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The Dutch physician Engelbert 
Kaempfer, after a voyage downriver 
from Bangkok to the sea in 1680, 
wrote, "The glowworms. . . represent 
another shew, which settle on some 
Trees, like a fiery cloud, with this sur- 
prising circumstance, that a whole 
swarm of these insects, having taken 
possession of one Tree, and spread 
themselves over its branches, sometimes 
hide their Light all at once, and a mo- 
ment after make it appear again with 
the utmost regularity and exactness 
. . . " (1). Since then more than 
30 similar reports of oriental firefly 
displays have appeared (2), and it has 
been claimed that the concerted flashing 
continues "hour after hour each night 
for months" (3). 

Synchronous flashing has command- 
ed attention as a spectacle and in rela- 
tion to its function (4). However, the 
greatest interest in the flashing has cen- 
tered on mechanisms by which synchro- 
ny might be attained and maintained. 
The complexity of this problem is shown 
by the fact that, even excluding the sug- 
gestion that the phenomenon is due to 
twitching eyelids of the observer (5), 
several quite different explanations have 
been proposed. The possibility that the 
synchrony is an illusion (6) needs also 
to be kept in mind because of certain 
human perceptual limitations that will 
be mentioned later, and because of ex- 
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perimental evidence that the mind tends 
to read order into a display of 
randomly flashed lights (7). In view of 
the variety of puzzles associated with 
concerted flashing we are glad to be 
able to describe some observations and 
measurements made recently in Thai- 
land (8). In comparing these data with 
previous reports we exclude all single- 
episode or irregularly repeated syn- 
chrony, whether occurring mysteriously 
(9) or evoked by a clearly identified 
cause such as an explosion (10). We 
also exclude as trivial all rhythmically 
repeated mass flashing which is driven 
or cued from outside the participating 
congregation (11). However, because 
of the basic physiological interest of 
synchronization we include in our anal- 
ysis related behavior in the only animals 
beside fireflies that seem able to per- 
form endogenous mass acts of rhythmic 
synchronism-man and certain sound- 
producing insects (12). 

'Types of Synchronism 

Mass rhythmic behavior implies 
alternation of times in which the indi- 
vidual acts are relatively frequent ("epi- 
sodes") with times in which they are 
infrequent or absent. In the type of dis- 
play seen in Thailand all the flashing 

-may be concentrated within an interval 
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shorter than 20 percent of each cycle 
length (see below) and is readily rec- 
ognizable as synchronism. However, 
even a display in which the individual 
acts had a sinusoidal frequency distri- 
bution would be strikingly different 
from randomness and might iwell be 
construed as "synchronous." It is clear, 
therefore, that biological synchrony can 
only be defined in arbitrary quantitative 
terms. Similarly, a given range 'or 
span of coincidence with the communal 
flash can be attained by a variety of 
basically different processes. Hence, to 
indicate the types of information needed 
to analyze synchronization we outline 
below some mechanisms that have been 
observed or proposed in various orga- 
nisms. 

Inertial synchrony. In this mechanism 
the individual rhythms, after being put 
into synchrony by a single nonrecur- 
rent triggering stimulus, continue in 
step because their natural periods are 
approximately equal. Such synchrony 
can occur, for example, in a population 
of microorganisms after an inhibitor of 
cell division has been washed out (13). 
It also occurs between runners during 
the first few strides after the starting 
gun. In fireflies the rhythmic flashing of 
individual flying males is well known 
(14, 15), and it has been suggested by 
several observers that some rare or 
accidental event, such as the sudden 
darkness preceding a late afternoon 
thunderstorm or the ending of a shower 
of rain (16), might set off the whole 
population in step. Transient synchro- 
nous flashing seen after an inhibitory 
sweep of bright artificial light (17) sug- 
gests that lightning could have a similar 
effect. Such inertial cycling might con- 
ceivably apply to certain rare and brief 
displays reported in American fireflies 
(2), but it is completely inadequate to 
account for the sustained nightly syn- 
chrony in oriental concerts. Even if 
one assumes that the start of flashing is 
triggered by, say, an exquisite sensitivity 

The authors are chief and guest worker, 
respectively, of the Laboratory of Physical Biol- 
ogy, National Institute of Arthritis and Meta- 
bolic Diseases, National Institutes of Health, 
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to a particular intensity of ambient illu- 
mination (16, 18, 19) or to a circadian 
"clock" (19, 20), a congregation that 
flashed at a frequency of more than 
6000 per hour (21, 22), and with the 

degree of individual cycle variability 
observed in biological rhythms, would 
soon be hopelessly out of step unless 
a congregational entrainment mech- 
anism were operating continuously. 

Driven synchrony. This mechanism 
involves simultaneous responses to a 

rhythmic stimulus by an otherwise inac- 
tive congregation. In many American 
fireflies, several perched females may 
respond simultaneously to flashes of a 
male or of an artificial light (23). How- 
ever, the displays are small-scale and 

temporary and involve no intrinsic 
rhythm in the responders. The mecha- 
nism seems inapplicable to concerts in- 

volving only males, as is reported for 
most sightings in which the sex of the 
flashers was ascertained, since males 
usually flash spontaneously. 

Alternation synchrony. In certain 
species of grasshoppers a pair with 
similar periods may by accident chirp 
synchronously for a few cycles, but nor- 
mally if individual A chirps shortly 
before the expected time of B's chirp 
it delays B's chirp by a little less than 
one cycle. When B's chirp then does 
occur it correspondingly delays A's 
next chirp. The result is that the fre- 
quency of chirping of each hopper is 
approximately halved, and the two 

sing alternately at an overall frequency 
slightly faster than that of a single male 

singing alone (24). Between members of 
a pair, therefore, this mechanism 
promotes alternate chirping and mini- 
mizes synchrony. However, "When a 
large number . . . are close enough to- 
gether . . . to react to each other, the 
result is a sort of synchronized alterna- 
tion in which each male is in alternation 
with the neighbor he hears most clearly 
and also in synchrony with other males 
alternating with his neighbor. The result 
is a great pulsing sound. .. ." (25). 
Analogous behavior in fireflies has not 
been suggested previously, but it can 
be tested easily by seeing whether each 
firefly participates in each mass flash. 

Paced synchrony. According to this 

proposal all the fireflies normally flash 

rhythmically, with nearly the same 
period, but they can be triggered pre- 
maturely by sight of a neighbor's flash 
(26). The pacemaker is not qualitatively 
different from the other fireflies, as in 
driven synchrony, but can be either an 
individual with slightly faster flashing 
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rhythm than any other or simply which- 
ever firefly happens to flash next after 
a mass coruscation (27). Because of 
limited visibility it seems likely that 
several relays would be required to 
excite a large swarm and that the 
luminescence would spread as a wave 
as A triggered group B, B triggered C, 
and so on. Wave synchrony has been 
described in a few American reports 
(28) and has been induced experiment- 
ally on a small scale (2, 29), but it is 
seldom mentioned in accounts of 
oriental displays. However, with short 
response latency, relatively long flash 
duration, changing pacemaker indi- 
viduals, and a dense population, it 

might be very difficult to detect local 

asynchronies. 
Anticipatory synchrony. In most 

oriental firefly synchrony, consonance 
was reported to be "perfect," and 
neither driver nor pacemaker was seen. 
Such displays have been ascribed to 
"sense of rhythm," "an organic law of 

rhythmic appreciation," "sympathetic 
telepathy," and similar nonexplanations 
with anthroponomical overtones. 

Among "sense of rhythm" behaviors 
in man the rhythmic synchronous hand- 

clapping that may break out spontane- 
ously at sporting events, though not 

involving any preexisting rhythm in the 
participants, has some resemblances to 

firefly synchrony. Even in marching 
and in orchestral playing, ostensibly led 

activities, the participants seem to be 

modulating their individual endogenous 
pacemakers at least partly via a con- 
sensus or blend of multiple cues from 
the community. Though it is well 
known that players do not follow the 
conductor's downbeat but anticipate it, 
timing their rhythm to achieve exact 
coincidence, it could be argued that 
each individual is still making a direct 
and immediate response to the con- 
ductor's prior upbeat movement or 
some earlier phase of the beat cycle. 
However, the ability of groups of ex- 

perienced players or singers to main- 
tain excellent ensemble for a sur- 

prisingly long time with eyes closed or 
in the dark shows that they can syn- 
chronize from acoustic feedback alone, 
and the precision of the synchrony 
seems incompatible with waiting for a 
direct cue from a lead voice or instru- 
ment. 

We have not found any published 
analysis of "sense of rhythm" synchroni- 
zation within groups 'of animals, but the 

presumably similar process in which a 
human subject taps a key in time with 

rhythmic external sonic signals or light 
flashes has been studied extensively. 
Two findings may relate to the problem 
of mass endogenous synchrony. First, 
the subject, though believing himself to 
be in exact synchrony with the external 
signal, may actually {be tapping con- 
sistently early or late (30-32). Sec- 
ond, in subjects who lag the signal, the 
delay between signal and tap is (for 
frequencies higher than one tap per 
second) much less than the physiologi- 
cal reaction time (31). This fact, plus 
the fact that most subjects actually lead 
the signal, shows that "the reaction is 
not to the stimulus with which it syn- 
chronizes but to the series of stimuli 
which precede it at relatively large 
intervals" (30). This retrospective aspect 
of "sense of rhythm" synchrony distin- 
guishes it fundamentally from all other 
mechanisms for mutual entrainment 
(33). 

By four-channel recordings from 

groups of four subjects instructed 

simply to tap their keys together we 
have confirmed the expectation that hu- 
man beings use anticipation when syn- 
chronizing with each other as well as 
when they synchronize with a fixed 
external rhythm. Such quartets soon 
settle into a self-chosen rhythm, usu- 

ally between two and three taps per 
second, in which the average span 
between the earliest and latest taps in 
each episode is less than 50 millisec- 
onds (msec) (34). Since the minimum 

physiological latency for a finger re- 

sponse to sharp isolated sounds is 

usually at least 120 msec, even with 

practice (35), it is clear that none of 
the subjects can be tapping in response 
to a cue received in the same episode 
(36). Rather, some cue in the preceding 
cycle, or cycles, is being used to predict 
the proper time to tap in order to attain 

synchrony. 

Firefly Synchrony in Thailand 

Oriental synchronous flashing has 
been reported principally from man- 

grove trees along brackish rivers. Pro- 
fessor Kloom Vajropala of Chulalong- 
korn University and Dr. Boonsong 
Lekagul of the Association for the Con- 
servation of Wildlife of Thailand kindly 
took us to stretches of the great Chao 

Phraya (Meinam) river south of Bang- 
kok. This is the region where Kaempfer 
made his observations nearly 300 years 
ago, and it has remained the classic lo- 

cality for synchronous displays. Since 
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the tangled mangroves grow in deep 
mud, it is generally impracticable to ap- 
proach them on foot. At high tide, how- 
ever, the trunks are submerged, and it 
is possible to nose a boat in among the 
branches and observe the fireflies at 
close quarters. For this purpose the 
local water taxi (rua-hang-yao), a shal- 
low-draft, canoe-like craft, seating four 
to six in tandem, served admirably. 
Some of the professional boatman, inci- 
dentally, are aware of the association 
between fireflies (hing hoi) and the 
mangrove Sonneratia caseolaris (ton 
lampoo). This association is not abliga- 
tory (4). 

From the boat we were able to 
make photometer records of the flash- 

ing of individual fireflies and parts of 
the swarms (37), and to bag large num- 
bers of specimens for later wlork. In 
addition, on one occasion Dr. Boonsong 
succeeded in taking motion pictures of 
the flashing for us (38). 

In Thailand we were able on several 
occasions to confirm earlier observers: 
Insofar as the naked eye is concerned, 
the fireflies do flash synchronously, and 
in spectacular fashion. Firefly trees were 
not common in regions we visited, nor 
were all swarms flashing in concert, but 
the synchronous displays stood out 
sharply. As we drew in toward the dark 
shoreline, pale nebulous patches began 
to resolve, at a distance of 30 meters 
or so, into bushes or trees spangled 
with hundreds of tiny lights pulsing 
steadily in a rapid rhythm of about two 

per second. Each time we saw this 

hurrying, soundless, hypnotic, enduring 
performance it impressed us anew as 

uniquely different from any behavior 
we had ever seen. 

The individual fireflies produced very 
short and sharp flashes, between which 
the light extinguished completely. The 
insects were sitting motionless, mostly 
on the upper surfaces of leaves and 

usually distributed rather uniformly 
through the foliage. A given spatial 
pattern of flashes in a tree usually 
persisted for many consecutive epi- 
sodes, and we confirmed directly that 

given individuals were each participat- 
ing in each communal flash. However, 
the pattern was not invariable, since 
fireflies did occasionally fly to or out 
of the swarm or stop flashing for a 
period. On rare occasions a hovering 
firefly was seen keeping pace with the 
swarm flash at two per second, but or- 

dinarily the flying individuals flashed 
in a fast twinkle (see below). 

Sometimes we had the vague impres- 
sion that part of a swarm had gotten 
slightly out of phase with the rest, 
creating ,a local swirling or wavelike 
effect, but those periods were so ephem- 
eral that no clear idea of the aberra- 
tion could be formed before full syn- 
chrony was restored. Possibly similar 
effects within and between trees have 
been described from Thailand (22) and 
New Britain (39). 

In a given tree the vast majority of 
flashes were in phase with each other, 

and apparently exactly so, but there 
were also occasional flashes which 
seemed qualitatively different and un- 
related to the prime rhythm. These 
emissions included (i) a rapid con- 
tinuous flicker or twinkle seen occasion- 
ally in walking individuals but given 
usually by single fireflies in flight to, 
from, or within a tree, and also by 
individuals forced to fly when we beat 
the branches with our insect nets; (ii) 
occasional single fixed-position flashes 
much brighter and longer than those of 
the dominant (synchronized) fireflies; 
(iii) single dim flashes at irregular inter- 
vals from individuals apparently at rest. 
We emphasize that without deliberate 
attention these asynchronies were not 
noticeable in comparison with the over- 
whelming effect of the concerted dis- 
play. 

The asynchronies were traced to the 
presence in the trees of two firefly 
species, both of the genus Pteroptyx. 
The synchronously flashing specimens 
were found to be perching males of P. 
malaccae. Their flashes, which look 
single except when seen from only a 
few centimeters away, are really double 
(Fig. 1), each subflash lasting 40 msec 
and the two being about 60 msec apart 
peak-to-peak. The rapid twinkling in 
flight was 'also due to P. malaccae 
males: In our only photometric record 
(Fig. 2), flash frequency was 12 per sec- 
ond. Excited captive males at rest also 
flicker, but more irregularly. The long 
bright flashes in the trees were given by 
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Figs. 1-6. Photometer records of flashing in Pteroptyx. Reading from left to right; time scale equals 200 msec between major 
ordinate lines; vertical scale (light intensity) is arbitrary land not comparable from record to record. Fig. 1. Three successive 
flashes in a series from one of a synchronously flashing pair of Pteroptyx mal'accae males, the other of which was shielded from 
the photometer. Recorded indoors. Flashing cycle length is about 560 msec (28?C). Fig. 2. Twinkle or flicker of Pteroptyx 
malaccae male in flight indoors. Fig. 3. Three flashes of captive Pteroptyx malaccae female. Fig. 4. Flash of Pteroptyx 
valida male at rest. (Recorded indoors to avoid Pteroptyx mal'accae flashes in background of field records.) Fig. 5. Two flashes 
and glow of captive Pteroptyx valida female. Fig. 6. Fifteen consecutive mass flashes of undetermined number of Pteroptyx 
malaccae males flashing synchronously in bush. 
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males of a larger species, P. valida. The 
photometer shows that these are not 

single emissions but flickers of very 
high frequency (Fig. 4). The flashes of 
the females of the two species (Figs. 3 
and 5) are rather similar in contour 
and are thought to account for the 
irregularly timed dim flashes in the 
trees (40). Counts of samples from four 
trees totaled: P. malaccae males, 285; 
P. malaccae females, 121; P. valida 
males, 25; P. valida females, 7 (41). 
All subsequent mentions of "Pteroptyx" 
in this paper refer to males of P. 
malaccae. 

Regularity of Individual 

Flashing Rhythm 

In the series of 22 successive flashes 
from which Fig. 1 was extracted the 
mean cycle length (main peak to main 

peak) was 557.3 ? 2.5 (standard devia- 
tion) msec. This implies that more than 
95 percent of all flash cycles measured 
off by that individual would fall within 
? 5 msec of the mean period. To get 
an idea of how the flashing of Pterop- 
tyx compares in regularity with other 

conspicuously cyclic short-period bio- 
logical activities, we computed coef- 
ficients of variation (V) for several di- 
verse rhythms, V being a good com- 
parative measure because it is inde- 
pendent of absolute cycle length. Rov- 
ing males of the American firefly 
Photinus pyralis had V values of about 
11 (42). The values of V for the 
chirping cycle lengths of the crickets 
Oecanthus "niveus" (-fultoni) and 

Nemobius fasciatus tinnulus were about 
3 (43). Human heartbeat during various 
stages of sleep had V values ranging 
from 12 down to 1.5, with 3 to 4 being 
common (44). Human finger-tapping 
ranged from 7 down to 1.7, with 4 to 5 
being typical (45). The frequencies of 

spontaneous firing of two free-running 
nonacoustic neurons in moth ears had 
V values of 5 and 2.7 (46). In the call- 
ing of the whippoorwill, familiar for its 
maddeningly persistent rhythm, V 
ranged from 7 to 3 with a mean of 4.5 
(47). Therefore the flashing of en- 
trained Pteroptyx, with V values rang- 
ing from 1.4 down to 0.6 (48), is only 
about a tenth as variable as the flashing 
of Photinus pyralis and seems to com- 
pare very favorably with the most regu- 
lar of the other rhythms measured. 
Nevertheless, it is amply variable to 

preclude the possibility of prolonged 
inertial synchrony even between pairs 
of fireflies. 

Degree of Synchrony 

The best-coordinated swarm flashes 
seemed to us not to last appreciably 
longer than the flash of a single Pterop- 
tyx male. Is such a judgment reliable? 
Nobody knows, because, even aside 
from subjective factors (6, 7), nobody 
has tested human sequence-perception 
within a dispersed multitude of rapidly 
cycling point sources of short dura- 
tion and low intensity. However, psy- 
chophysical data for "perceived mo- 
tion" between spatially separate light 
sources plus the well-known decrease 

in flicker fusion frequency with in- 
creasing image distance from the fovea 
and decreasing source area and lumi- 
nance (49) suggest that flashes in a 
swarm could be out of phase by 
perhaps as much as 50 msec and still 
appear simultaneous. 

Figure 6 shows a typical photometric 
record from a synchronized swarm. 
This record resembles those from single 
fireflies (Fig. 1) except for slightly 
greater variability (V = 1.9), slight in- 
crease in duration of many of the 
flashes, and small shoulders on rise or 
decay phase of some; for example, 
flashes 2, 3, 4, 6, and 7. The maxi- 
mum discrepancy in cycle coincidence 
in these single-trace integrative records 
was about 30 msec. The significance of 
this range in relation to precision of 
synchrony throughout the whole swarm 
clearly depends on how representative 
were the samples actually recorded. 
Many of the records were made under 
circumstances in which it appeared 
that 10 to 20 fireflies of equal bright- 
ness were within a distance ratio of 
1.4 from the phototube (twofold 
intensity range). Concurrent cinema 
records made at comparable distances 
(see below) show up to a dozen flashes 
in one film frame. Hence, at face 
value, such records as Fig. 6 indicate 
that the congregation may depart from 
perfect synchrony by only about 

- 15 msec from mean flash time. How- 
ever, only two or three superimposed 
flashes can actually be resolved in the 
photometer records. 

If we go to the opposite extreme and 
assume that each photometer record 
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of swarm flashing represents only a 
single individual, an indirect estimate 
of flash overlap can be derived from 
multiple records of different subpopu- 
lations within the congregation. Seven 
such records, averaging 32 consecutive 
flashes, were made from different points 
around a dense swarm in a small bush. 
The dominant rhythms ranged only 
from 556.8 ? 6.3 to 564.4 -- 6.0 msec, 
and the entire 223 cycles, considered 
as a single sample, had a mean dura- 
tion of 559.8 ? 6.3 msec (V = 1.1). 
This implies that 95 percent of all 
flashes produced by the fireflies in 
question would fall within + 13 msec 
of the mean period. 

Cinematographic records from the 
same bush as the multiple photometer 
records permit an independent esti- 
mate of precision of synchrony. Ten 
series, ranging up to 34 consecutive 
flash cycles and involving 100 fireflies 
in 98 mass episodes in 958 film frames, 
were analyzed. Each frame was pro- 
jected at a magnification of X10 on 
finely ground glass in a Vanguard mo- 
tion analyzer, and the position of each 
flash was plotted on an overlay of 
transparent plastic sheet. In this way 
it was possible to correct for any shift 
in field of view due to gentle rocking 
of the boat or unsteadiness of the hand- 
held camera and thus identify individ- 
ual fireflies and follow their flashing in 
successive mass flashes throughout a 
film series. Two representative se- 
quences, each spanning about 8 seconds, 
are diagramed in Fig. 7. The upper 
series was recorded from a distance of 
about 2 meters, the lower from about 1 
meter. 

Since the camera shutter cycle was 
in the range of 60 to 65 msec (for a 
nominal film speed of 16 frames per 
second) and the two peaks of the 
Pteroptyx flash are about 60 msec 
apart (Fig. 1), both peaks could po- 
tentially show in successive frames. In 
the series of flashes diagramed in Fig. 
7A none of the minor (first) peaks was 
bright enough to be recorded, save for 
three barely visible spots in the last 
episode. In Fig. 7B many flashes in the 
series ,were amply bright, 'as shown by 
the numerous spot pairs in two con- 
secutive frames. 

The degree of flash coincidence in 
the cinema records is remarkable. Not 
one of the 70 individual flashes shown 
in Fig. 7A or the 38 flashes in Fig. 
7B was out of phase with a mass flash 
by as much as a single camera shutter 
cycle. The regularity of the flashing 
22 MARCH 1968 
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Fig. 8. Phase relations between camera shutter and flashing cycles. (A) Position of 
maximum light transmittance; flash indicated by triangle. (B) Flash peak displaced 
10 msec from center of open shutter phase; 37 percent of potential light occluded. 
(C) Flash peak displaced 16 msec from center of closed-shutter phase; 65 percent 
of light occluded. The flash overlaps the open-shutter period 16 msec, which allows 
only 35 percent of the light to pass, not quite enough to expose the film detectably. 

rhythm is also noteworthy: In the 
series shown in Fig. 7A mass episodes 
occurred 8 frames apart "as if," to 
quote an old description of the flashing 
of ancestors of these same fireflies, "it 
proceeded from a machine of the 
most exact contrivance" (50). However, 
there seemed to be much variability in 
participation by different fireflies. 
Though two individuals contributed to 
all concerts, the others apparently 
missed from 6 to 13 flashes each. Such 
recorded skips are particularly striking 
in the 7B diagram, where four mass 
flashes are missing entirely, iat approxi- 
mately frames 28, 45, 62 and 79. As 
judged from the preceding and follow- 
ing parts of the record, four or five 
fireflies would have been expected to 
flash during each of these episodes. 

We think that most of the apparently 
sporadic flashing and the variations in 
intensity of successive flashes of indi- 
vidual fireflies were due to slight phase 
differences between firefly and camera 
cycles. Thus, in Fig. 7A, though the 
flashes were comparatively dim because 
of distance, the shutter cycle appar- 
ently happened to be so nearly one- 
eighth of the congregational flash 
rhythm that two fireflies (Nos. 1 and 
2) were recorded in all 15 mass flashes, 
and slightly more than half of the 135 
flashes presumably produced by the 
nine fireflies during the period of pho- 
tography overlapped open-shutter peri- 
ods sufficiently to register on the film. 
In the much brighter series of Fig. 7B, 
made about an hour after Fig. 7A at 

slightly lower ambient temperature, the 
rhythm was slightly slower, so that the 
flashing cycle apparently coincided fully 
with an open-shutter period only at 
every other mass episode (every 17 
frames). Consequently, most of the 
intervening mass flashes were occluded 
or much attenuated (51). 

As judged from the concurrent time- 
calibrated photometer records, the 
camera was running at about 15.1 
frames per second during the filming 
of the series in Fig. 7B. Since the shut- 
ter had a 143? open sector, this ex- 

posure frequency corresponds approxi- 
mately to 66-msec shutter cycles of 
alternating 26-msec open periods and 
40-msec closed periods. From these 
data, and from the double form of 
the Pteroptyx male's flash it is possible 
to deduce limits of asynchrony in mass 
flashing that are narrower than the 
limit of one shutter cycle apparent di- 
rectly from the films. 

If each subflash (Fig. 1) is consid- 
ered to be an isosceles triangle with a 
40-msec base (maximum subflash dura- 
tion) and the open-shutter period is 
considered to be a rectangular window 
with a 26-msec base which moves lat- 
erally across the triangle, the percent- 
age of the light from a flash that could 
pass the shutter at various phase differ- 
ences between flash cycle and shutter 
cycle can be estimated graphically. 
For example, if a subflash peaks 10 
msec before or after the midpoint of 
the open-shutter period only 73 percent 
as much light can go through as when 
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the peak is exactly at the midpoint 
(Fig. 8, A and B). 

For ten flashes in each of eight dif- 
ferent photometer records the intensity 
of the major (second) subflash aver- 
aged 2.8 times that of the minor. In 
the flash series diagrammed in Fig. 7B 
the minor peaks, though only about 36 
percent as intense as the corresponding 
major peaks (1: 2.8), appear in nearly 
every instance in which the major peak 
is visible. This indicates that the major 
peak of any flash produced by these 
fireflies would have registered unless 
attenuated at least 64 percent. Thus the 
17 to 20 flashes that presumably did 
occur at the times of the four mass 
skips, but were intercepted by the shut- 
ter, must have suffered more than 64 
percent attenuation. However, flashes 
could not have peaked more than 16 
msec from the center of a closed- 
shutter period without overlapping a 
contiguous open-shutter period suffi- 
ciently (more than 16 msec) to be 
visible in a frame just before or after 
the skip (Fig. 8C). Hence, the allow- 
able deviation in flash peak position 
from either the center of an open- 
shutter period (to show) or from the 
center of a closed-shutter period (to be 
occluded) seems to be about 16 msec. 
This is less than 6 percent of mean 
cycle length. Insofar as these specific 
data go, this ? 16 msec coincidence 
range of synchrony between la dozen 
or so close neighbors would be a maxi- 
mum, since most of the flashes in 
Fig. 7B are much brighter than neces- 
sary for the minor peak to be just visible 
when fully in phase with an open- 
shutter period. The maximum time 
range between flash peaks throughout 
a large, well-synchronized swarm of 
Pteroptyx is still uncertain, but it ap- 
pears that ? 20 msec might be a fair 
estimate. 

Process of Synchronization 

Behavior of fireflies in our lodgings 
in Bangkok suggests how mass syn- 
chronism may be initiated and main- 
tained in nature. Our experiments con- 
sisted of liberating males of Pteroptyx 
malaccae in groups of 50 into the 
nearly dark room, and were usually 
begun at a,bout 11 p.m. after return 
from the river. When the fireflies first 
issued from the polyethylene bags into 
which they had been sorted, they flew 
upward in tight helical paths, twinkling 
at high frequency, and began bumping 
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along the ceiling. We think that this 
behavior was due to unsuitability of the 
ceiling for perching and that had tree 
branches been available the insects 
would have come quickly to rest. How- 
ever, the prolongation of flight did re- 
veal the important fact that the fireflies 
at this stage were definitely attracted 
to one another. We saw and photo- 
graphed numerous examples of one 
individual chasing another, or of two 
darting at each other from distances of 
a meter or more, sometimes with colli- 
sions in midair. 

Eventually the insects began to alight 
on the walls. After some minutes of 
walking about, they settled down, and 
the rapid flickering light which is char- 
acteristic of flight changed to the steady 
cadence of two apparently single short 
flashes per second (Fig. 1). When thus 
at rest there seemed to be little or no 
tendency for these males to attract 
one another, and in fact it was rare for 
them to establish themselves closer to- 
gether than, 10 to 15 centimeters. 

Then, as we watched, centers of 
synchrony began to build up slowly 
among the fireflies on the wall. In one 
area we would notice that a pair had 
begun to pulse in unison; in another 
part of the room a group of three 
would be flashing together, and so on. 
We never saw a synchronized group 
containing more than about a dozen 
fireflies but even such limited displays 
were extremely impressive, and the 
sparse and planar distribution of the 
insects made it easier to follow what 
seemed to occur as synchrony became 
established. 

When two nearby fireflies began their 
sedentary flashing they appeared at 
first to flash independently. This is to 
say that although each was flashing 
rhythmically at a frequency close to 
two per second, the two rhythms did 
not seem to be coordinated. This ap- 
parent independence sometimes con- 
tinued for half a minute or so, but 
eventually the flashes came into co- 
incidence. From that instant the two 
fireflies continued to flash together in 
apparently perfect synchrony. Similarly, 
if a third male then alighted near the 
synchronously flashing pair, he seemed 
to flash independently until his rhythm 
coincided with theirs, then locked in. 

It did not appear that the frequency 
of flashing of a synchronized group was 
differen.t from that of the individual fire- 
flies before entrainment, but separate 
recordings of each individual rhythm 
before, during, and after synchroniza- 

tion would be needed to settle this im- 
portant point. The scope of entrain- 
ment was surprisingly short: individuals 
were observed to synchronize from 
about a meter apart but not from two. 

We had observed in the field that if 
one cups his hands around a member 
of a synchronously flashing swarm, 
that individual becomes agitated, begins 
to twinkle, and soon flies off. In the 
"laboratory," we found that if an 
opaque screen was interposed between 
the members of an isolated synchron- 
ized pair on the wall, the consonance 
broke down immediately, and both 
insects began to move about nervously, 
flashing rapidly and irregularly. These 
observations confirm the expectation 
that synchronization involves visual 
feedback, but their principal impor- 
tance is in suggesting that the flashing 
in unison requires continuous monitor- 

ing by each participating individual. 
There is no indication of a leader- 
follower relationship. 

The initial positive phototaxis of 
these Thai fireflies and their ability 
to couple their individual flashing 
rhythms together thus provide a mech- 
anism by which large, synchronously 
flashing arboreal swarms might build 
up from small-scale congregations 
stemming from chance propinquity. 
The point of most physiological inter- 
est, however, is the actual mechanism 
by which synchronization is attained. 

Mechanism of Synchronization 

Our records show that synchronous 
flashing in Thai fireflies is not an illu- 
sion. 

Insofar as initiation of synchrony 
is concerned, we know that fireflies re- 
main in the trees all day (4), ,but we 
never got to the river in time to see 
the buildup of synchrony under natural 
conditions. Our few indoor observa- 
tions suggest that perching males that 
are initially flashing out of phase may 
take quite a number of cycles to get 
into step, after which a lock-in mech- 
anism takes over. One possible expla- 
nation of the coming into step is 
chance coincidence due to variations in 
endogenous rhythmicity between and 
within individuals. Alternatively, the 
initial entrainment could involve pro- 
gressive phase-shifting, operating either 
over the whole range of temporal sep- 
aration or after the rhythms have 
drifted to within a certain degree of 
approximation. 

SCIENCE, VOL. 159 



In the maintenance of steady-state 
synchrony in Pteroptyx it is clear that 
the inertial, driven, and alternation 
mechanisms discussed in the introduc- 
tion are excluded. The choice therefore 
seems to lie between the hypotheses of 

paced and anticipatory synchroniza- 
tion. In synchronization between mem- 
bers of a single pair of fireflies a criti- 
cal distinction might be made on the 
basis (i) of whether the interval between 
flashes of the two tended either to 
exceed the physiological reaction time 
(pacemaking) or average considerably 
less (anticipation) (52), (ii) that it 
should not be possible to entrain an 
individual to a slower rhythm via the 
pacemaking mechanism, or (iii) that 
paced synchrony should be able to start 
at once whereas anticipatory or "sense 
of rhythm" synchrony might require a 
number of cycles for an out-of-phase 
individual to get into phase. 

The potentially most important clue 
to the mechanism of synchronization 
among Pteroptyx males is the eye-lan- 
tern excitation delay or latency: This 
should correspond to the minimum 
period between flashes of two fireflies 
if the first flashed slightly faster than 
the second and acted as pacemaker. We 
were unable to measure this interval 
while we were in Thailand, for lack of 

electrophysiological apparatus. How- 
ever, after this paper had been sub- 
mitted, efforts of generous friends (53) 
provided us a few live Pteroptyx from 
Bangkok, from which, with the expert 
assistance of Dr. F. Hanson, we ob- 
tained the necessary data. We did not 
succeed in measuring directly the neu- 
ral transit time between the eye and the 
(abdominal) lantern, but we did record 
latencies of 55 to 80 msec when stimu- 
lating electrically at various points in 
the ventral thorax and in the abdomen 
anterior to the lantern. When the elec- 
trodes were placed directly in luminous 
tissue, presumably exciting only peri- 
pheral nerve and adrenergic link (54), 
latency was still 42 to 50 msec. As 
judged from experiments on the Ameri- 
can firefly Photuris versicolor, 15 to 25 
additional milliseconds would be re- 
quired for central nervous transmission 
from eye to lantern (55). Hence, in 
view of our photometric and cinemato- 
graphic evidence that synchrony is 
exact to the order of ? 16 msec, it ap- 
pears that the Thai fireflies cannot be 
entraining via visual responses in which 
each individual is cued in by seeing an- 
other flash or flashes in the same mass 
episode. Rather, their synchrony must 
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depend on regulation with respect to 
a preceding mass flash. 

Entraining fireflies to controllable 
rhythms of artificial light could provide 
an important test of the synchronizing 
mechanism. Inducing an individual to 
flash faster than his normal rhythm 
would not necessarily be decisive, at 
least if he then regularly lagged the 
signal, because the coupling might not 
be distinguishable from a direct sequen- 
tial response; but a slowing of his pre- 
existing rhythm could hardly occur via 
pacemaking. Because we had stupidly 
failed to recognize the importance of 
this question while in Thailand, we were 
forced to try the experiment on material 
available locally, the American firefly 
Photinuts pyralis (56). This species is a 
far from ideal substitute for Pteroptyx 
since its period is much longer and it 
has roving rather than congregational 
habits (15), and particularly because it 
is active at too high an ambient light 
intensity to allow field recording. Also, 
sequence judgment by the observer is 
impeded by the fact that the P. pyralis 
flash lasts about 500 msec, so that even 
if the flash were delayed 150 msec after 
the signal, 150 msec being the latency 
to direct electrical stimulation of pe- 
ripheral nerve in this species (55), a 
considerable flash overlap could occur. 
This species shows sequential (wave) 
synchrony when a group of males that 
has been flashing asynchronously in dim 
light is plunged into total darkness (2). 
However, when a male and female of 
P. pyralis are engaged in courtship 
signals, other males, originally out of 
phase, can readjust their rhythms so as 
to come into phase with the original 
male and thereafter flash synchronously 
with him (57). 

By laying out on the ground a 2- 
meter circle of 20 miniature Christmas 
tree lamps flashed in rhythmic syn- 
chrony, we attempted to simulate a 
coterie of males clustering around a 
female (but without the female's re- 
sponse flash). At an ambient tempera- 
ture of 30?C, at which the males flash 
with a mean period of about 4.2 sec- 
onds and females respond about 1.5 
seconds after a male's flash, males 
cruising in the vicinity made two types 
of response when the lamps were 
flashed every 4 seconds. Individuals that 
had happened to flash about 1.5 seconds 
before the artificial flash oriented to the 
lamp-string and flew toward it stepwise 
for several flash cycles as if responding 
to the signals of a female. These pseudo- 
courtships soon broke down because the 

lamp-string of course did not conform 
to the irregularities in flashing rhythm 
that occur normally, particularly in the 
late stages of courtship after the male 
has alighted and is making his way to- 
ward the female on foot. In the other 
type of response, males also approached 
the lamps but were flashing approxi- 
mately in phase with them. These males 
did not go directly to a lamp and alight, 
as they do in responding to a female, 
but hovered over the string, reorienting 
and making short flights after each 
flash as if looking for an answering 
female's flash. This entrainment con- 
tinued for a dozen or so episodes in 
some instances. 

Entrainment to lamps could not be 
maintained long enough to test the same 
individual males at two cycle lengths, 
but males from the general population 
were able to get into approximate syn- 
chrony with lamp cycles of 3.0 and 5.0 
seconds. With the 3-second signal, 
flashing appeared to be triggered by 
the lamp flash, as in the "paced" mech- 
anism (26). The groups of males re- 
sponding to the longer-than-normal 
cycle (5 seconds) often flashed slightly 
ahead of the signal, but their continu- 
ing duplication of the lamp cycle indi- 
cates ability to slow their endogenous 
rhythm and couple to the external sig- 
nal (58). 

The expectation that paced syn- 
chrony could reach phase coincidence 
in one step, whereas anticipatory cou- 
pling might require several cycles of 
phase-shifting, is based on the fact that 
the latency of each directly triggered 
response is independent of the preced- 
ing episode whereas anticipatory phas- 
ing depends on the relative temporal 
positions of two or more events in the 
preceding episode or episodes. This 
distinction is well shown, for example, 
by a human subject who is tapping syn- 
chronously with an external sound at 
two taps per second when signal fre- 
quency is suddenly increased to three 
per second. He is "caught" very late, 
makes a sudden and large shortening of 
his tap cycle, and then, having achieved 
approximate equality of rhythm with 
the signal (though lagging markedly), 
gradually shifts phase back to his origi- 
nal temporal position in advance of the 
signal by marking off a succession of 
tap cycles slightly shorter than the 
signal cycle (34). In other words, a con- 
siderable phase shift can be produced 
with only trivial shortening of the tap 
cycle because the successive differences 
are cumulative. What appears to be a 

1325 



Table 1. Theoretical and observed mechanisms of synchronization. +, Present; -, absent; 
+ (?), not fully measured. 

Characteristic Pacing Firefly C ac 
pation chirping finger- flashing 

tapping 

Coincidence span <reaction time - + +(?) + + 
Can lead external rhythm - + + + + 
Entrainable to slower rhythm - + + + 
Phase shift cumulative - + +(?) + +() 

very similar phase shifting in the cricket 
Oecanthus fultoni is seen in a record in 
which an individual chirping 190 per 
minute was exposed to a recorded chirp 
series at 166 per minute: Cycle length 
was increased about 13 percent in one 

step, and then in seven additional cycles 
the phase lead between the entrained 

chirp and signal chirp was reduced pro- 
gressively from about 100 msec to 
about 30 (33). A similar mechanism 
might explain how the Thai fireflies on 
the wall reached the lock-in point after 
each had independently adopted the 
stable rhythm of two flashes per second. 

The evidence relating to the mech- 
anism of synchronization in Pteroptyx 
is summarized in Table 1. The latency 
and entrainment data appear to rule out 
the pacemaker theory. If extrapolation 
from one insect to another, and from 
one anticipator to another, be allowed, 
an anticipatory mechanism appears to 
be favored. 

If Pteroptyx synchronizes via the an- 
ticipatory type of phase-shifting used by 
human beings and probably by Oecan- 
thus fultoni, each male must be able to 
distinguish the relative order of occur- 
rence of his flash and that (those) of his 
influential neighbor (neighbors) and 
then to shorten or lengthen his next 
cycle according to whether he lagged or 
led, respectively, the other flash (flashes) 
(59). He needs, in other words, a "se- 
quence discriminator" coupled to a de- 
vice for modulating his endogenous 
pacemaker. It would be premature to 
propose any specific model for this 
machinery, but it is possible to guess 
that the firefly nervous system would 
be as capable of the necessary informa- 
tion-processing as that of a tree cricket 
(33) or weevil (60). Insofar as time- 
measuring goes, an ability to reproduce 
intervals of up to several thousand 
milliseconds is clearly shown not only 
by the endogenous ryhthms of spon- 
taneous flashing by males of many 
species but by the fixed-length triggered 
response delays of females of courting 
species, delays that are usually far long- 
er than the respective minimum physio- 
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logical latencies. Many fireflies also 
have the ability to subdivide major in- 
tervals into fixed fractions (that is, to 
measure off several unequal intervals 
in sequence), as in flash patterns in- 

volving complex rhythmic "phrases" 
(17, 61). Ability to modify or inhibit 
the flashing rhythm is shown by males 
of many species while flying around ob- 
stacles or in the late stages of courtship, 
and, in a still more "voluntary" way, by 
the imitation of flash patterns of other 

species practiced by the predatory fe- 
male of the American firefly Photuris 

(62). 

Summary 

In Thailand, male Pteroptyx malalccae 
fireflies, congregated in trees, flash in 

rhythmic synchrony with a period of 
about 560 ?+ 6 msec (at 28?C). 
Photometric and cinematographic rec- 
ords indicate that the range of flash 
coincidence is of the order of ? 20 
msec. This interval is considerably 
shorter than the minimum eye-lantern 
response latency and suggests that the 

Pteroptyx synchrony is regulated by 
central nervous feedback from preced- 
ing activity cycles, as in the human 
"sense of rhythm," rather than by di- 
rect contemporaneous response to the 
flashes of other individuals. Observa- 
tions on the development of synchrony 
among Thai fireflies indoors, the results 
of experiments on phase-shifting in the 
American Photinus pyralis and com- 

parisons with synchronization between 
crickets and between human beings are 

compatible with the suggestion. 
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