similar PRC as it was foundvh
o o a f - T o 0 falongata} but due to a hlgh_tran5|t|on.phase male-male
Simuléffn time [steps interactions usually result in alternating duet®][3
9 40 Alternation in the standard chorus model was pdessib
£_ but appeared to be less stable compared to synchron
58 0ot o geee The occurrence of alternating or asynchronous
.‘=§i interactions depended on oscillator properties, the
3 20 spacing and chorus density (inter-agent distarice).

185 Free-tuncycle 225 185 Free-run cycle 205  alternating choruses the joint chirp period wasntbu

length [steps] length [steps] to be longer compared to a synchronized chorus.
Fig. 11 Males interacting in alternation therefore exhihit
Selective attention to only three local neighbors. longer CP which will reduce the amount of energy

After synchrony was established in the standargPend onsignaling. _

chorus model, selective attention to only thre&rom the phase in which signals are perceived males
neighbors was turned on (small arrow at 12000 ytepd? @ chorus gain information whether they are
This resulted in a rapid decay of synchronousljiteracting in synchrony or alternation. The latter
chirping agents (lower line) without affecting thethe case if signals are perceived about 200° in the
average synchrony among local agents much (abo@gcillator cycle. Females may perceive two alténgat
line). After turning off this kind of selective afition ~Cchoruses as one fast chorus with a joint chirpogeof
(small arrow at 16000 steps) chorus synchrony was ronly ~ 1.3 s. If females prefer a joint CP thasirsilar
established quite fast. In a synchronous chorus t@ the solo CPs of individual males (~2 s), sexual
significant correlation was found between the free- selection will force males to synchronize theirrphi
cycle lengths of agents and the phase differente wiwith that of competitors (similar tﬁ)epanthus fultoni

all other agents present in the active space afgemt [33])- M. elongata females selecting between to
(lower left plot). See figure legend 8 for further@ltérnating chirps presented at a period of 1 sewer
details. A similar correlation was found when agentfound to spent 2-3 times more time in a phonotactic
interacted with only 3 nearest neighbors in &PProach compared to situations in which males

synchronous chorus (lower right plot). imperfectly synchronized their chirps in a duet (ZP
S) [15]. The reason for this finding may not berfdu

in the disruption of a species specific chirp rimythut

will be more likely the result of an equal neuronal
representation of the same signal presented in an
alternating fashion. This may delay a decision for
4.1 Global stability of chorus synchrony either signal [26].

Interestingly, simulations performed with the startt

parameter set (table 1) most likely resulted ifcdb@ Agents joining or leaving a synchronous chorus
stable oscillator coupling in which about 11 agentstrongly affected chorus synchrony which persisted
signaled in synchrony. Once synchrony wa$or at least 10 cycles (Fig. 10). Obviously chongsi
established, most chorus participants perceived timeeded to be re-established after this manipulgation
end of signals in the first phase of their osailfat This unexpected result suggests that males joiaing
cycles. There the shape of the PRC (for examptg: Fisynchronous chorus do better in already synchnogizi
2A) is shallow and cycle length will therefore ofidlg  their oscillator cycle before generating theirtfichirp.
affected by noise added to the perturbed cycletteng This let me investigate the initiation of male serig
Synchrony was found to be maintained on a beat tesponse to a conspecific stimulus which was ajread
beat basis in which slower agents perceive sigmals on for at least a few periods. To my surprise, a
the final phase of their cycle and respond with aynchronous initiation of songs was found in all
shortening of their cycle. Faster chirping agentmvestigated playback experiments (a total of 1lema
perceive signals in the first phase of their oatilt were investigated in at least two playback expenise
cycle, which does not affect cycle length much.sThiper male). Interestingly, males synchronized friw t
mechanism leading to synchrony M. elongata is beginning of their songs to every second chirhé t
different from other biological oscillators in whi@n stimulus period was about 1.3 sec. This result esigg
adaptation of the free-run CP to a periodical shirsu that the way how males were introduced in the ciirre

4 Discussion
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model (starting at a random phase in their cyclay wA M. elongata male was entrained to a stimulus
unrealistic and a loss of synchrony due to malesxhibiting a gradually increasing stimulus raterégh
joining a real synchronous chorus need not bdifferent episodes of this experiment are showre Th
expected. male exhibited a free-run cycle length of 2.0 s and
Agents killed in the model chorus were found tesynchronized to every™stimulus chirp at higher
disturb synchrony as well. In playback experimentstimulus rates. According to the PRC, signals
with real males a fade out of chirp intensity withi perceived early or in the middle of the oscillatycle
about 5 cycles was observed. Despite of this matmused a prolongation of the cycle length. Whereas
behavior a re-establishment of chorus synchronyl nesignals perceived in the final oscillator perioabgled

to be expected after individual males stop siggalin ~ with * in C) resulted in a shortening of the osamidir
cycle. The longest perturbed cycle length (2.28a3
found in response to a single chirp stimulus (MeT

4.2 Multi-stimulus response . ; R
. . .. playback of two succeeding signals falling into a
In the chorusing model a perturbation of the ostl single oscillator cycle resulted in a strong

cycle length was calculated after the end of ever : i n
suprathreshold stimulus. This may resulted in asphaﬁfrolongatlon of the perturbed cycle (2.43 s in &l an

i . 2.36 s in the first cycle in C). If the second stlos
d_elay and phase advance both occurring within fAlls into the final phase of the oscillator cyce

. ) ) Sollower chirp was immediately produced (* in C).
have opposing effects without changing the pertlijrbeSignals of Ic?w amplitude in tr){eposcillografn of trze

cycle .Iength much._The guestion arises whetherishis male’s trace represent stimulus artifacts.
a realistic assumption of the model.
A single stimulus alone was not able to result in a
similar extended phase shift as it was found aftet.3 Chirp plasticity
presenting two signals in a single cycle (compage F The model resulted in a shortening of chirps if a
12A with 12B). Therefore, both conspecific signalstimulus was perceived shortly before the end of an
falling within a single oscillator cycle contribatén agent's cycle (Fig. 1C, grey line). Interestingly a
an additive manner to the perturbation of thaimilar result was found in real males synchrorjzim
oscillator. A second stimulus could cancel out aggh a periodic stimulus which was played back every 2 s
delay, which has to be expected in response toAamaximum chirp shortening of 90.0 + 20.5 ms was
stimulus that occurred earlier in the cycle. Thiagsw found in these experiments, if individuals initicite
the case in the second cycle shown in Fig. 12CréThetheir chirps as followers. In contrast, the chirp
the resulting cycle length was similar to the frem- duration of leader chirps was unaffected by a fedo
cycle length. The immediate calculation of thestimulus. This interesting behavior will be further
resulting phase shift after each stimulus therefolievestigated in playback experiments.
constitutes a realistic assumption in the curreotleh The degree of chirp shortening observed in differen
and was approved in playback experiments in whicsimulations in which the average chirp duration of
males were entrained to a steadily increasinggents was varied was always found to be simifar. |
stimulation rate. playback experiments with real males chirp shongni
was more pronounced when males displayed long
lasting solo chirps. This prevents males from rigjli
1.44s A below a minimum chirp duration of ~200 ms. A
' shortening of follower chirps and especially the
generation of louder syllables earlier in time nimey
interpreted as an attempt of the follower to mdsk t
leader chirp. This could represent a countermeasfure
’”m B followers and may explain why followers continue

producing chirps despite their unattractive role.

found to depend on the average chirp duration of

C agents (Fig. 9B). However, chirp duration in the

model was not as critical as it might be in real
* choruses. In the model, a stimulus was detectdukif
2.36s 1.96s stimulus duration exceeded a certain time perio8 (

steps) and the maximum stimulus level became

suprathreshold. However, real males entrained to a

+ 2'43Sm ,’* The degree of synchrony in the model chorus was

Male Stimulus|Male Stimulus| Male Stimulus
o
[o0]
N
=
()]
N

0 Time [s] 5 stimulus of increasing signal rate showed a deerkas
Fig. 12 ability to synchronize to a short signal in compari
Multi-stimulus response of the song oscillatorhsf ~ t0 @ signal of normal length (personal observajiolts
elongata. seems that a certain signal energy (stimulus duréti

level) is responsible for the observed phase shift
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shown in PRCs. This corroborates to what was fourghme subset of neighbors as females pay attemtion t
in grasshoppers [34]. Neglecting the stimulus donat There is no reason to belief that selective atenti
in the current model may therefore oversimplifynsiy mechanisms differ between males and females in a
perception in a real receiver. species. Such differences would have been discdvere
in neurophysiological experiments [15,21].
Selective attention mechanisms reduce the number of
simultaneously perceived signals at the receiver an
may therefore prevent a confusion of different
eFemporarily overlapping signals in the receiver. tOa
Sther hand paying attention to the timing of signal
enables males to exploit a receiver bias originally
edicated to the improvement of directional hearing
?originally unrelated to sexual selection) [26]. the
s‘i‘/nchronous chorus model the ultimate leader vell b
that male which exhibits the fastest free-run CEhin
chorus. In the “selective attention model” the kxad

4.4 Distance and spacing effects

The distance between agents had a strong effettieon
degree of chorus synchrony (Fig. 7) whereby th
likelihood of establishing asynchronous chorus
increased dramatically if a critical average irdagent
distance of about 12 m was exceeded. This is
consequence of a shallower slope of the left bran
and a higher transition phase of PRCs found at
stimulus level of 50 dB SPL. This favors alternatat
higher inter-male distances of more than 5 mvin

elongata [6]. will be one of local males signaling in synchrohy.

In some bushcricket specieg males. space f[hemselx(ﬁé latter model females will not have to walk ado
such that a focal male perceives neighbor sigrtats distance in order to reach the local leader buniag

IeveI_ Of_ about 65 dB SPL (gn llndlaM(.acopoda_l there another male among neighbors might thendoe th
species: personal communication with Vlvelﬁ

X . . N eader. It depends on the choosiness of the female
Nl'gygngnda)Mygalopss marki [35] ~and Tettigonia which distance she is willing to walk in a male
viridissima [21]. Using standard chorus parameters

. . ) aggregation in order to finally arrive at an attiae
this sound level corresponds to an inter-agenadés :
of ~6 m in the chorus model At this distanc male. If she is very choosy she may probably locate

: : . She ultimate leader (male with the shortest frae-ru
sjncony i esiblshed e fes 1 e Saebyce engih i an aggretion) bt he pat 1 tha
synchronously displayed their signals . ale ywll be much longer in comparison to a sitoai

' in which the female heads towards the ultimatedead

from the beginning of her phonotactic walk.

4.5 Leader — follower roles in a chorus Neurophysiological and choice experiments revealed
Re-assigning a naturally found distribution of fre@ that a time-intensity trade-off exists that enabdes
cycle lengths to members of a synchronous chomis diollower signal presented at a higher intensity to
not affect chorus synchrony much. 10 cycles aftdvalance out the preference of the leader [15,36F€S
such a manipulation a similar number of agenta male does not know the position of females in a
synchronized their chirps. However, free-run cyclehorus it may payoff for a follower to continue
length nicely correlates with the ability to ovdwahe producing follower signals especially if he is @oso
leader role in a synchronous chorus (Fig. 8). Ailaim a female than the leader. In future studies it wél
correlation was obtained in real male duets [5jnvestigated whether chirp plasticity, as it wasrfo
Interestingly, such a correlation was absent iin the current model, suppresses the representafion
asynchronous interactions.  Therefore, chorua leader signal in a receiver. This could be tlasaa
synchrony was found to be a prerequisite for thehy followers continue to signal at all.
establishment of the leader role of faster chirping

agents. This result is of high significance in th%G p d ffect i h del
context of female choice in this synchronizing seec recedence effect in a chorus mode .
Tfhe simulation of a dynamical shift of the hearing

Because this result emphasizes the possibility Yreshold according to the perceived stimulus did

females to pick out those males exhibiting a faster . : '

. ' heither change the speed with which synchrony was
free-run CP by selection of the leader in an : I
. ; established, nor did it change the degree of
imperfectly synchronized chorus. In an asynchronoys

o0 . : synchronization among agents. This suggests that
%tﬂfgﬁgng interaction of competitors such Wbu'suppression of a weak follower signal does not

Males and females of the svnchronizin bushcrick(ianﬂuence the establishment of synchronization M.a
y 9 F{ongata chorus. Nevertheless, such an effect was

N. spiza only pay attention to one or two neares : ; . . ;
. . ound in acoustic neurons of different insect speci
neighbors in a chorus [21,28]. The result of theent after presentation of loud and long lasting signals

bushericker females. o attend orly 1o & subset Jf/ 2L} Such @ stimulus was accompanied by a
y perpolarization of the membrane potential of

males, and choosing the leader among them, woul A .
. ; —gcoustic neurons and results in a threshold sBéf. [
also be a successful strategy in a chorus in whic, o

. nother neuronal mechanism is known to suppress a
agents attend to only two or three nearest nelgshbq;

(Fig. 11, lower right plot). This assumption hotd ollow_er signal and was fount to be respon3|_b_letlfr_ar
X Lo . selection of the leader among two conspecific dgyna
as long as males synchronize their signals with the . L .
presented with a certain time delay from opposite
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sides [15, 13]. Here a reciprocal inhibition of astic
neuron was found to suppress the representatitreof
follower signal [26,15]. The latter mechanism may
even have a more pronounced effect regarding the
selective attention to a leader signal. Since this
mechanism was not implemented in the current model]6]
it can not be excluded that such a mechanism affect
the establishment chorus synchronyMnelongata in
some way.

[7]
4.7 Stimulus summation
In the standard chorusing model the summation of
concurrent signals at a focal agent only had a imarg
effect on overall chorus synchrony. This is in cast
to the rhythm-preservation hypothesis [33], which
suggests chorusing to be a cooperative behavior
preserving a species specific rhythm. For a female
approaching a male chorus stimulus summation ma)lg]
be of importance since the active space of males
synchronizing their signals is larger comparedhiat t
of a single male. This results in a “beacon effect[10]
(named after firefly researchers e.g. [31]) whicaym
attract more females, but the ratio of attracteddies
per male in a chorus may be even worse comparad td11]
single male [39].

[8]

In summary, the results obtained from simulatiohs o
the chorus model of1. elongata resulted in a better [12]
understanding of those mechanisms responsible for
the establishment of synchrony. Particularly the
establishment of synchrony was found to form the
basis of female choice in this species. Further,
simulation results inspire the investigation oftasr  [13]
oscillator as well as signal properties Mf elongata

males in future. Additionally choice experimentdlwi

be performed in a chorus situation with the aim of

proving the relevance for mate choice of the
inferences drawn from the current study. [14]
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6 Appendix

The following equations were used to model th
change in cycle length after perception of a stirmut

a certain phase (x

phase of perturbation, y
normalized response phase). Polynomials fit thea dg
of PRCs belonging to 11 different males. Equation
are grouped in three different stimulus intensities

Each row holds the equations fitting both branabfes

a PRC belonging to a diffe

rent male.
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