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Org&nismic sensitivity to atmospheric electromagnetic forces, together with usually asymmetrical phase-re- 
sponse systems, have enabled a simple unified explanation of the biological clocks and their timed rhythms. The 
clocks, endogenous cycles synchronized by subtle geophysical Zeitgeber, are always accurate. The rhythms, freely 
phase labile, autophase in “constant conditions” to generate a host of overt frequencies. 

1. Introduction 

There have always been two defensible, but 
alternative paradigms concerning the nature 
of biological clocks with impossibility to date 
of eliminating either one. Viewing the history 
of the two concepts we find that both have 
been entertained intermittently for more than 
a century, The popularities of .both have 
waxed and waned. The most widely popular 
at present is that the clocks are autonomous 
physicochemical cellular mechanisms (Van 
den Driessche, 1975; Njus, S&man and Has- 
tings, 1974; Ehret and Trucco, 1967). Perhaps 
somewhat less appreciated is that the clocks 
may depend upon continuous organismic-en- 
vironmental interactions (Brown, 1960, 1969 
and 1972). Both now appear probably .to be 
cooperating in the clock phenomenon. 

In terms of the first hypothesis the daily 
clocks are presumed almost never to he com- 
pletely accurate, yet almost incredibly so for 
biological systems over such relatively long 
time spans. Their inaccuracy is expressed by 
the various, periods (seldom more than about 
15% away from 24 hr) of observed free-run- 
ning circadian rhythms in the absence of all 
Zeitgeber changes; 24-hx cycles of obvious 
Zeitgeber such as light are needed to assure 
their proper synchronization with the solar 
day. In terms of the second hypothesis, the 

clocks have quite understandably perfect ac- 
curacy, with the apparent inaccuracy of &eir 
timed rhythms attributed to phase lability 
with regular daily self-phase-shifts or allto- 
phasing. 

External dependence of the clocks was sup- 
ported for many years by such scholars as 
Nobel Laureate chemist Svank Arrhenius 
(1898), the famous plant. physiologist W. 
Pfeffer (1907), and most recently had been 
supported by me. and my associates. The pres- 
ent widespread acceptance of autonomous bio- 
logical timing began early in this century 
when W. Pfeffer (1915) finally felt compelled, 
in terms of all knowledge then available to 
him, to conclude that each organism must in- 
dependently contain its own timer for its oyvn 
circadian rhythm. Of great importance for his 
conclusion were the diverse free-running peri- 
ods with every individual organism lu;-ving its 
own. This view which has iargely do:;ninated 
the field to the present reached its zenith in the 
early 1960’s. About this time, two extremely 
important discoveries were made and arcas of 
research opened. During the period 1958 to 
1963, there was demonstrated to be (1) con- 
tinuous interaction between organisms and 
geophysical electromagnetic fields at strength 
levels even relatively recently deemed theoret- 
ically impossible, and (2) the existence of a 
peculiar asymmetrical phase-response system 
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in organisms operative in phase-shifting and 
phase-determining the rhythms. Indeed, had 
Pfeffer had these two major contributions 
available to him in 1.915 he would probably 
not have felt compelled to accept the then 
popular concept of autonomous internal tim- 
ing, as he relucMtly and belatedly did, and 
the nature of the mysterious clocks would 
have remained an open question. 

People pressed to offer the arguments fa- 
voring the presently widely accepted internal 
cellular hypothesis have been forced to admit 
essentially as Bastings (Brown, Hastings and 
Palmer, 1970) d!d, in concluding a chapter on 
such evidence, “‘It is true that the biochemical 
investigations which I have outlined fall short 
of dealing with the endogenous-exogenous 
question in an authoritative way. But the con- 
siderations which I have outlined leave me 
and many of my colleagues with the convic- 
tion that biological systems can function 
autonomously as “clocks”, . ...” Indeed, it is 
presently impossible to develop an unambigu- 
ous case accounting for biological rhythms 
either in terms of fully autonomous clocks or 
of fully exogenous ones. The answer is be- 
coming ever clearer that both are involved, 
Let me describe some newer information that 
has supported the concept that the timing in- 
cludes involvement of both endogenous and 
exogenous elements. Such a timer could free 
us at once from the need ejf continuing to 
attempt to account for all of the multifold 
extraordinary characteristics of the circadian 
and other geophysically correlated rhythmic 
phenomena exclusively in terms of hypotheti- 
cal, wholly internal oscillators. 

2. Absence of canstmt conditions 

An alternative hypothesis* to autonomous 
internal. clocks began to take form in my 
mind in 1953. Extensive ongoing studies air” 
the rhythmic s:ystem of fiddler crab color 
changes in darkness had led us to report con- 
current persistent, accurate, temperature-in- 
dependent 24.hr solar-day and 24.8.hr lunar- 

day cycles. Accurate 24 hr periodicity can al- 
ways be suspected of being timed by subtle 
environmental variations which are a conse- 
quence of the influences of man on many sub. 
tle and pervasive aspects of the ambient phys- 
ical environment. Lunar-day ones are, how- 
ever, quite clearly free of such suspicions, and 
yet the lunar variations seemed just as accu- 
rate and persistent as the solar-day ones. Our 
break with the vast majority of clock scholars 
began when we moved in the direction of at- 
tempting to account for the great apparent 
precision of the cycles, emphasizing the lunar- 
related ones to avoid the suspected 24.hr pe- 
riod, while the others turned their attention 
to the non-24.hr free-running circadian ones 
in constancy of all Zeitgeber fields, both 
postulating these to reflect the independent 
internal clock periods, and to avoid any 24.hr 
artifact. 

It was our view at that time that if such ac- 
curate periods of clock-timed rhythms as ex- 
hibited -by the crabs could occur in even a 
single species, then the diverse, varicble, and 
unpredictable free-running circadian periods 
were unlikely to represent directly the actual 
periods of the clock. We believed that they 
must have some alternative explanation. We 
felt, further, that they must In some manner 
be dependent on a clock system, fully temper- 
ature-independent over at least a large temper- 
ature range, of the same sort the crabs posses- 
sed. It seemed imrobable that other plants and 
animals, especially the homoiotliermic birds 
and mammals, would have been saddled during 
their evolution given a significantly less precise 
timing system than that of the poikilothermic 
crabs. Indeed, the latter speculaticn has ap- 
peared to be true. Free-running circadian 
rhythms of rats (Brown, Shriner and Ralph, 
1956; Brown and Terracini, 1959), hamsters 
(Bra-;vn, 1965; Brown and Park, 1967) and 
even man (Aschoff, 1967), among other spe- 
cies, have been described to show rather 
strong propensity for adopting rather precise 
lunar periodicities when free-running in the 
absence of dominating Zeitgeber. 

itbout 1953, evidence was also beginning 
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to suggest strongly that the organisms were, in 
our carefully regulated “constant conditions”, 
still steadily receiving subtle information from 
their atiospheric environment. This evidence, 
never contradicted, was the discovery of nu- 
merous cross-correlations with meteorologi- 
cal, and other variations of factors and specif- 
ic parameters of them, from which the orga- 
nisms were fully screened (Brown, 1962, 
1968). The interpretation compelled pre- 
sumption of responsiveness of living things to 
unidentified fluctuating forces of the atmo- 
sphere. 

It seemed evident in the light of the fore- 
going that it was theoret~ically possible for an 
organism to derive accurately the geophysical 
periods from its environment, periodicities 
obviously with full temperature and drug in- 
dependences. If through some unidentified 
means frequency transformations could be ef- 
fected, cycles deviating slightly and in varying 
‘degrees in their periods from any natural geo- 
physical ones could be generated within the 
organif#ms. I stated in 1957 (Brown, 1957) 

cycles would be indistinguishable 
amental, purely endogenous oscilla- 

he same period. Two years la 
the term, auto~h~ing 

1959), or self-phasing, for such a theoreti 
basis for the Lcfree-runningy’ circadian 
This term was very disquieting for 
cept of autonomous internal timing. 

for an alternale view for 

mental rhythms, was at that time- arbi~r~ly 
decided by most workers in the field in. favor 
of what was felt to be the simpler of the two 
hypotheses, namely private timing by relative- 
ly inaccurate clocks inside each individual or- 
ganism. Such inaccuracy was also believed at 
that time to establish that the clocks were 
fully independent of all environmental 
rhythms. 

3. Endogenous and exogenous ~orn~o~e 
clocks 

The expression biological clock places the 
clock mechanism within the organism. The 
clocks are investigated through the diverse 
processes which exhibit periodic fluctuations. 
It has become commonplace to investigate the 
rhythms that are observed in unvarying condi- 
tions of aall obvious factors of the environ- 
ment, conditions u 
been presumed to 
trolled factors incl 
demonstra~d to b le to alter the phase re- 

ocesses mvolve co 

periods of the rhy 

rhythmic cycles to 
the timer i~vo~ved~ 
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independent of all local-time geophysical 
rhythms was shown long ago by geographic 
translocation studies on crabs transported 
from Massachusetts to California (Brown, 
Webb and Bennett, 1955) and honey bees 
from Europe to New York, and New York to 
California (Benner, 1955, 1959). The free- 
running character of numerous rhythms also 
indicated that the observed periods and forms 
of the cycles did not reflect directly any ex- 
ternal atmospheric ones. Either the rhythms, 
or a rhythmclock complex, were freely 
phase-labile with respect to all local-time en- 
vironmental cycles. The geographic transloca- 
tions established that the organisms were able 
to bridge with at least moderate accuracy a 
period of severa! hours within a day through 
independent internal timing unless, of course, 
some exogenous source of a 24-hr period on 
Greenwich or universal time such as some 
components of the earth’s electromagnetic 
complex were operative. 

The possession by organisms of a 24-hr cy- 
clic component, exogenous in character, and 
on universal time has become increasingly sug- 
gested as we have learned more concerning 
orientational capacities in both space and 
time. The extraordinary ability to continue 
measurement of the 24-hr period during east- 
ward and westward travel, while most remark- 
able, is theoretically capable of being explain- 
ed in terms of a fully independent internal 
ciock. But a most remarkable sense of geo- 
graphic space known as the map sense by 
which an organism is apprised of the direction 
of geographic displacement from home in the 
absence of every obvious cue cannot be so 
simply explained. Yet, this capacity appears 
to be one of the most accurate. To do this 
last, more information is clearly essential. 
Needed is the kind of information that would 
be provided by the concurrent presence of a 
very stable Greenwich chronometer operating 
along with an informational input concerning 
local-time celestial relationships of the sun, 
moon, and stars. Such a combination has 
served well for man to provide him with the 
means for establishing his longitudes and lati- 

tudes accurately. Could it be that living crea- 
tures can obtain subtle exogenous informa- 
tion concetl?ing universal daily cycles to use 
in conjunction with knowledge of celestial re- 
lationships obtained through perception of 
electromagnetic correlates providing local 
solar-, lunar-, and sidereal-day information? 

A principal natural atmospheric parameter 
contributing universal time to the earth is the 
periodic electrical charge in the highly con- 
ducting ionosphere. This charge, which aver- 
ages about 300,000 voits higher than the 
earth’s surface, displays such a 24-hr univer- 
Sal-time variation which is quite large in am- 
plitude. A test for a correlated biological 
rhythm could be made by simultaneously ob- 
taining the solarday variations in a single spe- 
cies under carefully controlled conditions of 
obvious factors at a large number of equidis- 
tant points around the earth at any given lati- 
tude. With 12 synodic months of daily data 
the lunar- and sidereal-day components would 
be essentially randomized and any statistically 
significant residual modulation of the mean 
solar-day cycles with longitude would reflect 
an c.xtant 24.hr universal-time component. 

The known electric-field sensitivity of life 
is, as will be described later, probably ade- 
quate to play such a role. A discovery of this 
character would be of inestimable importance 
not only in helping to account for an accurate 
and stable sense of tLne for terrestrial crea- 
tures but could provide that last, still missing, 
piece of information required to enable an ex- 
planation of the still completely unresolved 
map sense. The I>rganisms would have a com- 
plete sense of space. Homing pigeons even 
when translocated the thousands of miles be- 
tween Europe and North America remain 
aware of the directions of their displacement 
(Wallraff and Graue, 1973). The map sense 
seems to he intimately related in some man- 
ner to an exogenous origin of timing. This is 
indicated, among other means, by tiodula- 
tions in the homing activity or’in home direc- 
tional bias by bther natural geophysical peri- 
odicities including the mcnth and y8a.r (Gro- 
nau and Schmidt-Koenig, 1970). 
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The free-running rhythmic periods were 
found to be experimentally alterable to small 
degrees by changing light and temperature 
leve& and by a few chemical substances. The 
free-running period, other factors equal, was 
also genome-determined. These last facts were 
interpreted to strengthen further a case for 
autonomous internal timing of the rhythms. 
Clearly, there appeared to be, at very least, a 
substantial endogenous contribution to bio- 
logical rhykhms including their timing within 
cycles themselves. A carefully examined short 
term internal sense of time in man studied by 
Hoagland (1933) was described to be influ- 
enced by temperature as were biological oxi- 
dations in general. However, Q10 in the con- 
ventional kinetic range would be quite inade- 
quate to account wholly for the timing mech- 
anism of the biological clocks. We don’t know 
tile degree of temperature independence of 
the internal timing component within most 
cycles. It seems quite improbable, hQwever~ 
that its degree and stability over a broad tem- 
perature range could account ar%quately for 

e known very smah QIO’s, sometimes as low 
1.00, of the clocks. 
Those whose working hypothesis has been 

that the clocks were fully autonomous bio- 
physicochemizal oscillators have SQU 
oseil!ators but so far witbout s 
more exciting, however, are propos 
thetical models for a biologica? clot 
These models bave so far been pro 
only the circadian cycles. One model is roote 
in actions of p istronie chromosomes, 
chronons, whose etic activities are pos- 

these model types Liif lall short of prcmX:ing 
all of the reported known properties, in~lud- 
ing long-term stabilities and. ater tempera- 
ture independence, of the rh m-clock com- 
plex. One or both of these model?+ however, 
may perhaps become established as an essen- 
?iid component of an endogenous contr&u- 
tion to the clocks of life. Such models are 
being tested for their validity by every avail- 
able means. 

At the same time, however, other kinds of 
findings have been reported. opFel 
found that the rhythms of be seedh 
related with the cycles of electrical con 
ity of the atmosp . Oysters, crabs, rats, 
hamsters, and chic were reported to syn- 

e periods of atmospheric solar 
es in the absence of e 

as it conceivable that info 
d by living th;ngs fro 

vironment was in some manner ~ont~~b~t~n~ 

s? Period me~~rerne~t could 
dent, but phase syn- 

fields needed in 
nisms tbat had 
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sphere has ‘been disclosed and some character- 
istics of the biological reactions to them have 
been outlined. Responsiveness itself exhibits 
fluctuations with the natural geophysical pe- 
riods. Indeed, apparent phase-response sys- 
tems to pervasive elements apparently invoiv- 
ing responsiveness to the geomagnetic field 
have been reported(Brown and Chow, 1976). 
This phase-response system appears to possess 
simultan:-oudy two elements, a stronger one 
which is phase-labile and follows phase shifts 
in the circsdian cycles by light, and a weaker 
one which remains phase-locked to the clock 
hour of the solar day. Phase-response varia- 
tions were also found for lunar daily and 
monthly periods, as well as annual. These all 
suggest a role of atmospheric electromagnetic 
fields as synchronizers. 

The progress that has been made by schol- 
ars seeking external sources of timing as well 
as by scholars searching for an internal clock 
have been substantial. These two rapidly ex- 
panding areas of investigation, both searching 
for the mechanism of biological timing, 
should cooperate in their attack against the 
very difficult problem. The clocks of life 
probably depend in some manner on the com- 
bined roles of internal factors and subtle ex- 
ternal Zeirgeber. It seems improbable that the 
rhythmic solar, lunar, and annual rhythms 
persisting cycle after cycle with their observed 
regularities could persist as they have been de- 
scribed in individual living creatures steadily 
deprived of all information about the enemal 
environment, or solely as a passive response to 
geophysical cycles. The living system actively 
interacts with these environmental cycles. Per- 
sons investigating biochemical and physiologi- 
cal processes within the organisms usually see 
only the components of endogenous rhythms; 
those searching for exogenous contributiorff 
to the timer can discover only these latter. 
The objective of each group appears to have 
been to account wholly for the biological 
clock phenomenon in terms of its own find- 
ings. 

A semantic confusion exists in the litera- 
ture ‘segarding the biological clock, Experi- 

mental disrupticn of a specific overt circadian 
rhythm within an individual commonly re- 
sults in a published conclusion that the orga- 
nism’s biological clock has been destroyed or 
stopped. Ins?ead, such results actually indi- 
cate only that a normal essential link in an in- 
traorganismic chain of processes between 
clot d and effector system responsible for the 
spec’ IC rhythm has been disturbed or broken. 
The t vidence suggests that the clocks of the 
orgairism are present in every tissue and cell, 
clocks that continue to run though dissoci- 
ated from any given specific activity. Other 
kinds of studies of the “arrhythmic” orga- 
nisms usually disclose their ongoing activities. 

4. Ceoelectromagnetic responsiveness 

One major kind of contribution relevant to 
the clock problem made since 1958 has given 
support to the concept of subtle environmen- 
tal synchronization of the endogenous clock 
mechanism. First was the demonstration of 
electromagnetic-field perception. This was 
established for fishes by Lissman and Machin 
(1958). It was followed up by a series of stud- 
ies in our laboratories from 1959 onward 
(Brown, 1971) on responses of a spectrum of 
kinds of living things to a variety of parame- 
ters of the ambient atmospheric electromag- 
netic fields. Organisms demonstrated that 
they could clearly derive environmental infor- 
mation from extremely weak magnetic, elec- 
trostatic, and background radiation changes 
but only when the strengths remained very 
close to the natural ambient ones to which 
the organisms seemed especially adapted. The 
responses varied with time of day, phase of 
moon, and time of year and with geographic 
vector direction of the applied experimental 
fields. 

All these findings supported a concept that 
the organisms possessed the capacity to utilize 
the subtle recurring variations comprising the 
physical cycles in their environment as syn- 
chronizers for the clocks timing genetic meta- 
bolic pa!terns or of events that transpired in 
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the course of their lives. Recognizing the inso- 
luble ambiguity enveloping the clock problem 
pro$iuced by the temporal dimension of the 
organisms’ four dimensional environment, the 
temporal one was removed by asking the orga- 
nism “clock” questions and obtaining answers 
by its responses to a two-dimensional horizon- 
tal geographic grid (Brown and Pa;rk, 1967). 
Experiments, for example, with planarian 
worms on such a plane surface established 
first that the worms could distinguish among 
compass directions in the absence of all obvi- 
ous cues. Experiments with weak bar magnets 
next established that an important cue by 
which the directions were identified waS the 
horizontal magnetic vector. 

Secondly, rotating horizontally by 180” a 
light relative to the earth’s natural magnetic 
vector, or rotating an equivalent experimental 
magnetic field relative to the fixed directional 
light, were found to phase-shift abruptly a 
monthly rhythm of light response of the 
worms by 180”. In short, the worms could be 
induced, by altering its magnetic field relative 
to an overt factor, to do at full moon what 
they did before the rotation at new moon. A 
changing direction of light in relation to mag- 
netism was in some manner determining the 
phase-setting of a monthly variation in the 
animals. Third, and finally, the worms ap- 
peared not only capable of identifying the 
geographic direction of an imposed light 
stimulus by subtle meat?s but they could asso- 
ciate this information with respect to the 
compass grid of subtle parameters and “re- 
member” this relationship as an internal bio- 

behavioral mo ~fication for at le 

come a portion of a phase-iabile circadia;l nat- 
tern. 

The contiauum of space and time, with 
such common de.?ominators for organisms as 
magnetism for the two, merges the problems 
of orientation of the activities of organisms 
within the two domains. The perceptions 
dealing with the two domains, in other words, 
appear to share common parameters. It. was 
suggested earlier in this account that the map 
sense points to the probability of ar, exogen- 
ous universal-time 24-hr cycle. Homirng and 
navigation may employ clocks and celestial 
cues, but are able to occur without either 
(Keeton, 1971; Wiltschko and Wiltslchko, 
1972). The detailed characteristics associated 
with each specific compass direction differ 
systematically as the sun and moon alter their 
relationships to the compass plane as the 
earth rotates. The conditions are restored, in 
varying measures, for each earth rotation re- 
lative to each of these celestial bodies. They 
are restored more fu!ly with the period of 
the synodic month when both sun and moon 
essentially repeat their relationships. And evi- 
dence points increasingly to an anlnual modu- 
lation. And currently the clocks of life have 
been expanded to include not only lunar tid- 
al, but also monthiy and annuals mles, a11 
with “circa” periodisms and with common 
properties. 

The basic problem of the clocks seems un- 
likely to involve, therefore, only cIo!jed-sys- 
ter? time-series oscillations which are inde- 
pendent cd all spatial considerations of the ro- 
tating and sun-orbiting earth as most clock 
scholars have recently assumed to be true. In- 
stead, those natural periodic time-series varia- 
tions reflecting the recurring environmental 
cycles appear to be probably an important 
contributor’ to the clowk periods. Most bio- 
logists have assumed that any exogenous peri- 
ods must be of constant length when, instead, 
the physical periods are actually of sysltmati- 
tally ancl slightly varying lengths. Orbits of 
celestial bodies are not circular nor are speeds 
of the celestial bodies constant. The lunar- 
correlated ocean tides show mu&h greater sys- 
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tematic variations in periods, their freouencies 
i;&ulated by harmonics effected by iocal to- 
pography as well as by interactions w?h solar- 
day tidal clocks. The demonstrable respon- 

.siveness and responses of organisms to the 
vector fields of the pervasive electromagnetic 
forces of their environment and their proper- 
ties, have been largely ignored by supporters 
of the independent oscillator concept of the 
clo&, despite the fundamentally electromag- 
netic character of life’itself. 

Many other reports that have followed, 
have continued to demonstrate extraordinary 
perceptive capacities of organisms to their na- 
tural weak environmental fields, and proper- 
ties of the respondin, ‘J systems. The sensitiv- 
ities have been shown to enable perception of 
only a few gamma cfianges in the earth’s 
50,000 gamma magnetic field (Lindauer and 
Marbin, 1968; Stutz, 197i). Perception of 
electric fields down to the order of 0.01 pV/cm 
(Kalmijn, 1971) have been proven as well as 
perception of strengths and vector directions 
of hard gamma (Cs”‘) radiation (Brown, 
1963 and 1971) very close in strength to the 
natural ambient background radiation fields. 

The responsiveness to very weak electro- 
magnstic fields has even been shown to be 
involved in normal behavioral responses. Eu- 
ropean robins can identify by magnetism their 
migratory direction (Wiltschko and Wiltschko, 
1972), direction finding by homing pigeons 
includes a use of geomagnetism (Keeton, 
1971; Walcott and Green, 1973), sharks lo- 
cate prey by sensing the very weak electric 
fields the prey projects into its environment 
by its physiological activities (Kdmijn, 1971). 
Eels have been found to be so sensitive that 
they should be able to find the!: way about 
the oceans by sensing the electric fields gener- 
ated as the ocean currents move relative the 
geomagnetism (Rommel and McCleave, 
1972). Groups pf seeds absorbing water in 
neighboring glass or plastii dishes can interact 
(Brown and Chow, 19?8), muti;z!!y altering 
their uptake rates. That organisms are in some 
manner adapted to the unidirectional rota- 
tion of the earth has been disclosed by the 

discovery of non-equivalence of slow clock- 
wise and counterclockwise rotation (Jones, 
1960). Evidence has been disclosed that this 
involves a response to motion relative to the 
geomagnetic fields (Brown and Chow, 1975). 

5. Subtle clock Zeitgeber 

Clearly organisms have adequate sensitiv- 
ities to perceive the natural periodisms in am- 
bient fields of numerous pervasive parameters 
of the atmosphere and waters of the earth ef- 
fected by the relative motions of earth anti 
sun, and even of the much weaker ones re- 
lated to the moon. Nowhere on the earth, 
whether at the essentially fixed geographic 
poles or at the rhythmically moving magnetic 
poles, in the deepest cave or the abyssal ocean 
depths, would the environment be devoid of 
all of them. At thevery crudest level the rela- 
tively large daily variations in the whole com- 
plex host of electromagnetic parameters could 
serve as subtle Zeitgeber for the 24-hr period 
to all organisms on the earth. Similarly the 
other major clock periods comparably have 
available subtle external’ Zeitgeber. And prob- 
ably through “stimulus” filtering for the more 
regular periodic parameters, the detailed pre- 
cision of the subtle Zeitgeber rhythms in the 
course of evolution become vastly expanded 
even beyond what we now know. 

It is of great significance thtit a precise 24- 
hr period among the diverse circadian fre- 
quencies has been noted to behave as a “spe- 
cial” one in the temperature influences on ps- 
riods (smallest) and in variance of periods 
(smallest). Also, this period occurs as the 
“free-running” one, especially in darkness, 
more frequently than any other circ dian pe- 
riod. Whether or not this last is du 1 to man 
created, or to natural, subtle pervasive fields 
this phenomenon has led to widely increasing 
general recognition of an action of subtle and 
pervasive atmospheric parameters on period 
and phase synchronization of biological, 
rhythms when playing this role. indeed, ther 
common operation of subtle Zeitgeber is nw 
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widely acknowledged. There are a number of 
experimental reports of mean 24-hr compo- 
nents persisting with moderately repro- 
ducible forms even in organisms with rather 
regular free-running cycles with periods differ- 
ing significantly from 24 hr. I have referred 
to these, generally, as geophysically-depen- 
dent oscillations, organismic responses to per- 
vasive, subtle, environmental variations. Their 
existence was predictable from the early dis- 
covered correlations with meteorological fac- 
tors from which the organisms were screened. 

We can conclude on many such experimen- 
tal grounds, that an environmental daily tim- 
ing source, possibly even including one on 
universal time, is always available to our orga- 
nisms in all their experimental set-ups and, in- 
deed, has been present throughout their evo- 
lution. This is true even when there is ap 
ently no entrainment of the much larger 

ning or phase-shifting cycles. 
selection have left such a 

ve evolved in- 
means still fully unkn 

Schweiger, 1964). 
fection of the sele 
nisms to capitalize on every subtle 
would postulate not. And what other 

circadian rhythm in a nickel-coated glass slide, 
presenting evidence that this was pro 
a parallel rhythm in a low-energy co 
ation from the sun, excludable by 3.5 cm of 
lead. Planarian worms were earlier shown to 
be able to distinguish strengths and directions 
of very weak, hard gamma radiation emanat- 
ing from a Cs rown, 1963). Three 
very suggestive reports have been made in 
pendently over the past year that very s 

ven determine phase 

(McBride and Comer, 1975), c 

a fl~ee-inning circadian rhythm in bi 
and Neppner, 1976). These reports 
results that would have been 

ave seen that 
0~trib~tiQ~s a 

ever, the effects Q 
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But the continuity of rhythmic systems from 
relatively simple purely physical ones such as 
the atmosphere and nickel-coated glass slides, 
through relatively inactive biological systems 
such as dry seeds, to the actively metabolizing 
organism suggest that the ultimate basis of the 
rhythmicity and clocks made its appearance 
before the active vital processes of life. 

Adequate evidence is now available to de- 
mand an expansion of the present concept of 
an endodiurnal organization, to become an 
endosolunar one for terrestrial life. Life ap 
pears to be geared to its geophysical environ- 
ment as a dual endogenous rhythmic system 
with its two briefest major cyclic periods dif- 
fering in length by on13 about 50 minutes. 
These two periods’ appear to be functionally 
interrelated within: the living system, (Web)) 
and Brown, 1965)‘Either a 24.0- or a 24%hr 
cycle appears able to induce its collateral 
cycle. The two periodicities are phase-shifted 
together by altered light cycles. Entrainment 
of the 24.hr cycle by either subtle geophysical 
Zeitgeber or light Zeitgeber permits the pres- 
ence of the slightly longer-period collateral 
cycle. Experimental entrainment of the 24.8- 
hr cycle by a light cycle of the same period 
carried a collateral cycle 50 min longer (about 
25.6 hr). Subtle geophysical entrainment in 
constant conditions of light and temperature 
of a solar-day genetic pattern by a pervasive, 
exogenous, 24.(1-h? one, appears able to in- 
duce a collateral cycle of 24.0 hr. This last pe- 
riod has been reported under these conditions 
for the rat by Brown and Terracini 41959). 
Turtles (Brown and Press, unpublished) and 
quahogs (Thompson, 1974) have been found 
to exhibit 23.2-hr cycles. A postulated means 
by which the two closely similar cycles are as- 
sociated was suggested by Brown (1962) in 
terms of an approximate endogenous mea- 
surement of the 50-min difference. Such a 
dual-period internal organization of proto- 
plasm would be anticipated to enhance tre- 
mendously the capacity of the living system 
normally to synchronize to the two closely 
similar cycles of the physical environment. 

ecently 

lunar-day and solar-day periodicities in pri- 
mates. A complex of these two periods, 24.0 
and 24.8 hr, appears to form a fundamental 
temporal component in the rhythmic com- 
plex of these homoiothermic organisms. 

Endogenous cycles ‘are postulated to con- 
stitute a dynamic biological receptive system 
for entrainment by the fundamental solar-day 
and lunar-day subtle and pervasive atmospher- 
ic periodisms, which serve as subtle Zeitgeber, 
to provide accurate clocks to living systems. 
The same subtle Zeitgeber may under some 
circumstances extend their influence and en- 
train clock-dependent biological rhythms 
normally responsive to fields of obvious Zeit- 
geber such as light. However, under most eon- 
ditions the genetic patterns constituting the 
rhythms are dominated by the obvious Zeit- 
geber such as light or other factors which 
adaptively determine the rhythm phase oar 
generate circadian free-running. This hypothe- 
sis of the nature of biological clocks finds 
ad@d support by its general applicabili 
principle, to those biological clocks 
the longer cycles such as the semi-monthly, 
mon $hly , and annual circaperiodisms. Despite 
their longer periods, properties of these latter 
rhythms are being found increasingly to re- 
semble those of the circadian and circatid 
ones. 

6. On the origin of “circa 

A f~~darne~t~ issue of the clock problem 
can be couchad as a question. Are the free- 
running periods really reflecting inaccurate 
clocks, ones which must be reset during each 
cycle to the normal local-time environmental 
cycles by obvious Zeitgeber, or are the clocks 

4: interest. The question de- 
etion of research on the 

ese are pursued by molecu- 
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lar or organismic biologists. For example, the 
role of a phase-response system for obvious 
parameters including light and temperature 
can be viewed in opposite manners, depending 
upon one’s working hypothesis. It operates 
either to reset steadily inaccurate endogenous 
clocks to environmental time, or generates in 
experimentally controlled environments the 
diverse and variable free-running periods by 
frequency transformations from accurate exo- 
genously-synchronized clocks. Either view is 
tenable and permits useful roles for clock- 
timed rhythms. The former view would ap- 
pear to imply more disruption for the living 
system in the normal rhythmic environment 
than does the latter, in that it calls for larger 
or smaller daily phase-shifts. 

How could a clock system accurately syn- 
chronized to the physical cycles give rise to 
what superficially seems to be an inaccurate 
clock system, its inaccuracies slightly ampli- 
fied by a sensitivity to the levels of the con- 
stant light and temperature, and by the ge- 
nome? This last I believe was a consequence 
of the kind of a phase-resetting process that, 
on the one hand, while adaptively freeing the 
organisms’ behavior from slavery to an exter- 
nal timing system, would, on the other hand, 
in the critically controlled conditions of con- 
stancy of all Zeitgeber fields in the laborato- 
ry, spawn by a self-resetting process, or auto- 
phasing, diverse free-running periods inten- 
sively studied by most investigators as indica- 
tive of the postulated inaccurate periods daf 
their biological clot ks . 

A major discovery for biological clocks oc- 
curring about the same time as responsiveness 
to the ambient electromagnetic fields, was the 
existence and varied odd forms of asymmetri- 
cal phase-response systems of organisms. The 
first clear indication of a daily rhythm in the 
phasing capacity of light had been suggested 
by Webb (1950), followed shortly by evi- 
dence offered by Brown, Fingerman, and 
Hines (1954) that the phase-shifting in an in- 
dividual in response to light changes could oc- 
cur in either of two directions. phase advances 
or delays. The final break-through was made 

in a beautifully executed study by DeCoursey 
(1960), using flying squirrels. The finding, 
termed a circadian phase-response variation, 
was quickly seized upon by everyone as an 
essential component for phase shifting and 
phase setting of the rhythms and, for the in- 
ternal timer advocates, daily correction of the 
postulated autonomous clocks as well. It be- 
came incorporated into both the endogenous 
and exogenous concepts of biological clocks, 
emphasizing their ambiguity , 

Phase-response curves to light have been 
found wherever they have been appropriately 
sought. A tremendous range in their forms 
and phase relations to the light-dark cycles 
has been described. Phase-response curves to 
another Zeitgeber, temperature, have also 
been described and are probably equally wide- 
spread though more difficult to investigate be- 
cause of the strong kinetic effects of this fa- 
tor. Indeed, there is reason to presume that 
phase-response systems occur for every envi- 
ronmental stimulus that can, when periodic, 
serve to set the phases of a rhythm. 

For the external timer advocate, the phase- 
response system provided the probable means 
predominating in frequency transformations 
from Ihe accurate, environmentally synchro- 
nized clock cycles to yield the host of ‘free- 
‘running’ frequencies being observed in all lab- 
oratories. Nocturnal flying squirrels, for ex- 
ample, exhibited characteristically an asym- 
metrical phase-response cycle usually with the 
dominant portion, phase delay to light, occur- 
ring over time of activity onset with a lesser 
maximum in phase advance occurring over 
time of termination of activity. This assured 
that activity would commence near the be- 
ginning of the daily period of darkness. For 
diurnal vertebrates such as finches the domi- 
ant portion would be anticipated usually to 
be phase advance to light occurring nearer 
morning activity onset with a lesser maximum 
phase delay in afternoon. This would assure 
that the activity would commence close to 
daybreak. The former animals have been de- 
scribed to have in continuous light &e-run- 
ning cycles typically longer than 2-l hr, and 
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the iatter animals to have their free-running 
cycles shorter than 24 hr: These last were, of 
course, the algebraic expectations of when 
animals were held in unvarying light, the cy- 
cles were resetting each day in response to the 
illumination interacting with the successive 
portions of the inherently asymmetrical 
phase-response systems. 

As I have spelled out elsewhere (Brown, 
1972), phase-response variations of organisms, 
while tremendously variable, are typically 
asymmetrical between the phase delay and ad- 
vance portions of their cycles. They would, 
therefore, be expected in constancy of Zeit- 
geber fields to provide small day-by-day phase 
shifts either to earlier or later times depending 
upon the direction of their functional asym- 
metry at the time. Every individual would 
show its own period since the detailed forms 
of the phase-response cycles are known to 
vary among individuals (DeCoursey, 1960; 
Natalini, 1972). Natalini went onward to de- 
scribe a relationship in kangaroo rats of the 
individual’s form of its phase-response varia- 
tion to that individual’s free-running periods, 
providing support for the autophasing con- 
cept. More recently, in a carefully designed 
and exscuted experiment, Avery (1974), 
working with rats, concluded that the free- 
running period in light is predominantly a 
consequence of autophasing to the constant 
light field. This was the parsimonius conclu- 
sion drawn from a demonstrated highly signif- 
icant correlation between the lengths of 
phase-shifting transients in response to an in- 
verted light cycle and the free-running period 
in continuous illumination of the same inten- 
sity. 

These last studies have also substantiated a 
hypothesis that differing rates of phase-shift- 
ing accounts for hitherto unexplained small 
influences of levels of illumination on the 
‘free-running’ periods. Brighter lights would 
be expected to produce greater daily! shifts 
away from 24-br. All this too, is quite consis- 
tent with our general knowledge that free- 
running periods longer than 24 hr tend to 
lengthen, and free-running periods shorter 

than 24 hr to shorten, as the illumination 
gradually increases (Aschoff, 1960). The usu- 
ally very small, but still statistically signifi- 
cant, differences from 24 hr that commonly 
continue in total darkness can be postulated 
to be a consequence of phase-labile rhythms 
autophasing to the unvarying field of some 
other and weaker Zeitgeber such as tempera- 
ture, Light is the dominant but not the sole 
Zeitgeber, and the circadian cycles are usually 
completely phase-labile relative to any postu- 
lated exogenous subtle Zeitgeber rhythm. 

The reported small effects of differences in 
temperature levels upon the period yielding 
small QIO’s but ones differing statistically sig- 
nificantly from 1.00 may result from QlO’s 
even within the conventional kinetic range of 
2 to 3 for the short total time during the cir- 
cadian periods that the cycle was truly run: 
ning free from a 24-hr fully temperature-inde- 
pendent exogenousendogenous clock. Qlo’s 
could also be spurious, generated by auto- 
phasing to temperature. The genotype, and all 
other factors including earlier treatments and 
conditions, and chemicals such as D*O and 
cycloheximide, that can alter a free-running 
period can be interpreted to be either modi- 
fying the form of the phase-response curve or 
influencing its normal phase shifting activity. 

All deviations of rhythm period from their 
natural environmental correlates are, in terms 
of the concept of endogenousexogenous 
clocks, a consequence of phase-shifting or 
autophasing of the endogenous rhythm. The 
recurring genetic patterns comprising the 
overt cycles ‘timed by the clocks are pootu- 
lated to have a completely phase-labile rela- 
tionship with the underlying basic clock cy- 
cles. They may be reset cycle after cycle rela- 
tive to the clock to yield overt cycles either 
longer or shorter, or may maintain any fixed 
constant phase relation to it, depending on 
the organism and the environmental condi- 
tions. Such lability obviously allows biological 
rhythms to play their many well-known adap- 
tive roles in nature. 

This concept of the origin and general na- 
ture of biological rhythms and clocks, incor- 



porating all the reported findings, tremen- 
dously simplifies the problem of explaining 
the essential temperature- and drug-resistant 
clock properties while allowing, indeed theo- 
retically accounting simply for the relatively 
small changes effected by these factors. With 
this suggested direction for the solution of the 
clocks of life, all the remaining related prob- 
lems of the rhythmic system appear to con- 
form more easily to the conventional rules of 
physics, chemistry and physiology. The clock 
itself, quite unbiological in several of its prop- 
erties, introduces us to another, but especially 
difficult, new chapter in the physiology of 
perception of, and of responses to, the subtle 
and pervasive atmospheric fields. The orga- 
nism and its physical environment appear to 
merge intimately for the timing of life. 
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