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CURRENT PROBLEMS IN RESEARCH

Living Clocks

The clocks are accounted for as “open systems”
depending upon subtle geophysical rhythms.

Familiar to all are the rhythmic
changes in innumerable processes of
animals and plants in nature. Examples
of phenomena geared to the 24-hour
solar day produced by rotation of the
earth relative to the sun are sleep move-
ments of plant leaves and petals, spon-
taneous activity in numerous animals,
emergence of flies from their pupal
cases, color changes of the skin in
crabs, and wakefulness in man. Sample
patterns of daily fluctuations, each in-
terpretable as adaptive for the species,
are illustrated in Fig. 1. Rhythmic
phenomena linked to the 24-hour and
50-minute lunar-day period of rotation
of the earth relative to the moon are
most conspicuous among intertidal or-
ganisms whose lives are dominated by
the ebb and flow of the ocean tides.
Fiddler crabs forage on the beaches
exposed at low tide; oysters feed when
covered by water. “Noons” of sun-
and moon-related days come into syn-
chrony with an average interval of 2912
days, the synodic month; quite precisely
of this average interval are such diverse
phenomena as the menstrual cycle of
the human being and the breeding
rhythms of numerous marine organ-
isms, the latter timed to specific phases
of the moon and critical for assuring
union of reproductive elements. Ex-
amples of annual biological rhythms,
whose 365%4-day periods are produced
by the orbiting about the sun of the
earth with its tilted axis, are so well
known as scarcely to require mention.

These periodisms of animals and
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plants, which adapt them so nicely to
their geophysical environment with its
rhythmic fluctuations in light, tem-
perature, and ocean tides, appear at first
glance to be exclusively simple responses
of the organisms to these physical fac-
tors. However, it is now known that
rhythms of all these natural frequencies
may persist in living things even after
the organisms have been sealed in under
conditions constant with respect to
every factor biologists have conceded
to be of influence. The presence of such
persistent rhythms clearly indicates that
organisms possess some means of tim-
ing these periods which does not depend
directly upon the obvious environmen-
tal physical rhythms. The means has
come to be termed “living clocks.”

Autonomous-Clock Hypothesis

From the earliest intensive studies
of solar-day rhythmicality during the
first decade of this century by Pfeffer
(), with bean seedlings, certain very
interesting properties of this rhythm be-
came clearly evident. Pfeffer found that
when his plants were reared from the
seed in continuous darkness, they dis-
played no daily sleep movements of
their leaves. He could easily induce such
a movement, however, by exposing the
plants to a brief period of illumination.
Returned to darkness, the plants pos-
sessed a persisting daily sleep rhythm.
The time of day when the leaves were
elevated in the daily rhythm was set
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by the time of day when the single ex-
perimental light period commenced. It
was apparent that the daily rhythmic
mechanism possessed the capacity for
synchronization with the outside day-
night cycles while having its cyclic
phases experimentally altered by ap-
propriate light changes made to occur
at any desired time of day. These al-
terations would then persist under
constant conditions. Since Pfeffer’s
time, this property has been abundantly
confirmed for numerous other plants
and animals. The daily rhythms, there-
fore, exhibit the capacity for synchroni-
zation with external, physical cycles
while having freely labile phase rela-
tions.

A second discovery, also made by
Pfeffer, was that the daily recurring
changes under constant conditions
could occur earlier, or later, day by
day, to yield regular periods deviating
a little from the natural solar-day ones.
Periods have now been reported rang-
ing from about 19 to 29 hours. The
occurrence of persisting rhythmic
changes under constant conditions, with
regular periods of other than precisely
24 hours, clearly indicated that these
observed rhythmic periods could not
be a simple direct consequence of any
known or unknown geophysical fluc-
tuation of the organism’s physical en-
vironment,

A third fundamental contribution to
the properties of the daily rhythms was
made by Kleinhoonte (2). While con-
firming, in essentials, all of Pfeffer’s
findings, she discovered that the daily
sleep movements of plants could be
induced to “follow” artificial cycles of
alternating light and dark ranging from
about 18-hour “days” to about 30-hour
“days.” When the ‘“days” deviated fur-
ther than these limits from the natural
solar-day period the plants ‘“broke
away” to reveal their normal daily
periodicity, despite the continuing un-
natural light cycles. This observation
clearly emphasized the very deep-
seated character of the organismic daily
rhythm.

The author is Morrison professor of biology at
Northwestern University, Evanston, Ill.
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In the light of his demonstration of
both phase and frequency lability for
sleep rhythm in beans, Pfeffer con-
cluded that the periods of plant rhythms
must depend upon an independent in-
ternal timing mechanism.

This hypothesis was hotly contested
for many years by Stoppel (3) and
others. Stoppel found evidence to sug-
gest that a daily rhythmicality related
to the known daily rhythm in air ioni-
zation was continuously imparted to
the organisms under conditions pre-
sumed to be constant for them. Her
hypothesis was that the organisms in
some manner depended upon this en-
vironmental periodicity for the main-
tenance of their persisting regular
rhythms, having periods close to solar-
day periods.

Temperature and Rhythm

The controversy appeared terminated
in favor of Pfeffer’s autonomous inter-
nal timing hypothesis as a consequence

.of what was at that time considered to
be a crucial experiment. Biinning (4),
apparently  recognizing that both
Pfeffer’s and Stoppel’s hypotheses were
equally tenable, reasoned that if an
independent internal cycle-timer were
involved, then, like living processes
quite generally, the timer should be
speeded up (the cycles shorter) or
slowed down (the cycles longer) in
response to changes in the level of con-
stant temperature at which the organ-
isms were maintained. Results of his
experiment with beans actually did
show change in rhythm-period length
with change in temperature, in the ex-
pected direction. Biinning found the
change in cycle period to be only about
20 percent for a 10° rise in tempera-
ture, in contrast to the usual 100- to
200-percent increase for typical bio-
logical processes. However, the fact
of temperature-dependence of period
length was greatly emphasized, since
it was interpreted to prove the exist-
ence of an independent cycle-timer.
Several studies that followed this dem-
onstration by Biinning confirmed his re-
sults; all these investigators, too, greatly
emphasized this minute influence of
temperature level on period length. We
now know, as we shall see later, that
this experiment, demonstrating slight
temperature-dependence, was not a
crucial one; its interpretation is ambigu-
ous, supporting equally the two funda-
mental clock hypotheses. Throughout
the 20-year period during which this
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basic question was considered resolved,
there were suggestions that some daily
periodicities were fully independent of
temperature. Beling (5) and Wahl (6)
appeared to find this true for the daily
time sense of bees, and Welsh (7), for
the rhythmic eye-adaptation in cray-
fishes.

The whole problem of the relation-
ship of daily rhythmicality to tempera-
ture became complicated very early by
the discovery by Pfeffer, and the de-
tailed confirmation later by Stern and
Biinning (8), that temperature changes,
like light changes, were highly effective
in setting the phase relationships of the
labile daily rhythms. Temperature,
therefore, was demonstrated to have two
possible effects on rhythms, just as it
has for certain other biological reac-
tions. One of these is the general ki-
netic effect, in which the rate of bio-
logical reactions is a direct function of
temperature level, and the second is the
evocation of a specific response to tem-
perature changes as stimuli perceived by
organisms.

It was in a climate of contradictions
and confusion regarding the relation-
ship of temperature to daily rhythmical-
ity that Webb and I (9) conducted in
1948 an extensive study of temperature
relations of daily rhythms, using the
fiddler crab, an extremely favorable
organism for the study of such rhythms.
It was established that in this animal the
period of the daily cycles of change in
skin color was completely independent
of temperature over a 20°C range. The
physiological and ecological implica-
tions of this fact were emphasized. This
study marked the beginning of a period
during which students of rhythmicality
tended to stress the temperature-inde-
pendent nature of the phenomenon and
to de-emphasize the small dependence.
As was clearly apparent from the
earliest studies of daily periodicities,
and especially after it was apparently
demonstrated for the time sense of bees,
in 1929, temperature-independence is
a highly useful characteristic.

Two Rhythmic Centers

The next important advance in our
knowledge of rhythm timing involved
the demonstration by Webb and me
in 1949 (10) that the observed daily
rhythms of special processes, such as
color change, were not the basic timers
of the rhythms and that these processes
were being regulated by a more funda-
mental, and relatively more stable, un-

derlying rhythmic component. It was
shown that two serially coupled rhyth-
mic centers were involved. A shift in
phase of the more superficial, observ-
able rhythm, which could be accom-
plished by some types of light changes,
was found not to be permanent under
constant conditions. The phase relation-
ships drifted back, over the course of a
few days, to the initial relationships,
which were being retained by the un-
shifted, more stable center. By other
kinds of light changes it was possible
to shift the phase of the more basic
center, a shift which now persisted in-
definitely under constant conditions. For
example, the more basic center could
be phase-shifted through 180°, by two
or three cycles of illumination by night
and darkness by day, to produce a per-
manent shift. On the other hand, the
more labile center could be phase-
shifted to a time 6 hours earlier, relative
to the basic center, by alternating 12-
hour light-dark (6L:6D) cycles with
the last 6-hour light period occurring
between 6 and 12 p.M. in the natural
rhythm, or between 6 and 12 A.M. in a
previously inverted rhythm.

This last discovery was especially im-
portant for two particular reasons: (i)
it removed the basic timer from the
observed physiological rhythms them-
selves, and (ii) it clearly indicated that
the organism possessed within itself a
mechanism for generating regular peri-
ods of overt rhythms deviating from
24 hours, since this was obviously oc-
curring during the few days in which
the more basic daily rhythmic center
was shifting the more labile, observed
center back into phase with itself. It is
evident for the color-change rhythm
that, for a period of about 5 days dur-
ing which the basic 24-hour center was
bringing the more ldbile center back
into phase with itself, the periods of
observed change possessed an average
period of about 25.2 hours. It was sim-
ilarly clear that this 25.2-hour period
depended continuously upon a rhythm
of a different period—24 hours in this
instance—for its maintenance.

Later work by Stephens and me (17)
confirmed and extended this two-center
hypothesis of rhythm timing, and
quite recent work by Pittendrigh and his
associates (/2) with some other species
and processes has reconfirmed the func-
tional separation of a more basic and
stable rhythm from the relatively more
labile observed rhythms.

The divorcing of the more basic cy-
cle-timer from the observed rhythmic
fluctuations of special physiological
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processes, and the demonstration that
the observed rhythmic periods could
deviate at least for several daily cycles
from the exact period of the more basic
timer, raised, of course, doubt as to what
the actual period of the ultimate or-
ganismic timing center might be. It al-
so raised some question as to how faith-
fully the observed physiological peri-
odicities normally reflect the period of
such an ultimate timer.

As long as the observed rhythms
and the cycle-timers were generally
conceded to be one and the same
phenomenon, there was clear need for
postulating an independent internal
clock. However, despite the now widely
conceded separation of the basic timer
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from the observed rhythmic process,
Pfeffer’s hypothesis of the presence
of an autonomous clock ‘is still re-
tained by the majority of investigators
and, in fact, the internal clock is con-
sidered to exist as the more stable of
the two rhythmic centers. This clock is
considered to have a period reflected
faithfully by the overt rhythms, once
they have stabilized their period under
constant conditions of light and tem-
perature. This period is termed the
“free-running period,” and only under
special circumstances is it exactly 24
hours. For color change in the fiddler
crab, the period appears to be exactly
24 hours, in darkness, through a 20°C
temperature range. For most species,
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it is approximately 24 hours; its devia-
tion from 24 hours is usually a function
of the level of constant illumination and
temperature. As the prevailing view, it
is postulated that the more basic center
comprises an independent metabolic
“clock system” harboring periodisms
that are close to, though seldom exactly
the same as, the natural geophysical fre-
quencies. These clocks are presumed to
be rather precisely temperature-com-
pensated and to be capable of being ex-
perimentally reset to any time of day, or
of being made to run slightly faster or
slower by suitable adjustment of either
the constant light or the constant tem-
perature level.
In brief, it is postulated that the liv-
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Fig. 1. Examples of rhythmic phenomena experimentally demonstrated to persist under constant conditions in the laboratory, illu-
strating diagrammatically the natural phase relationships with respect to the external physical cycles. L, in the diagram at bottom,
indicates time of low tide in the crab’s habitat.
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ing organism possesses independent,
cyclic biochemical systems with in-
herited natural periods of oscillation.
Indeed, it has been shown that, when
other factors are equal, period-length
in the bean is a characteristic of genetic
strain. The periods are presumed to
have been derived in the long course
of organic evolution under natural se-
lective pressures. The major problems
that appear to remain in connection with
this hypothesis, are the need for (i)
proof that such autonomous clocks actu-
ally exist, and if they do, (ii) under-
~standing o1 the mnature of the bio-
chemical mechanisms capable of meas-
uring natural periods even up to a
year without any external source of in-
formation. In view of an extraordinary
immunity of the rhythm period to
metabolic poisons, and of the main-
tained precision of the annual period
in dried seeds in the temperature range
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Fig. 2. 4, B, and C illustrate the average
forms (3-hour moving means) of the daily
cycle of O: consumption of potato plants
under constant conditions during each of
three full years of study. D is the 3-year
mean cycle.
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—22° to +45°C (13), Biinning has
postulated (/4) that the internal clock
must be predominantly a physical, as
opposed to a chemical, mechanism.
However, every attempt to character-
ize such a postulated endogenous clock
in terms of our current concepts of
possible underlying biophysical or bio-
chemical schemes has emphasized the
clock’s independence of these schemes.
In fact, even the site of the clock in the
living thing has been similarly most
elusive. It seems to be everywhere, and
yet nowhere when we try to localize it.

During the past 6 years the rapidly
mounting evidence for a most unortho-
dox, and even an almost incredible,
character of any fully autonomous in-
ternal clock in terms of our current
knowledge of general physiology ren-
dered it advisable to reconsider the
working hypothesis of an independent
r “closed system” clock. Also, while
being by its very nature incapable of
proof, the autonomous-clock hypothesis
discouraged search for alternative ex-
planations.

Response to Geophysical Rhythms

Supported at this time is an alterna-
tive view, proposed long ago by Ar-
rhenius (15), as to the nature of the
more stable, basic timer for the organis-
mic rhythms of approximately all the
natural frequencies. Both rational and
experimental support are offered for it,
and it is shown how biological rhythms
are readily accounted for in these terms.
This was also Stoppel’s general thesis
for the timing of daily rhythms. This
is the hypothesis that the clock com-
prises an “open system” and that timing
of the periods persisting in so-called
constant conditions is derived through a
continuous response of the living or-
ganism to its rhythmic geophysical en-
vironment. It is postulated that both the
observed phase and the observed fre-
quency labilities of the rhythms are
expressions of the same phenomenon
(phase shifting in response to light or
temperature), and that these labilities
comprise very nice adaptive mechanisms
for normal adjustment of the organism
to the specific character of the light and
temperature changes occurring in na-
ture.

It was suspected that the organism,
under constant conditions, was actually
deriving its periods in reaction to the
environment, first from reports by
Stoppel and others of apparent disturb-
ances in the mechanism in otherwise

rhythmic organisms when they were
transported to the arctic in summer, or
into a salt mine, but especially from an
experiment performed with oysters sev-
eral years ago (Z6). Oysters transported
in light-proof containers from their
habitat in New Haven harbor to pans of
sea water in a photographic darkroom
in Evanston, Ill., gradually rephased
their rhythm of shell-opening over a 2-
week period from the exact lunar-day
time of high tide in New Haven harbor
to the exact times of lunar zenith and
nadir at Evanston, Ill., the theoretical
time of high tides in Illinois were there
a coastline. This new phase relationship
then remained unchanged through a full
month during which the study was con-
tinued.

Metabolic Cycles

In an attempt to learn more concern-
ing the fundamental basis of organismic
rhythmicality there was initiated about
6 years ago a program of study of
metabolic fluctuations in a wide variety
of organisms ranging from algae to
flowering plants, and from invertebrates
to vertebrates. Metabolic rate was se-
lected for study, inasmuch as (i) there
was no longer a restriction with respect
to the kinds of organisms which could
be investigated, and (ii) this seemed as
fundamental a phenomenon as could be
measured and therefore the process that
would be the most likely to reflect any
basic living-clock rhythms. For the
studies an automatic recording respi-
rometer was used in which the metabolic
rates could be measured in organisms
hermetically sealed under constant con-
ditions, including constant pressure, for
several days at a time without any dis-
turbance. It has now become quite clear
that under such constant conditions all
living things have continually imposed
upon them from their environment
metabolic rhythms of exactly the natural
geophysical frequencies.

Certain of the studies on fiddler crabs
and potatoes have been selected to illus-
trate the general character of the find-
ings; the basic similarity in results for
organisms as widely different as these
two—a marine invertebrate and a ter-
restrial flowering plant—emphasizes the
fundamental character of the phenome-
non. These, and numerous other studies,
suggest that the phenomenon is uni-
versal among living things. The average
form of the daily metabolic fluctuation
in the potato for each of three full years,
together with the 3-year mean, is illus-
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trated in Fig. 2. Despite change in gross
form from year to year, this cycle was
characterized by a nighttime minimum,
an early-morning rapid rise, and a tri-
modal daytime maximum. Its average
for the 3 years involves about a 4-per-
cent increase from midnight to noon,
though this percentage is, day-by-day,
statistically significantly correlated with
the simultaneous, weather-correlated
mean daily outdoor air temperature. The
correlation was direct for temperatures
below 57°F and inverse for higher ones.
Just as outdoor air temperature obvious-
ly possesses an annual fluctuation, so is
there an unambiguous annual rhythm in
the amplitude of the daily metabolic
cycles (Fig. 3, B), with the major maxi-
mum in October and a lesser one in
April-May, and with the major mini-
mum in February. There is also a highly
significant synodic monthly rhythm in
the form of the daily cycles (Fig. 3, 4);
the cycles depressed most at new moon
and least at third quarter.

The studies with the fiddler crab have
been restricted to summer months dur-
ing the past 6 years. The day-by-day
fluctuations can be clearly resolved into
two conspicuous rhythmic components,
each involving a 30- to 50-percent fluc-
tuation. One component, a solar-day
one, possessed a morning maximum and
a late afternoon minimum. The second
component, equally large, is a superim-
posed bimodal rhythm of lunar-day fre-
quency, with maxima occurring at lunar
zenith and lunar nadir. The simultane-
ous presence of these two rhythmic fre-
quencies and their particular phase
relationships to the external cycles re-
sults in a fortnightly recurring series of
daily patterns of O: consumption. The
form of the fluctuation on any day is a
function of the temporal relationship of
that day to the time of new moon or full
moon. In Fig. 4 are compared, as an
example, the average daily cycles that
Webb and I (17) found for six consecu-
tive, corresponding days for the two
summers 1956 and 1957. Quite com-
parable would be two series separated
by a fortnight; A5 is a day of new moon
or full moon. These two metabolic fre-
quencies of the crab are quite precisely
the geophysical frequencies and appear
to persist indefinitely.

It can readily be demonstrated that
the daily metabolic periods in both the
crab and the potato are imposed day by
day from the external physical environ-
ment. One method has been the follow-
ing: In Fig. S5 are seen (A4) the mean
summer-month (May-August) daily
cycles for 3 years for potatoes, (B) a
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Fig. 3. (A) The average percentage increase in O, consumption from 1 A.M. to 9 A.M. as
a function of four periods centered over each of four quarters of the moon. (B) The
average percentage increase in O consumption from 1 A.M. to noon as a function of the .
month of the year during a 3-year continuous study under constant conditions. Standard

errors of the means are indicated.

sample summer-month mean daily cycle
of barometric pressure, and (C) the sum-
mer-month mean daily cycle for crabs
for 4 years. Far beyond any statistical
chance, the 6 A.M. rates of O: consump-
tion of both potatoes and crabs are posi-
tively correlated with the weather-related
deviations in the 2 to 6 A.M. mean rate
of pressure change. The higher the rate
of morning pressure rise, the greater the
6 A.M. metabolic deviation on that day.
The 6 p.M. deviation in metabolism of
the potato is negatively correlated with
the day-by-day 2 to 6 p.M. rate of pres-
sure change, while in the crab, on the
other hand, it is positively correlated.
The higher the 2 to 6 p.M. rate of pres-
sure drop on any given day, the lower
the 6 p.M. metabolic rate in the crab
and the higher the 6 pP.M. rate in the
potato on that day. Whereas, therefore,
both species are deriving daily periods
from a pressure-correlated external
factor, the potato maintains a high
metabolic rate throughout the day by
alternating the signs of its 6 A.M. and
6 p.M. correlations. This can be in-
terpreted as an adaptation of the light-
dependent plant. The crab, whose
adaptive actions. are predominantly
lunar-tidally regulated, continues with
the same sign for both its 6 A.M. and its
6 p.M. correlations. However, the crab
appears to possess the capacity to alter-
nate signs like the potato. The bottom
curve D is the mean daily metabolic
cycle for 1 month for crabs whose daily

cycles of color change Webb and I (18)
inverted by several periods of illumina-
tion by night and darkness by day.
Under these circumstances, for the crab
the 6 pP.M. correlation in, for example,
its phase-labile color-change rhythms,
is now the physiological equivalent of
the former 6 A.M. correlation. The crab,
now, like the potatoes, exhibits a maxi-
mum rate where there was formerly a
minimum. But, interestingly, it simul-
taneously retains its 6 A.M. positive cor-
relation with pressure change. Thus it
appears that the sign of the correlation
with the still unidentified rhythmic ex-
ternal factor is, to some degree at least,
under organismic control.

In Fig. 6, A illustrates for the potato
the regressional relationship of the 6
A.M. deviation in metabolic rate with
respect to the rate of concurrent morn-
ing pressure change. For the crab, in
view of the absence through the day of
sign change, B illustrates both the 6 A.M.
and the 6 p.M. deviations relative to the
2 to 6 AM. and the 2 to 6 P.M. pres-
sure changes, respectively, plotted in
one figure. The latter relationship in-
cludes data for about 8 months of four
summers (1955-58), reduced to the 30
corresponding days of the synodic
month. The over-all correlation, 0.67, is
good for a biological one. However,
some additional, very exciting, informa-
tion is found to be present in the cor-
relation when it is carefully analyzed.
If one removes five points over each, the
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first and third quarter of the moon
(fifth to ninth days after new and full
moons), when the overt cycles of spon-
taneous motor activity crest over 6 A.M.
and 6 p.M. (compare also Fig. 4), the
times of day involved in this correla-
~ tion, the coefficient jumps at once to

the relatively high one of 0.86. The
points involved are the +’s for p.m. and
the X’s for A.m. The coefficient for
A.M. alone is 0.62, or for p.M. alone,
0.76. This can only be interpreted as
indicating that underlying the weather
distortions of the daily cycles of baro-
metric pressure are average parameters
of daily pressure change that charac-
terize each day of a fortnight. The crabs
appear to be deriving their strikingly
reproducible metabolic solar and lunar
cycles day by day from a fluctuating
external factor whose fluctuations are
more independent of the local, weather-

0, CONSUMPTION

NOON MIDN
Fig. 4. Comparison of mean daily fluctua-
tions in O. consumption in fiddler crabs
under constant conditions during the sum-
mer of 1956 (solid lines) and 1957 (broken
lines) as related to day of lunar month. A5
contains the days of new and full moon.
Represented are six consecutive days in the
natural synodic month. The ordinate values
are deviations from the daily means, ex-
pressed in arbitrary units.
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related tropospheric turbulences than is
the actual, monitored barometric pres-
sure itself.

In other words, in response to these
barometric-pressure correlates a group
of crabs on any given day of the synodic
month—for example, the first day after
a new moon—is exhibiting a cycle
which, though distorted slightly with
the weather of that day, is actually very
close to that of the average of enough
“new moon -+1” days to neutralize the
day-by-day random weather distortions.
The crabs are behaving as if they were
responding to the solar and lunar tides
of the calmer “seas” of the upper
atmosphere, with this accounting for
nearly 80 percent of certain parameters
of their measured, regular, fortnightly
or semilunar metabolic patterns. There-
fore, while their metabolism can be
shown to be affected to a small but def-
inite extent by the “wind-battered seas”
of the weather-ridden troposphere, the
major cyclic periods are being relayed
as if from a gentle swell of a relatively
calm atmospheric “ocean.”

The mean daily cycle of barometric
pressure also exhibits a conspicuous an-
nual modulation in its form. This is
particularly evident in the time of oc-
currence of the afternoon minimum.
This gradually drifts from about 7 p.M.
in summer to about 2 p.M. in winter.
Consequently there is an annual rhythm,
involving even a sign change, in the 2
to 6 p.M. rate of pressure change, a
parameter with which metabolism of all
living things displays a correlation. Cor-
respondingly, an annual modulation in
the form of the daily metabolic cycles
in potatoes under constant conditions
has been demonstrated (/9).

It should be emphasized that while
exhibiting their pressure correlations
the organisms themselves are being
maintained under constant pressure, and
hence that pressure and the well-known
solar:and lunar tides of the atmosphere
cannot be the immediately effective fac-
tor for the organisms. But of tremen-
dous import for the clock problem is the
fact that of the several species of plants
and animals already studied in our
laboratory, all exhibit the same kind of
metabolic correlation with the same
specific barometric pressure parameters.
This has been shown to be true through-
out the gamut of living things, from
algae to vertebrates.

Another thought-provoking metabolic
correlation has been found, that with
primary cosmic radiation (20). Leading
initially to this discovery was the find-

ing that the daily cycles of several
organisms in 1954 were in good meas-
ure inverted with respect to those of
the same species under similar constant
conditions in corresponding months of
other years in which they had been
studied. The first corresponding appar-
ent inversion in a simultaneous geo-
physical fluctuation was found to be in
cosmic radiation, from data generously
loaned by J. A. Simpson of the Univer-
sity of Chicago. In Fig. 7, A and B, it
is seen that between the months of July
1954 and July 1955, both the crab and
the radiation cycles had essentially in-
verted, the crab retaining a nice nega-
tive correlation with the radiation cycle.
For the potato, between the months of
May 1954 and May 1955 (C and D in
the figure), the metabolic cycle had in-
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Fig. 5. (4) The mean 3-year, warmer-
month (May-August) daily fluctuation in
the potato under constant conditions; (B)
a typical mean summer-month daily cycle
of barometric pressure; (C) the mean sum-
mer-month (1955-58) persistent daily cycle
of O: consumption in the fiddler crab; and
(D) the mean daily metabolic cycle for a
month in crabs whose physiological cycles
were shifted 180° by exposure to illumina-
tion for a period by night and darkness by
day.
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verted for the morning hours only, and,
correspondingly, so had the cosmic
radiation. The correlation with radia-
tion for the afternoon hours was, for
the potato, a positive one for both years.
It is interesting to note that for both
crabs and potatoes, at the time of morn-
ing positive correlation with barometric
pressure change, the correlation with
the cosmic radiation is negative. The
crab, which retains throughout the day
the same sign of pressure correlation,
continued to mirror-image the radiation
throughout the day. The potato, which
reverses the sign of its pressure correla-
tion between the morning and the after-
noon, is seen to have changed the sign
of its cosmic-radiation correlation be-
tween these portions of the day.

The mean daily metabolic rate of the
potatoes, under constant conditions, also
displayed a significant synodic monthly
rhythm (Fig. 8, A4), with the minimum
shortly after the new moon, and a clear
annual rhythm (Fig. 8, B), with the
minimum in October-November, during
three consecutive years of study. The
ranges were 10 and 80 percent, respec-
tively.

1t is true that, were one dealing only
with regular rhythms of solar and lunar
daily, monthly, and annual frequencies,
it could conceivably be maintained that
such rhythmic events as those described
here depended solely upon an inherited
“internal-clock” complex which inde-
pendently duplicated the natural geo-
physical periodicities. But this clearly
becomes highly improbable when, as
we have just seen, the organism under
so-called constant conditions is inform-
ing us through its metabolic fluctuations
that it is continuously apprised of even
hour-by-hour or day-by-day weather-
correlated irregularities in the well-
known geophysical rhythms of such
factors as outdoor air temperature and
atmospheric pressure changes. Certain-
ly no autonomous internal clock can
be imagined which would provide us
with a continuous accurate record, even
hour by hour, of the weather-related
random irregularities in natural external
physical cycles ranging from the day
to the year.

In brief, many such results as those
described above clearly indicate that
precise mean periodisms of all the nat-
ural geophysical frequencies are being
impressed from without upon the liv-
ing system, even under conditions con-
stant with respect to all factors gen-
erally conceded to influence such sys-
tems.

4 DECEMBER 1959

The Primary Clock

Such evidence, therefore, has proven
the existence of a third organismic
rhythmic component. The rhythmic
fluctuations of this component, dis-
similar for the two components pre-
viously described, are synchronized with

and have locked phase relations (either
0° or 180°) with external geophysical
rhythms. It is postulated that this com-
ponent provides the organism with ref-
erence cycles for all the natural geo-
physical frequencies. This obviates the
necessity for postulating temperature-
independent internal clocks for natural
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Fig. 6. (4) The regressional relationship of the 6 A.M. deviation from daily means in O:
consumption in the potato, under constant conditions, including constant pressure, rela-
tive to the average 2 to 6 A.M. rate of barometric pressure change for the same morning
for the warmer months during a 3-year period. (B) The regressional relationship of the
6 A.M. and 6 P.M. deviations from daily means in O. consumption in the fiddler crab
(Uca sp.), under constant conditions, relative to the 2 to 6 A.M. and 2 to 6 P.M. mean
rates of barometric pressure change, respectively. Data for 4 years, reduced to corre-
sponding days of the synodic month, were used. Symbols 4 and X are values obtained
from the fifth to the ninth days after both the new and the full moon.
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periods ranging from the solar day,
through the lunar day and month, to
the year. It is postulated that this
rhythmic component is the primary
clock, with the periodicities of the other
two organismic rhythmic centers down-
graded to secondary and tertiary levels,
respectively, and possessing rhythms
and periods which are derived ones—
derived in reaction between the primary
component and environmental factors,
including light and temperature. This

comprises, in essence, the responder-

mediator-indicator (RMI) hypothesis of
rhythm timing (21).

Just as the timing of the electric clock
depends upon a synchronous motor with
a continuous 60-cycle electrical input,
so, the evidence suggests, the timing
of the living clocks depends upon a
continuous inflow of cyclic information
of the natural cosmic frequencies. Both
clocks, furthermore, may be readily
reset in their phases relative to the nat-
ural cycles without impairment of the
capacity to time individual cycles ac-
curately.

Phase Adjustment to External Cycles

The last matter to be discussed bears
upon a probable relationship of the
environmentally imposed metabolic
rhythms to the observed overt phase-
and  frequency-labile  physiological
rhythms of special processes, men-
tioned in the introduction.

It has been known for many years
that overt daily cycles in a wide variety
of plants and animals kept under con-
stant conditions of light and tempera-
ture may deviate from a precise 24-hour
period by as much as plus or minus 4
to 6 hours. For example, in the white
rat (22) there were found spontaneous
running cycles of 25.25 hours in a con-
stant illumination of 20 lux, and a 24.0-
hour cycle in constant darkness. Upon
the initial discovery of this phenomenon
by Pfeffer, in connection with sleep
movements in beans, it was postulated
that this represented a corresponding
deviation in the period of an internal
clock from the actual solar-day period.
In fact, this commonly observed charac-
teristic of daily rhythmicality has been
advanced as establishing beyond doubt
that the internal clock of the living
organism is a fully autonomous one.

This deviation from strict, solar-day
frequency has been investigated further
in more recent years, and it has been
shown that there is a general relation-
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ship between the intensity level of the
constant illumination, ranging from

complete darkness to bright light, and.

the apparent amount of deviation of
the period from 24.0 hours (23).
Related to the apparent period length
of the daily rhythm is also the level of
constant temperature at which organ-
isms are maintained. Usually at some
particular temperature, in the normal
range for the species, the daily cycles
are quite precisely 24 hours in length,
but as the constant temperature is ad-
justed to higher or lower levels, the
observed period of the cycle may de-
viate slightly from the natural daily
one as a function of the temperature
level. In some species—for example,
bean and fruit fly (4, 24)—the period
length decreases with increasing tem-
perature; in others—for example, cer-
tain algae (25)—the periods increase
with increasing temperatures. This re-

lation to temperature has been inter-

preted by most investigators as a con-
sequence of an imperfect temperature
compensation of the postulated auton-
omous internal clock to the kinetic
effect of temperature. In fact, this slight
temperature-dependence of the apparent
cycle period has been considered by
many to be additional proof of the
existence of a fully independent daily
oscillation in living organisms.

An alternative hypothesis for these
deviations in cycle length from 24.0
hours, involving autophasing or self-
phasing, was first proposed in 1956
(22). It was postulated that autophasing
would be an expected consequence of
the demonstration by Webb (26) of a
daily rhythm of sensitivity to light as
a phase-setting stimulus, together with
the demonstration of more detailed
characteristics of the phase-shifting
mechanism, by me and my associates
in 1954 (27). It was reported then that
all of numerous observed characteris-
tics of experimental shifting of the
rhythm phases in color change in crabs
seemed best described by a “6- and 18-
hour” daily rhythm of crab response
to light as a phase-shifting agent. In the
normal adaptive phase relationship to
the day-night cycles, there appeared to
be a midnight-to-6 A.M. portion of the
cycle in which the degree of cycle shift
to an earlier time of day was a func-
tion of the brightness of illumination
to which the animal was exposed dur-
ing this physiological period. The longer
portion of the physiological cycle, ex-
tending normally from about 6 A.M. to
midnight, was one in which the effect

of illumination change was to phase the
cycle in the opposite direction, to a
later time of day. This daily rhythm
of alternating directions of response
to light in rhythm phasing was inter-
preted as being nicely adapted to en-
able the animals to retain optimal phase
relationships with the natural light
cycles.

Under the hypothesis of autophasing,
it is postulated that the organism uses
its daily rhythmic fluctuation in sen-
sitivity to light to effect a daily shift
in its phase relations relative to its
environmentally imposed 24-hour pe-
riodicity. The manner of action, in gen-
eral terms, would be as follows: The
organism reaching a “light-sensitive”
phase in its daily cycle, and encounter-
ing the illumination of a constantly il-
luminated environment, would be given
a shifting stimulus whose strength,
within limits, would be a function of
the level of the illumination. Though
physically the light is held constant, in
stimulative effectiveness for the organ-
ism it is rhythmic as a consequence of
rhythms in the organism’s own respon-
siveness. To use a crude simile, the
character of a person’s response to a
hot stove is essentially independent of
whether the person moves to the stove
or the stove is moved to the person.
Since it has been demonstrated that the

RAD .,
i .
e
A 3
¥ @
2 >
3 3
3
<
193
=3
g 22
> oF
3 23
52
24
Q
< =
3 33
> o0
s X
S =
5
a d‘“., u‘nw
e &
>
< >
<
= =

6 AM

NOON

6PM

Fig. 7. Comparison of mean daily fluctua-
tions in fiddler crabs (Uca sp.) (4 and B,
solid lines) and potatoes (C and D, solid
lines) for periods of a month with mean
daily fluctuations of the nucleonic com-
ponent of cosmic radiation (dotted lines)
for the corresponding months of the same
years.
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phase-shifting by light may be in either
direction, depending upon the conditions
of illumination, autophasing may give
rise to cycles that appear to be either
longer or shorter than 24 hours. This
may depend upon the character of the
daily rhythm of sensitivity of the par-
ticular species or individual, and hence
may be in part genetic. Under condi-
tions in which there is some perceptible
daily cycle in illumination, the shifting
would be expected to continue until the
daily cycle of light sensitivity was opti-
mally adjusted to the light fluctuation,
and this is what is always observed.
Under constant illumination, since the
illumination is equivalent at all hours
of the day, the daily cycle would be
expected to shift continually, scanning
the solar day time after time. This is
what is observed in all appropriately
investigated instances.

A quite comparable regular day-by-
day shifting would be expected in
organisms maintained under constant
temperature, since Stephens (28) has
demonstrated a daily rhythm of sensi-
tivity to temperature as a phase-shifting
stimulus. As temperature deviates from
an organismic optimum for some pe-
riod of the solar day, autophasing would
be expected. Also supporting the view
that the reported effects of differing
constant-temperature levels really op-
erate through the phasing mechanism
is the general fact that the more closely
a persistent rhythm frequency approxi-
mates a natural geophysical period, the
more complete is the temperature in-
dependence.

This hypothesis for the explanation
of deviations in apparent daily-cycle
lengths away from 24 hours is consist-
ent with all the observed facts. It even
accounts for the hitherto inexplicable
observation that changes in energy levels
of both constant visible light and tem-
perature within the normal range effect
changes of the same magnitude in ob-
served cycle length. The only demon-
strated manner in which these two en-
vironmental parameters are essentially
equivalent for rhythms is as phasing
agents. This is also a most rational
hypothesis in terms of expected organ-
ismic adaptation to the character of
light and temperature fluctuations in
nature. This characteristic of the mech-
anism very nicely enables an organism
to maintain quite precise 24-hour pe-
riodicity in the natural environment
despite large day-to-day changes of a
weather-correlated nature in the daily
illumination and temperature cycles, or
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Fig. 8. The mean daily rates of O. consumption for 3-day periods through the synodic
month (A4), and for each of the 12 months of the year (B), for potatoes under constant
conditions, during a continuous 3-year study. Standard errors of means are shown.

sudden changes effected by the organ-
ism’s own locomotor movements carry-
ing it during single days to places of
differing illumination and temperature
in its habitat. ‘

Since light changes in nature are,
unlike abrupt laboratory light changes,
very gradual, the organismic cycles are
able to be set adaptively to time of
solar day with a higher degree of pre-
cision and stability than would be the
case were the very slowly changing il-
lumination of a single morning or eve-
ning twilight the sole means of phase
setting. The organism, as it were, em-
ploys a recurring 24-hour pattern of
light and temperature “testing” to en-
able it to move gradually into an opti-
mally adaptive phase relationship with
the external light and temperature
cycles. The farther the organismic cycle
from phase adjustment, the greater the
daily shift; the nearer to adjustment, the
smaller the daily shift. It is presumed
that, once set, the cycle periods in
nature are maintained with precise mean
24-hour periodicity by continuous 24-
hour periodic testing of the two primary
phasing environmental parameters, light
and temperature. The relative impor-
tance of the two would be expected to
vary with species.

There is ample reason to believe that
both morning and evening changes in
the environmental factors are involved
in phasing. Since these work antago-
nistically to one another, there would be
no significant change in phase relations
in passing from a clear to an overcast
day—a change which might occur were
the rhythms phased by some absolute
threshold for light at a single time of
morning or evening.

In terms of this hypothesis the basic
clocks are environmentally regulated
and of the precise geophysical periods.

" The deviations of the observed periods

of physiological rhythms under constant
light and temperature become, instead
of errors in a postulated internal clock,
a splendidly adaptive means by which
the organism gradually “seeks out” the
best fits to prevailing external daily
cycles of light and temperature. The
use of 24-hour cycles of “environmental
testing” is clearly a very nice way for
the organism to minimize the effects
of physiological adaptation to light and
temperature which would doubtless ren-
der the very gradual daily changes in
these two factors difficult to resolve.

Basic Exogenous Timing

Another interesting property of the
persistent daily rhythms may be com-
parably accounted for by basic exoge-
nous timing. It has been known for
about 30 years that the daily rhythms
of certain processes, such as sleep move-
ments of plants, would follow artificially
lengthened or shortened “days” usually
up to about 30 hours (15L:15D) and
down to about 18 hours (9L:9D). Be-
yond these limits, the organism would
“break away” from its artificially en-
forced unnatural periods and revert to
its natural daily period. Webb (26)
found, for example, that with imposed
artificial days of 32 hours (16L:16D),
the rhythm of color change in crabs
displayed an overt 96-hour cycle, the
smallest common denominator of the
fundamental 24-hour period and the
imposed 32-hour periods. In darkness,
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the crabs reverted at once to their
24-hour period.

The rhythmic property just described
has been interpreted by some investiga-
tors as evidence supporting a hypothesis
of an inherited, 24-hour oscillatory pe-
riod in the living organism which could
not be strained into periods beyond
these observed limits. However, the
observation may be accounted for just
as simply in terms of the now well-
known 24-hour cycles of sensitivity to
phasing by light. It is known that after
one abrupt phase setting by light-on
(or light-off), the organism is sensitive
to additional phasing by an opposite
abrupt change in illumination only with-
in a restricted range of times following
the initial phasing. If the second stim-
ulus occurs either earlier than the limits
(that is, if the artificial days are shorter
than 18 hours) or later (if the artificial
days are longer than 30 hours), the
second and immediately succeeding
cyclic changes in light fall within pe-
riods in the organismic daily rhythm
insensitive to phasing by light. Thus,
beyond these limits the organism, being
unable to phase, would be expected to
revert to its fundamental period of 24
hours.

Similarly, the persistence of the nat-
ural period of daily and tidal rhythms
during rapid east-west transport by air-
plane can be postulated to be either a
consequence of autophasing effected by
endogenous aspects of the living-clock
system or a result of exogenous timing
through a geophysical fluctuation cor-
related, for example, with atmospheric
electrical potential and operating on
universal time.

Environmentally Dependent
Clock Model

The demonstration that all the nat-
ural geophysical periods are being de-
rived from the physical environment
by animals and plants even under con-
ditions hitherto presumed to be con-
stant, together with the clear evidence
that organisms can use a rhythm of one
frequency to derive a rhythm of a dif-
ferent one, eliminates the need for con-
tinuing to postulate autonomous internal
clocks possessing all the natural periods.
Scientificially, such a hypothesis is of a
last-resort type, since it is incapable of
definitive proof, depending, as it must,
exclusively on negative evidence. On the
other hand, such an environmentally de-
pendent clock model as that presented
here will probably require revisions
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from time to time as new properties
of rhythmicalities come to light. How-
ever, short of the demonstration that
biological cycles of the natural geo-
physical periods can still persist in or-
ganisms traveling in space well outside
of the earth’s rhythmic field of influence,
there is no logical basis upon which this
hypothesis can be rejected.

Furthermore, this hypothesis readily
accounts for the hitherto inexplicable
immunities of the clocks to temperature
changes and to drugs for all natural
geophysical frequencies. These last char-
acteristics of the clock are those which
are the most unconventional in terms of
our current concepts of physiology and
biochemistry, and those regarding which
no advance in our knowledge of the
basic timing mechanism has been made
in the half century during which
Pfeffer’s hypothesis of an autonomous
internal clock has been dominant. The
present hypothesis reduces the remain-
ing major problems to those upon
which, perhaps significantly, most prog-
ress has already been made—namely,
the mechanism of rhythm phasing, in-
cluding properties of the coupling sys-
tems between the internal rhythmic
components, and characteristics of the
exogenous information reaching the
primary rhythmic component..

In addition, more of the numerous
observed properties of the organismic
rhythms appear to fall into a consistent
framework in terms of this hypothesis
than has been the case for any earlier
one. This hypothesis also brings, for
the first time, the mysterious living
clocks out into the open, being far more
amenable to investigation and analysis,
in terms of our current knowledge in
the natural sciences, than earlier “closed
system” clock hypotheses. It seems high-
ly desirable to adopt as a working hy-
pothesis a positive, testable approach of
this kind.

One of the questions perhaps most
frequently asked in reaction to this
hypothesis of the nature of the living
clocks is the following: How can small
imposed metabolic oscillations involv-
ing changes of only a few percent be
responsible for timing observed biolog-
ical cycles often involving tremendous
energy changes? This, clearly, is no
insurmountable problem. In our every-
day experience the schedules of rail-
ways, airlines, and factories, and even
our own daily work patterns, involving
relatively huge energy changes, are in
fact timed by clocks or watches so low
in energy output that a few dust par-
ticles may suffice to stop them. The liv-

ing clock system would appear to be
another example of a class of physio-
logical phenomena referred to as trig-
gered responses. It is a common biolog-
ical experience that there need be no
fixed relationship between the energies
of the stimulus and the response.

In conclusion, it may readily be seen
that all the major evidence that has been
marshaled in support of an independ-
ent internal clock system with periods
of close to, but seldom exactly, 24 hours,
can quite rationally be interpreted in
terms of organismic natural periods
precisely corresponding to geophysical
periods, from which all other observed
periods are derived through phasing as
functions chiefly of light and tempera-
ture. And the unequivocal evidence at
hand that organisms under so-called
constant conditions are, indeed, directly
deriving these natural periods renders
it highly probable that the ultimate
period-giver for all the observed per-
sistent rhythms, from the sidereal day
to the year, comprises simply a con-
tinuing reaction of the exogenously
rhythmic living thing with its fluctuat-
ing, physical environment (29).
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