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Synchronous, Alternating, and Phase-Locked 
Stridulation by a Tropical Katydid 

In the field the chirps of neighboring Mecopoda sp. (Orthoptera, Tettigoniidae, and 
Mecopodinae) males are normally synchronized, but between more distant individuals 
the chirps are either synchronous or regularly alternating. The phase response to 
single-stimulus chirps depends on both the phase and the intensity of the stimulus. 
Iteration of the Poincark map of the phase response predicts a variety of phase-locked 
synchronization regimes, including period-doubling bifurcations, in close agreement 
with experimental observations. The versatile acoustic behavior of Mecopoda encom-
passes most of the phenomena found in other synchronizing insects and thus provides 
a general model of insect synchronization behavior. 

INSECTS OF SEVERAL ORDERS PRODUCE 

rhythmic signals that are synchronous 
or regularly alternating with those of 

conspecific individuals. Notable examples 
are the songs of the cricket Oecanthus (I), the 
katydids Pterophylla (2), Pholidoptera (3), and 
Ephippiger (4), and the cicada Magicicada (5) ,  
as well as the flashing of the tropical fireflies 
Ptevoptyx (6, 7). These phenomena have 
been explained in terms of inhibition-excita- 
tion (3) ,  two proepisodic mechanisms (in 
which the stimulus precedes the chirp) (I) ,  
anticipatory versus paced synchronization 
(6 ) ,  and the resetting of an internal pace- 
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maker (7). I report an analysis of the song of 
Mecopoda species S ( 8 ) :its acoustic behavior 
is analyzed in terms of the phase-response 
curve (PRC) and explored by iteration of 
the Poincart map (9) and by numerical 
simulation of the interaction of two individ- 
uals. 

The song of Mecopoda S consists of chirps 
(10) emitted every 1.5 to 3 s (Fig. 1,A and 
B): the chirp rate (CR) is temperature- 
dependent (Fig. 1C) in a manner consistent 
with that of other tettigoniids (1 1). In free 
run (without external stimulus), the period 
between the onset of successive chirps-varies 
about the mean with a standard deviation in 
the range 35 to 45 ms (Fig. 1E) (12). The 
average CR in free run drifts with time (Fig. 

1F). After entrainment to short-period stim- 
uli, recovery to the free-run CR is slower 
than recovery time from long-period en-
trainment; to compensate for these effects, I 
used an empirical model to predict the 
"adapted" unconstrained period in simula- 
tion work (Fig. ID).  In the field, groups of 
males synchronize their chirps. Pairs sepa- 
rated by more than 3 to 4 m sometimes 
alternate chirps instead, each with a longer 
period than when synchronizing. 

I generated artificial signals used for en- 
trainment by computer-controlled playback 
of a digitized genuine chirp at controllable 
rate and intensity. Both stimulus and re- 
sponse chirps were recorded on separate 
tape channels; I then scanned the tape at 
960 samples per second per channel to 
detect and record the onset of each chirp 
(13). Playback of a single isolated pulse from 
the stimulus chirp elicited normal response, 
with a minimum latency of 75 * 9 ms; this 
length of time is much shorter than the 
duration of a complete chirp, justifying the 
use of stimulus onset as the analytical vari- 
able. 

I obtained PRCs for 15 individuals, 

I I 
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[r . . 
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Fig. 1 .  (A) Mecopoda species S: A 12.6-s oscillo- 
gram of a series of chirps. (6 )A 227-ms oscdlo- 
gram of a typical single chirp. (C) Temperature 
dependence of CR (pooled data for three indvid- 
uals and linear least-squares fit). (D) Empirical 
model of period adaptation function, prelcted 
versus observed free period (normalized to To) 
after various entrainment episodes. (E) A 2005 
free run showing cycle-to-cycle variation in chirp 
period. (F) A 240-s free run showing long-term 
drift in chirp period. (G) Atypical type I PRC 
(different indvidual from that shown in Fig. 2).  
(H) Mecopoda species N :  PRC at 0 dB and 2.9 m. 
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whenever possible at more than one stimu- 
lus intensity (14). The procedure that gave 
the most reproducible results involves sin- 
gle-chirp, random-phase perturbation of the 
free-run song every 8 to 12  natural chirps: 
under these conditions there is no interfer- 
ence from adaptation effects. 

The intrinsic period Towas taken as the 
mean of the last three prior unperturbed 
periods, thus compensating for any long- 
term drift in the CR. Defining the onset of 
the last undisturbed chirp as t(O), of the 
stimulus as t(s), and of the next chirp as t(p), 
the phase 4J is 

and the normalized perturbed period is 

A plot of T versus 4J yields the PRCs shown 
in Figs. 1G and 2, A and D (14). The PRC 
has two branches, with a slope near unity at 
high stimulus intensities and a slope that 
approaches the horizontal as stimulus inten- 
sity goes to zero. Normally the PRC is of 
type 0 (Fig. 2A) with a clear discontinuity at 
phase 4Jd near 0.65 to 0.75, where the 
branches typically overlap slightly along the 
phase dimension. Most specimens retain a 
type 0 PRC down to very low stimulus 

intensities; rare individuals do make the 
transition to type I PRC as stimulus intensi- 
ty is reduced,. k d  one showed type I PRC 
under all conditions (Fig. 1G). 

I carried out synchronization runs at vary- 
ing stimulus periods from 500 ms to 6 s. 
During a run, I varied the entraining period 
periodically up or down without interrup- 
tion in steps of 25 or 50 ms, thus minimiz- 
ing phase shifts and unpredictable adapta- 
tion effects (abrupt CR changes frequently 
cause the insect to stop singing altogether). 
Analysis of the runs indicates that the insect 
is capable of stable phase-locked response in 
the range from 5 :1 (one beat for every five 
stimulus beats) to at least 1 :  2 (two chirps 
for every stimulus) (Figs. 2, B and E, and 
3A). Near the extremes of the 1:1 range, 
transient phase-locks of the type n: (n + 1) 
and n: (n  - 1) occur, where n can be quite 
large (>15). The range of stimulus rates for 
each phase-locked regime is wider at high 
stimulus intensity. Hysteresis effects are im- 
portant (15): both the range and the stabil- 
ity of each mode are affected by whether the 
range is approached from a higher or a 
lower stimulus CR. 

Iteration of the Poincart map (9) for ~, 

different values of the normalized stimulus 
period produced the rate-phase plots of Fig. 
2, C and F, showing the locus of phase in 
successive response intervals as a function of 
normalized stimulus period. Analysis of 
these plots and numerical simulation reveal 
the existence of discrete ~hase-locked re- 
gions corresponding to different stimulus 
rate ranges: these are plotted in Fig. 2, B 
and E. The predicted position and width of 
phase-locked regimes are in reasonably good 
agreement with observation. Some iterated 
maps show the presence of period-doubling 
bifurcations at the extremes of the 1:1range" 
(14,  and a few unmistakable instances of 
period-doubling are observed experimental- 
ly (Fig. 3B). 

I recorded duets of synchronization and 
alternation between eight pairs of individ- 
uals and analyzed them using the same 

Fig. 2. Periodic stimulation at 0 dB and a distance 
of 2.9 m. (A) Phase response curve: original data 
and analytical representation. (B) Plot of Cantor 
function showing phase-locked modes in entrain- 
ment to artificial stimuli. Heavy lines and filled 
circles, observed stable phase-locked ranges; open 
circles, observed short-lived unstable phase locks; 
fine lines, ranges predicted by iteration of the 
Poincart map: the dotted segments mark unstable 
or transient regions. (C)Rate-phase plot obtained 
by iteration of the Poincart map (50 iterations at 
each stimulus rate); note relatively few but well- 
defined phase-locked regions. (D-F) Same indi- 
vidual and distance, stimulus at -25 dB. Note the 
multiplicity of ill-defined phase-locked regions; 
most have narrow ranges and not all were ob- 
served experimentally. 

techniques as above. Figure 3, C through F, 
shows representative results. If two synchro- 
nizing individuals have roughly the same 
intrinsic CR, the lead changes periodically 
between them (Fig. 3C); mean lead lag is of 
the order of 39 * 25 ms, shorter than the 
minimum latency for response to isolated 
chirps. The joint CR is irregular and the 
average entrained period is shorter (typically 
by 50 to 200 ms) than that of each individ- 
ual in free run under the same conditions. 
This result arises from the asymmetry in 
slope of the PRC in the neighborhood of 
4J = 1: the lagging individual, stimulated 
with 4J < 1 (lower branch of the PRC), 
experiences a period shortening greater than 
the period lengthening of the leading indi- 
vidual (stimulated with 4J > 0); the conse- 
quent period contraction is preserved by the 
long-term adaptation phenomenon, which 
is biased to favor shorter periods. This phe- 
nomenon is the basis for "anticipatory syn- 
chrony" (6). 

If one individual's song is naturally faster 
than the other, he leads most cycles and his 
CR is more uniform than that of the lagging 
individual (Fig. 3D). Under natural condi- 
tions one occasionally finds phase-locked 
regimes of the n: (n + 1) type, in the range 
6 :7 to 3 :4, most commonly 4 :  5 (Fig. 3E); I 
once recorded 2 :  2 response, in which one of 
the males made alternating loud and faint 
chirps, passing to 2 :  1 response as the faint 
chirps became inaudible. Experimental chill- 
ing of one of the two individuals slowed his 
CR (Fig. 1C) and resulted in 5: 6 or 4: 5 
regimes, rapidly passing to stable 1:2 phase- 
locked synchronization. 

It was also possible to use the model 
designed to iterate the Poincart map in 
simulating mutual interaction by utilizing it 
for both stimulus and response. With differ- 
ent combinations of PRCs and values of To 
to represent pairs of individuals, the model 
predicts a small number of stable phase- 
locked regimes: 1:1 (synchronous or alter- 
nating), 5:6, 4:5, 3:4, 2:3, and 1:2;  in 
actual duets I have observed all of these 
except the 2 :  3 mode. 

Analysis based on the reciprocal effect on 
each other's PRC yields the conditions for 
stable alternation (Fig. 3F): obviously the 
periods of both specimens must be equal, 
and the phase 4J for each one must intersect 
his PRC at the perturbed period T. If we 
assume for simplicity that the PRCs and the 
intrinsic periods Toare equal for both indi- 
viduals and that stochastic noise in CR is 
zero, then the stable alternation point 
(4J,,T) is such that 

T =f(4Ja) = 2 4Ja (3) 

If the upper branch of the PRC is too steep 
(or too short) to satisfy Eq. 3 at any point, 
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alternation is impossible. If the PRC con- 
tains a point satisfying Eq. 3 and a chirp 
occurs with phase $ in the range 

then on successive cycles $ converges on $, 
and alternation becomes established. The 
presence of stochastic noise reduces the 
width of the actual stability range compared 
to that of the theoretical stability range. 
Realistic situations, in which noise is present 
and the PRCs and Toare different, need not 
satisfy Eq. 3: they are best analyzed by 
numerical simulation, which, in the simplest 
case, confirms the above conclusions. 

These results explain why males of Meco- 
poda S always synchronize when they are in 
close proximity and only alternate when 
they are at greater distances from each other. 

Fig. 3. Entrainment to artificial and natural stim- 
uli. (A) Representative 40-s examples of phase- 
locked synchronization to artificial stimuli; the 
event markers represent the onset of stimulus 
(above) and response (below). The average re- 
sponse CR for the first five records is similar, but 
the chirp intervals are grouped in patterns that 
repeat every n cycles, where m:n is the phase- 
locked ratio: especially evident in the 3 :  5 and the 
4 :3 examples. (B) Period-doubling bifurcation 
(below) in entrainment to uniform artificial stim- 
ulus (above). (C) A 10-min record of 1 :  1 syn-
chronization by two individuals with similar chirp 
rates: upper individual leads 210 times, lower 
indvidual202 times. (D) An 8-min record of 1 : 1 
synchronization by two individuals with Merent 
natural CRs: upper individual leads 176 times, 
lower indvidual 29 times. (E) A 40-s sample of 
natural 3 : 4 and 4 :  5 synchronization between two 
males, both at 27°C. (F) A 40-s sample of natural 
stable alternation between the same two indwid- 
uals. 
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At separations of less than about 3 m, the 
mutual stimulus is loud, giving steep PRCs 
that fail to meet the conditions for stable 
alternation: synchrony is the only possible 
regime. At slightly greater distance, the 
PRCs meet the conditions for alternation 
but the stability range is narrow: stochastic 
noise will sooner or later force the operating 
point outside the stable range and lead to in- 
phase synchrony. Stable long-term alterna- 
tion is only obtained with separations great- 
er than 4 to 5 m. 

Many of the reported modes of synchro- 
nization in insect communication are within 
the versatile repertoire of Mecopoda S. The 
data reported for Oecanthusfirltoni Walker are 
amenable to the type of analysis presented 
here. In particular, the existence of 2 : l  
phase locks and the observation that, when 
the cricket synchronizes with an artificial 
signal (1, p. 893), "the cricket fails to im- 
prove its phase relations with a faster or 
slower broadcast signal that it is equaling in 
chirp rate" (as in Fig. 3A, 1: 1)is predictable 
from the phase resetting data shown in (1). 

The two branches of the PRC represent 
the two "proepisodic mechanisms" postulat- 
ed to explain 0,firltoni's performance. The 
data presented for Pholidoptera griseoaptera 
(DeGeer) (3) , viewed in the light of the 
present work, suggest that "inhibition" and 
"excitation" proposed to explain its alternat- 
ing and synchronous behavior are two facets 
of a more general mechanism amenable to 
phase-response analysis. The concept of 
"anticipatory synchrony" invoked for the 
flashing of Pteroptyx malaccae ( 6 ) is based on 
the observation that the time difference be- 
tween the signals of synchronizing individ- 
uals is shorter than the response latency to 
an external signal: the same is observed in 
Mecopoda S. The entrained period of syn- 
chronizing pairs of Mecopoda S is shorter 
than the free-run period of either individual, 
a phenomenon also reported for the flashing 
of Pteroptyx cvibellata (7). In both cases, 
mutual interaction is not simply response to 
a "pacesetter" individual but involves "antic- 
ipatory synchrony." 

Mecopoda species N, a sibling species of 
Mecopoda S ( S ) , synchronizes but never alter- 
nates, and in mutual stimulation the en-
trained period is shorter than the free-run 
period. With signals of normal intensity, its 
PRC has virtually straight branches with 
high slope (Fig. l H ) ,  similar to the results 
reported for 0.firltoni (1): any phase change 
in the entrainment signal causes an irnmedi- 
ate phase adjustment in the response of 
nearly the correct magnitude to reestablish 
synchrony by the next chirp or two. This 
situation is easily represented by a single 
resettable oscillator and may be viewed as 
the limiting case for Mecopoda. Stridulation 

Fig. 4. Simulated PRCs produced by periodic 
stimulation of the multiple-oscillator model de- 
scribed in the text: (A) 100 elementary oscillators, 
stimulus amplirude = 100 (arbitrary units); (B) 
100 elements, stimulus amplitude = 50; (C) 20 
elements, stimulus amplitude = 100. 

in Mecopoda N is also closely analogous to 
the flashing of Pteroptyx cribellata, for which a 
resettable relaxation oscillator model was 
originally proposed (7); however, with low- 
intensity stimuli the PRC of Mecopoda N 
approaches the shape of that for species S 
and can no longer be represented by such an 
elementary model. I t  would be instructive to 
study the response of Pteroptyx to very low- 
level light signals, to determine whether it 
deviates from normal behavior in a similar 
fashion. 

Because the PRC proves to be a powerfd 
predictor of the synchronization behavior of 
Mecopoda, it is important that any model of 
its internal oscillator-trigger system be capa- 
ble of reproducing the free-run characteris- 
tics as well as the slope and curvature of the 
PRC under a variety of conditions; a simple 
resettable oscillator such as that proposed 
for Pteroptyx (7) is not adequate fo;the task. 
I programmed a hypothetical model consist- 
ing of a population of free-running elemen- 
tary relaxation oscillators (EROs ), whose 
intrinsic periods have a Gaussian distribu- 
tion; a summing element accumulates the 
number of ERO firings, triggering a chirp 
and resetting the accumulator when that 
number reaches a predetermined threshold 
expressed as a fraction of the total number of 
ERO~.An external stimulus decrements the 
accumulator in proportion to stimulus in- 
tensity if the current sum is less than a 
critical fraction ("inhibition") but incre-
ments the accumulator (lowers the thresh- 
old, "excitation") if the current sum is high- 
er. With one-time tuning of only four pa- 
rameters to define the oscillator system, the 
model yields realistic type 0 PRCs under 
periodic stimulation over a range of stimulus 
intensities: with 100 EROs the fit to actual 
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PRCs is very good (Fig. 4, A and B), but 
simulation with as few as 20 elements yields 
credible results (Fig. 4C). The model pre- 
dicts the shape and slope of the PRC, the 
effect of stimulus intensity, the overlap of 
branches at the discontinuity, and the sto- 
chastic noise in free run but does not predict 
the long-term drift and adaptation phenom- 
ena. Simulation runs based on the use of this 
oscillator model instead of the analytical 
representation of the PRC yield the expect- 
ed synchronous and alternating 1:1 modes 
aswellastheusualn:(n + 1) andm:nphase 
locks. I make no claim for the "truth" of the 
model, which is introduced only to show 
that a simple mechanistic explanation with a 
minimum of ad hoc assumptions can ac-
count for the versatile synchronization be- 
havior of Mecopoda. 
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The Role of Ocular Muscle Proprioception in 
Visual Localization of Targets 

The role of ocular muscle proprioception in the localization of visual targets has been 
investigated in normal humans by deviating one eye to create an experimental 
strabismus. The passively deviated eye was covered and the other eye viewed the target. 
With a hand-pointing task, targets were systematically mislocalized in the direction of 
the deviated nonviewing eye. A 4- to 6-degree error resulted when the nonviewing eye 
was offset 30 degrees from straight ahead. When the eye was deviated, the perceived 
"straight-ahead" was also displaced, by a similar amount, in the same direction. Since 
the efferent motor commands to the displaced and to the nondisplaced eyes are 
presumably identical by the law of equal innervation, the mislocakation of visual 
objects must be attributed to the change in proprioceptive information issued from the 
nonviewing, deviated eye. Thus proprioception contributes to the localization of 
objects in space. 

ORDER TO LOCALIZE AN OBJECT I N  IN 

space, when the head is fixed, the cen- 
tral nervous system (CNS) must use a 

combination of visual (retinal) information 
and a knowledge of the position of the eye 
in orbit. Two major hypotheses have been 
put forward to explain how eye position is 
sensed: the outflow or efference copy hy- 
pothesis, first suggested by Von Helmholtz 
in 1867 ( I ) ,  which is based on sensing the 
motor commands to the ocular muscles, and 
the inflow or afferent hypothesis, first sug- 
gested by Sherrington in 1918 (Z), which is 
based on sensing proprioceptive inputs from 
the ocular muscles themselves. 

Until recently, the efferent copy hypothe- 
sis has been accepted as the correct mecha- 
nism for visual target localization. No cer- 
tain function was attributed to ocular mus- 
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cle proprioception. But recent anatomical 
studies confirm widespread projections of 
orbital muscular afferents to a variety of 
CNS structures concerned with the control 
of movements of the eyes and of the head 
(2).Physiological studies, too, suggest a role 
for proprioception in various visual func- 
tions, such as development of the orienta- 
tion of receptive fields (3).Finally, studies in 
humans with naturally occurring strabismus 
give hints of a functional role for proprio- 
ception in the localization of visual targets. 
We have found that some strabismics ( 4 ) ,  
either eso- or exo-deviated, when tested in a 
hand-pointing task, make errors as large as 
10" to 20" in the direction of the nonfixing 
eye. 

From these observations, we hypothe-
sized that the visual localization mechanism 
relies on both afferent and efferent informa- 
tion derived from both eves. whether or not 

2	 , 


both eyes are used to hate the target. 
test this hypothesis we deviated the non- 
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