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“This is an incredible work! Others have written histories of 
astrology, but none of them have been histories of astrology as well as 
comprehensive discussions of the sociology of astrology throughout its history. 
This is not only a superb piece of intellectual history but also an eloquent 
discussion of where astrology is today and how it has gotten here. In particular 
Scofield has not only explained and defended astrology on philosophical as well 
as on other grounds, but in the course of doing so, he has also written a 
brilliant critique of what he calls the reductionist-mechanistic-materialist 
(RMM) view, which monolithically dominates modern science to the degree that any 
corpus of ideas that requires one to see outside of its influence is almost 
impossible to see. I believe he has given a brilliant critique of the RMM that 
is useful for any student of modern civilization, not just astrologers. This 
book I would say is his magnum opus.”

ROBERT HAND, AMERICAN 
ASTROLOGER, HISTORIAN, AUTHOR, AND SCHOLAR

“Bruce Scofield has crafted the authoritative text on natural 
astrology—the ancient branch of the subject in which terrestrial and celestial 
patterns intersect and manifest in the material world in such matters as weather 
and climate. Scofield artfully interweaves the history of the topic with both 
modern evidence and his own doctoral research on the relationship between Saturn 
cycles and temperature variation. The text is accessible, clear, and essential 
for anyone in search of a full and rounded understanding of astrology’s claims 
and nature.”

NICHOLAS CAMPION, PH.D., 
PRINCIPAL LECTURER AT THE INSTITUTE OF EDUCATION AND 
HUMANITIES AND ASSOCIATE PROFESSOR OF COSMOLOGY AND CULTURE AT THE 
UNIVERSITY OF WALES TRINITY SAINT 
DAVID

“This is a book that astrologers have been awaiting for decades. 
Drawing on a baker’s dozen of cutting-edge sciences, Bruce Scofield levels a 
potent challenge at pseudoskeptical critics of astrology by setting out a solid 
basis in reason and evidence for the ancient science of the stars.”

JOHN MICHAEL GREER, 
AUTHOR OF THE 
TWILIGHT OF PLUTO

“The Nature of Astrology is a valuable and timely 
contribution to the field and a necessary examination of the ongoing stigma 
against this complex and greatly misunderstood subject. Drawing upon historical 
and contemporary scientific research as well as his own investigations, Scofield 
methodically reveals how the Earth and the life upon it are influenced by the 
greater cosmic environment. He also presents an in-depth and rich history of 
astrology, including new and fascinating insights on astrology’s decline, and 
provides possible avenues for its renewal. Scientists, academics, astrologers, 
and skeptics will all benefit from reading this captivating and edifying work.”

MARLENE SEVEN BREMNER, 
AUTHOR OF HERMETIC PHILOSOPHY AND CREATIVE 
ALCHEMY

“This scholarly tour de force deserves a place on the bookshelf 
of everyone seriously interested in the widest and deepest terrain of astrology. 
A richly rewarding read, it fulfills its promise of the history, philosophy, and 
science of astrology. It is actually a complete university education on the 
subject. Scofield does an excellent job of answering the perennial question: 
‘How does astrology work?’ Not only answering many of astrology’s critics, he 
plots out an elegant future for this largely misunderstood and underappreciated 
branch of knowledge.”

FREDERICK HAMILTON BAKER,
AUTHOR OF ALCHEMICAL TANTRIC ASTROLOGY

“Scofield’s well-researched arguments qualify him to assert that 
astrology is a science. He points out that it has an empirical body of 
knowledge and relies on the repeatable practices of brilliant ancient 
astronomers. These rules, procedures, and methodologies, perfected thousands of 
years ago but still understandable to this day, award that status. In this one 
book, a giant step in human understanding of nature’s solar system and its 
ultimate, supreme influence has been taken. Without doubt, it describes the 
genesis of all spiritual understanding and religious symbolism.”

ALISON CHESTER-LAMBERT, 
AUTHOR OF ASTROLOGY READING CARDS

“Bruce Scofield’s book lives up to its title, The Nature of 
Astrology. Building on his Ph.D. work in the geosciences (with a 
dissertation titled A History and Test of Planetary Weather Forecasting) 
at the University of Massachusetts (Amherst), Scofield discusses the scope, 
history, science, sociology, and philosophy of astrology. An important aspect is 
the place of astrology within a broader cultural and scientific context, which 
raises fundamental issues regarding the nature of science and scientific 
evidence, including alternatives to the ‘reductionist-mechanistic-materialistic’ 
(to quote Scofield) trend in modern science. Scofield favors systems thinking 
that goes beyond reductionism; systems can exhibit emergent properties and 
self-organization. Astrology at its best can be considered a form of systems 
thinking that has been practiced for millennia. This is a fascinating book that 
anyone with a serious interest in the intellectual development of humanity 
should have in their library.”

ROBERT M. SCHOCH, PH.D., 
AUTHOR OF FORGOTTEN 
CIVILIZATION: NEW DISCOVERIES ON THE 
SOLAR-INDUCED DARK AGE
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PREFACE

There are certain things about 
humans that make getting to the facts not so easy. One is that this upright 
mammal will believe almost anything—and this has been true since the beginning 
of recorded history right through to the present. Examples include beliefs in 
the power of supernatural gods and demons, confidence of an upcoming apocalypse, 
and trust placed in countless bizarre medical remedies. We’ve come a long way 
since the origins of settled life, yet even today a sizable number of Americans 
believe evidence-free political propaganda and conspiracy theories, one of which 
states that a secret cabal of Satan-worshiping, cannibalistic pedophiles, 
composed of Democrats, is running a global child sex-trafficking ring. All these 
beliefs were, or are, considered normal by the community that holds them. It 
appears that allegiance to irrational beliefs has survival value probably 
because it serves to create tribal solidarity, and this unification, by itself, 
can be enough to negate obvious facts that disturb the status quo. Another trait 
of the species is that people automatically form hierarchies and establish rank 
in social situations. From a sports team to a nation state, this is accomplished 
using whatever differences are available between individuals, whether they be 
visual cues, genetics, preferences, abilities, money, connections, or knowledge. 
These two traits—tribal beliefs and social rankings—have served to bind humans 
into larger groups that are better suited to survive the perils of the 
environment than just a few individuals. They are ancient and instinctive 
traits, and they continue to have a powerful influence on what we do or don’t 
do, including the hard work of getting to the facts and determining what is real 
and what isn’t.

In this book I am attempting to loosen the grip that tribal beliefs and the 
power of high-ranking individuals have on a controversial subject, one that is 
almost always labeled as fantastic, irrational, and surely wrongheaded by the 
culture’s sanctioned thought police. This subject is astrology. A balanced 
understanding of the subject is very hard to come by and there is nothing in the 
educational systems of our culture that encourages anything other than learning 
how to suppress the subject further. At the same time, many of the practitioners 
of astrology project a vision of the subject that doesn’t hold up to scrutiny 
and discourages investigation. So, when it comes to assessing the facts of what 
is a truly complex matter, it comes down to finding sources of legitimate 
information. If you don’t look in the right places, you don’t know, and that’s 
where things have been for centuries, and they still are. In addressing what I 
also perceive to be an injustice, a wide range of information, some of it 
technical, needs to be explored to make up for centuries of ignorance, 
misunderstanding, and knee-jerk dismissal. My hope is that some readers will 
come to the conclusion that many who claim to know exactly what this subject is 
(including both critics and some who call themselves astrologers) don’t know 
what they are talking about. Real learning takes place when a deep understanding 
of the issues, not motivational bias (or what we want to believe), precedes 
judgment. Supplying information for that deeper understanding is one of my goals 
in this book.

A general overview of the varied territory ahead may be helpful. Part 1 of 
the book begins with a review of modern biological studies that have deepened 
our understanding of how Earth’s rotation and the rhythms of light, gravity, 
magnetism, and solar radiation have been used as navigational cues and activity 
triggers by life. These signals, and life’s utilization of them, are evidence 
that our solar system neighbors, particularly the Sun and Moon, do affect and 
shape life on our planet in profound ways. Following that, scientific studies 
that have uncovered links between the solar system and the terrestrial weather 
and climate systems on much larger time scales are considered in some depth. One 
thing that is apparent from the first two chapters is how doing science on 
systems, such as organisms or weather, is not easy. After this factual 
introduction of astronomy in nature comes a history of the group effort in 
ancient times to understand observed linkages between astronomical motions and 
events on the ground. With the Greeks, this project became known as astrology, 
that is the body of knowledge that has attempted to bring astronomy to Earth by 
mapping and interpreting observed geocosmic connections in both people and in 
their environments, both social and natural. Then, an important branch of 
astrology becomes the focus of the next two chapters. This is astrometeorology, 
a method of weather forecasting that has been studied and employed from ancient 
times through the Renaissance and that looks to the solar system for 
correspondences with weather and other environmental processes. My own research 
program of testing this methodology forms a chapter on its own.

It is hoped that Part 1 will have adequately prepared the reader for a series 
of discussions on the historical, philosophical, and scientific issues that 
astrology, in all its forms, has raised. The central portion of the book, Part 
2, focuses on the history of science and the seventeenth-century revolution in 
scientific thinking, a complex change of worldview that here is not limited to 
the usual focus on Copernicus, Galileo, and Newton. It is also an account of how 
both religious and secular institutions, and sometimes just a few individuals, 
control definitions of reality and shape history. In a matter of a few 
centuries, astrology changed from being a respected, though controversial, 
practice and natural science to a lower-class activity. The stage is then set 
for Part 3, a critique of the scientific evidence and theoretical explanations 
for astrology. Finally, some observations on the contemporary condition of this 
much maligned subject and a summary of what astrology actually is are offered to 
the (by now presumably well-informed) reader.

It is important that this book also be seen as a strong defense of science as 
a method of producing potentially useful and democratically-derived knowledge. 
To be clear, the general philosophical stance behind my thinking in this book is 
one of methodological naturalism with a tolerance for ambiguity, and some 
agnosticism when appropriate. This is not a metaphysical doctrine I hold, it is 
an approach to the study of nature, including people, that uses scientific 
methodologies and critical thinking, but does not subscribe to supernatural 
explanations for phenomena under investigation or engage in beliefs. It is a 
realistic position because it accepts that knowledge is never complete and it 
distinguishes between different kinds of knowledge. For example, answers to 
questions like What is the meaning of life? and What happens when we 
die? remain unsolvable by science, but answers have been made in logical 
arguments, books written by true believers, and the revelations of certain 
charismatic individuals, the latter being, more or less, how religion handles 
these mysteries. Many, if not most, people accept such answers as a kind of 
knowledge and use it as a way of filtering facts and making meaning out of the 
events and issues that they experience in their lives. But this is mostly 
somebody else’s subjective knowledge, and it requires belief on the part of the 
adopter.

Practical knowledge, on the other hand, is acquired through agreedupon 
experiences. If everyone who eats a certain fruit gets very sick, then knowledge 
of this fact spreads and it becomes part of a consensus understanding. Most 
people call this common sense, and skilled practical knowledge is called 
know-how. Science is like common sense but is more systematic, formalized, and 
socially organized. Scientific knowledge is always based on verifiable evidence 
and uses rules of logic and abstractions, such as mathematics and models, to 
move the understanding of nature forward. Over time it builds a set of facts, 
distinctions, and explanations that are open to public scrutiny, hence it is 
democratic. But the knowledge science produces is never absolute fact because 
science is a work in progress. When it comes to certain subjects such as 
astrology, where the science hasn’t been done properly, or at all, it is 
important that clarifications be made between what we don’t know and what we 
want to believe (i.e., motivational bias). The lack of clarity inherent in a 
complex situation like this one can generate anxiety in some people and cause 
them to double down on positions they are more comfortable with. So, in an 
effort to alleviate cognitive dissonance over the mere mention of the word 
astrology, this book aims, at the very least, to clarify what is known and what 
is not known about the subject.

There is another theme central to this book that concerns science, perhaps 
the most important one. Since the seventeenth century, the preferred methods of 
science have become mechanistic and reductionist in the context of a materialist 
metaphysics (I refer to this in the book as 
reductionist-mechanistic-materialist, or RMM, in my view a useful generalization 
of the dominant trend in science over the last ~350 years). In this version of 
science, which includes methodologies of falsification and checks of data 
against hypotheses, the parts of something being studied are isolated, tested, 
measured, and explained in terms of a mechanism. This particularist approach, 
which works so well in physics and chemistry, now also informs molecular 
biology, behavioral psychology, parts of the social sciences, and modern 
medicine in general. In contrast to this is systems thinking, a way of doing 
science that approaches phenomena like weather and climate systems, organisms, 
mind, personality, consciousness, and society from a broader perspective. Here, 
the dynamic properties of a system in its entirety—or, in other words, the sum 
of connections, patterns, feedback loops, and emergent properties (which resist 
reduction)—are the starting point in a scientific investigation. This more 
general and process-oriented approach to knowledge is multidisciplinary and is 
practiced in some branches of engineering and psychology, and also ecology and 
organismic and evolutionary biology.

Systems are complicated and not static, which is why reductionist science is 
not always the right tool for investigation. Systems also exhibit many unusual 
properties and processes that turn out to be extremely resistant to 
reductionism, including the phenomena of emergence and self-organization, which 
are central in understanding topics like the origin of life, mind, and 
self-consciousness. Another important quality of systems is that they often 
display strong responses to very weak signals. The field of astrology, as I will 
argue in this book, has been studying systems for the past three millennia, at 
least. It is not fortunetelling, pseudoscience, nor bunk. The field of astrology 
studies a type of environmental signaling, and it is actually a kind of system 
science, or at least a set of techniques for mapping (including temporal 
trajectories) and analyzing self-organizing systems. In this sense, it has the 
potential to contribute toward a more inclusive scientific program.



PART 
1
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From Natural Science to Natural Astrology
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1

LIFE INTERNALIZES THE SKY

If we understand why cycles are so ubiquitous in the world, I 
believe, we can use this knowledge to develop more sustainable behaviors and 
relationships with the [rest of the] natural world.

PHIL LORING, ANTHROPOLOGIST, 
STORYTELLER, FUTURIST, AUTHOR OF 
FINDING OUR NICHE

Indeed, since the organism is such an apparently delicately 
poised physico-chemical entity as to reflect small fluctuations in both 
identified and probably still unidentified, subtle geophysical factors, the 
question arises as to how essential to life itself are the various components of 
the natural subtle geophysical complex of the earth’s atmosphere.

FRANK A. BROWN, “SUBTLE 
FACTOR AND THE CLOCK PROBLEM”

The biosphere of our planet, a 
thin layer that extends only a few kilometers below the surface and not much 
more into the atmosphere, is where the action is. Under a ceaseless rain of 
charged particles and rhythmic variations of light driven by astronomical 
motions, chemical elements undergo transformations that control the composition 
of the atmosphere and hydrosphere. In turn, these fluid reservoirs force changes 
in the hard, spatial shapes of the lithosphere. Solar radiation bombards this 
zone in a constant daily cycle creating temperature and pressure gradients that 
move winds and ocean currents on local and global scales. Lunar tidal forces and 
sun-driven winds stir both land and sea in periodicities short and long. 
Magnetic fields generated from both Earth’s core and our local star, varying in 
strength on hourly and multi-year timescales, are yet another kind of 
environment. At times huge rocks from space crash into the planet bringing 
instant destruction and change. All of this activity and flux is the geocosmic 
environment within which Earth and its biosphere exist. By evolving sensory 
systems that measure and manage this relentless cascade of information, life has 
learned to navigate both its spatial and temporal worlds—and has survived by 
doing so for at least 3.5 billion years.

The natural environment is the sum of the physical realities against which 
all life evolves and, as Darwinian evolution states, is a selector of organisms. 
The environment we function within is not limited to the conditions of our 
immediate spatial location. It is not just food and water supply, competitors, 
mountains, canyons, deserts, and ocean barriers. We also live in a temporal flux 
of signals generated by astronomical factors: cycles of light, gravitational 
tugs, streams of solar radiation, cosmic rays, magnetic field variations, and 
possibly undiscovered forces. These organized pulses of light and charged 
particles are as real as hills and rivers and have contours, amplitude, and 
periodicities. Life has evolved in this temporal matrix as much as it has in the 
more obvious spatial environment, though evidence of this is more subtle than 
biological examples, such as the development of the eye for visual navigation, 
or a long neck to feed from the tops of trees. Life uses the natural rhythms of 
the environment, most of them being driven by geophysical or astronomical 
phenomena, as a framework onto which the various processes of the physical body 
are built. Most rhythms are fundamentally solar; others are lunar or variations 
of the two. Of the many rhythms that have been used by life as a kind of 
scaffolding or grid, the rotation of the Earth relative to the Sun, meaning the 
solar day of twenty-four hours, is the primary geophysical periodicity to which 
nearly all organisms are known to respond and adapt.1 
Our bodies and those of other animals and plants know this day/night cycle well. 
Most obvious is the wake/sleep cycle, but hundreds of other daily rhythms exist 
in our bodies and those of other organisms that are essential to well-being, 
including feeding behaviors, metabolism, body temperature, hormone production, 
reproduction, blood levels, brain activity, and cell regeneration.

In addition to the alternation of light and dark that makes up the solar day 
(a periodicity), there is the steady rhythm of light intensity produced by 
Earth’s tilt and the solar year of 365.24 days, which marks one orbit of Earth 
around the Sun. During the solar year the ratio of light and darkness varies in 
a cycle (a sequence of stages or phases), creating distinct seasons that are 
most pronounced in higher latitudes. Plants have used this cycle, called annual 
photoperiod, as a basis for flowering, the crucial stage in plant reproduction. 
Many animals, especially insects, have reproductive processes that are coupled 
to plants, and so they also live in sync with annual photoperiod. These two 
rhythms of light, those of the day and the year, are the most fundamental cycles 
of light on our planet, and many organisms in the five kingdoms of life on our 
planet—bacteria, protoctists, animals, fungi, and plants—utilize both of them 
for the regulation of internal functions and external behaviors.

Biological rhythms as a property of living things were recognized in 
prehistoric times by fishermen and hunters who learned the habits of their prey. 
Some organisms are diurnal, others nocturnal. Animal behavior changes during the 
transition periods between night and day, something that close observers of 
wildlife know quite well. Many animals have evolved to be crepuscular, that is, 
most active during dawn and dusk, as a means of avoiding predators that are 
entirely diurnal or nocturnal. This adaptation is, of course, often compromised 
by a similar adaptation by predators, but in either case, it is light or lack of 
it that establishes a temporal environmental selector that is as real as 
geographic isolation on mountain summits or low oxygen levels in caves.

Chimpanzees are known to hunt as a coordinated group using their knowledge of 
the behavior of their prey (macaques), and they also know how to use specific 
plants for healing purposes. This implies learning and accumulation of 
knowledge, and by extension, we can assume the ancestors of humans were also 
studying their world for millions of years. With the advent of
Homo sapiens some two to three hundred thousand years ago, we might say 
that some of these early humans were natural historians, and having roughly the 
same brain power we have today, they probably knew volumes about the features of 
their environment. But nothing remains of this knowledge except as may be found 
on some paleolithic artifacts. Alexander Marshack investigated tiny markings on 
ancient bones, ice age artifacts of the Upper Paleolithic, and concluded that 
some of these were counts of twenty-nine-day lunar cycles. He suggested that 
these notations carved in bone, a kind of calendar counting, may have been the 
precursors to numbers and written language. The cave paintings in Europe, the 
best-known being those of Lascaux, France, are dated to about seventeen thousand 
years ago and contain rows of dots under some animal images. Bernie Taylor, in 
his book
Biological Timing, has proposed that these dots placed under specific 
animals in the cave paintings may actually be soli-lunar guides to the migration 
of herds, information that is still used by some hunting and gathering cultures 
(Marshack 1972; Taylor 2004). He suggests that some Paleolithic cave paintings 
are actually time-maps that denote when during the year certain herd animals are 
most likely to be found in the vicinity of the cave.

If herd animals follow the changes of light from the Sun and Moon, hunters 
studying their prey would learn the patterns and adjust. The same goes for 
fishing. Fish are known to migrate by the Moon as it relates to the solar year. 
Taylor describes how Native Americans along the Pacific coast have long known 
when the salmon would be running upriver—but this period of just a few days is 
not the same from year to year. Apparently, the fish are entrained to the 
changing light of the Moon during the monthly cycle and use this information for 
feeding and predator avoidance. In addition, they use the length of day 
(photoperiod) as a reference to time the annual migration upriver to spawn. For 
early humans to eat and to obtain other resources needed for survival purposes, 
such as furry skins for clothing and hard bones for tools, knowledge of the 
patterns of the temporal environment was crucial.

The first written records to show an organized attempt to correlate the 
rhythms of the sky with weather and life on Earth are the astronomical and 
astrological records made on cuneiform tablets in Mesopotamia. As we will see in 
Chapter 3, not only were the rhythms of day and night and the cycle of the year 
mapped out and correlated with weather, vegetation (agriculture), and animal and 
human behaviors, correlations with the five visible planets were also noted. The 
methodical recording of weather, biological, and human events that began in 
Mesopotamia all correlated with astronomy, has persisted over three millennia 
and is today known as astrology. Astrology and astronomy were inseparable for 
most of this time, and in regards to data collection and pattern recognition, 
the Mesopotamian tradition was at the forefront of establishing what we call 
science today.

At least one thousand years after the earliest geocosmic correlations were 
first recorded in Mesopotamia, a new kind of thinker, one not content with 
explanations involving gods, came to prominence in the Greek world. They were 
the first natural philosophers and proto-scientists, and they began to question 
everything. These thinkers attempted to understand the world and human existence 
by using one tool—their logical minds. In regard to nature, they interpreted the 
world, in a general sense, to be alive, and they saw seasonal biological rhythms 
as a kind of evidence of this. Thales (624–546 BCE) of Miletus (western Turkey) 
was the first in a line of philosophers called the pre-Socratics who primarily 
studied nature. Roughly two centuries later Aristotle (384–322 BCE) noted that 
Thales had made a fortune in the oil business, a reference he used as evidence 
that philosophers, who mostly ignored money-making activities because they had 
more important things to think about, were not just airheads. The story goes 
that Thales bought up olive presses in the year before there was a bumper crop 
of olives and then rented them to the farmers who had to immediately process the 
crop when it was ripe. Exactly how he did this is not stated, but Aristotle says 
“he knew by his skill in the stars while it was yet winter that there would be a 
great harvest of olives in the coming year.”

Perhaps he was noting correlations between bumper crops and some kind of 
astronomical data that was used at the time for predicting weather (Aristotle 
2017). Since he was also credited with predicting an eclipse, he probably knew 
of the nineteen-year Metonic cycle, where the Sun and Moon will be in the same 
phase on the same day every nineteen years with an error of only a few hours. We 
don’t know to what extent Thales may have been influenced by Babylonian ideas, 
or if he was tracking weather cycles, which the Greeks also regarded as being 
related to astronomical factors. We don’t even know for sure if this story is 
true, but it at least shows an awareness among the earliest Greek philosophers 
of correspondences between Earth and sky and the practical use of this 
knowledge.


BIOLOGICAL CLOCKS

Only a few references to biological rhythms survive from the 
time of the Greeks and Romans. The physicians Hippocrates (~460–370 BCE) and 
Galen (130–300 CE) noted a rhythm in the progress of an illness that was 
attributed to the Moon as it formed quarters relative to its position at the 
onset of the problem. What they called “critical days” were spaced at these 
seven-day intervals. Another example is Aristotle who, among his other titles 
might be called the first great biologist, left some notes of the lunar rhythms 
found in a marine organism, the Mediterranean sea urchin. In his description, 
Aristotle mentioned that the size of its ovaries varies according to the lunar 
cycle, being largest at full moon, though he attributes this cycle to the “heat” 
of the full moon, something thought to be needed by a cold-blooded animal 
(Aristotle 1961, vol. V, 329). Not much else about biological rhythms has 
survived from the Greek scientific tradition; for the next two millennia, the 
detailed study of astronomical cycles and their correlations with life and the 
environment was left to the astrologers who mostly focused on weather 
prediction, medicine, and the fates of individuals.

The study of biological rhythms was re-started when French astronomer Jean 
Jacques d’Ortous de Mairan (1678–1771) experimented with Mimosa pudica, a 
plant of the pea family that is known for its touch-sensitive leaf movements 
(Klarsfeld 2013). It is a popular household plant today usually referred to as 
the sensitive plant. In addition to closing when touched, 
Mimosa pudica leaflets have a diurnal cycle in that they open by day and 
close by night. De Mairan’s 1729 experiment was to place the plant in continuous 
darkness and observe its leaf movements in the absence of light. They did move 
in the darkness, though in a less pronounced way, which suggested to him that 
the plant was somehow still able to sense the Sun. It was commonly assumed that 
the movements were a passive response to light, but the evidence suggested to de 
Mairan that something internal to the plant was the cause. Over a century later 
Darwin (1809–1882) took up the subject of plant movements and published his 
experiment-informed observations in an 1880 book, 
The Power of Movement in Plants. Darwin was primarily concerned with 
gravity and light as external stimuli and the actual details of plant response. 
Circumnutation, cycles of leaf movement, he thought were central to 
understanding plant movements, and he reported that most plants, excepting 
insectivorous species, display a periodicity in which leaves move upward at dusk 
and evening and then drop at morning (Darwin and Darwin 1881).

A contemporary of de Mairan was Carl von Linné, or Carl Linnaeus (1701–1778), 
of Sweden. He is one of the great names in biology and the person who created 
the modern system of classification for plants and animals, in which each 
organism has a genus name and a species name. In his 1751 book 
Philosophia Botanica, Linnaeus published the idea of a Horologium 
Florae, or floral clock, that allowed one to tell the time of day (Gardiner 
1987). From his careful observations of diurnal blooming patterns he came to 
know at what hour a particular plant would flower. With knowledge of the daily 
rhythms of a variety of flowering plants, a clock-like circle of flowers could 
be planted. (It’s not known if he actually executed his plan, however, but 
others did and still do.) Linnaeus’s idea was an application of knowledge of 
cycles particular to each plant over the course of one day, that is, the 
circadian cycle. During the early twentieth century, American government 
research on efficient tobacco propagation led to the discovery that plant 
flowering at specific times in the year was actually influenced by the day/night 
ratio that varies within the annual cycle. This property was named 
photoperiodism, and in the 1930s German scientist Erwin Bünning (1906–1990) 
published a hypothesis concerning biological rhythms in which he stated that the 
timing mechanisms of photoperiodism were the same mechanisms behind daily leaf 
movements (Gardner and Allard 1920; Bünning 1958, 1960).

Bünning, whose life work was dedicated to exploring biological rhythms, 
thought they were natural oscillations in organisms that had evolved to be 
synchronized with Earth’s rotation, and that this feature improved adaptation to 
the environment. After decades of experiments on plants (especially bean plants) 
and insects (fruit flies of the genus 
Drosophlia) he arrived at some conclusions that have formed much of the 
central subject matter of an entirely new branch of biology, now called 
chronobiology. He found that the daily rhythm was not exactly twenty-four hours; 
rather, as with Linnaeus’s floral clock, it was circadian (circa meaning 
“about” and 
dian meaning “day”), which was apparent when organisms were placed in 
total light or darkness or subjected to abnormal alterations of light and dark. 
Under experimental conditions of constant light or constant dark the organisms 
were allowed to “free-run,” and it was found they would settle into a 
periodicity approximating, but not exactly equal to, twenty-four hours. He also 
found the free-run rhythm was unique to the organism and was inheritable. 
Another finding was that the circadian cycle in plants is linked to the timing 
of flowering during the year, or the photoperiod. Bünning argued strongly for a 
twenty-fourhour endogenous, or internal, rhythm that could read signals of light 
or other cues from the environment, but was not at all dependent on them. This 
rhythm was thought of as a biological clock, and this term became part of the 
standard terminology for the study of these natural rhythms.

The nature of the actual mechanism behind biological rhythms was debated for 
many years. In opposition to Bünning, an argument was made for the “clock” in 
the organism being more of a passive sensory receptor to any number of 
environmental signals. A few studies suggested the clock was driven by an 
external 
zietgeber (meaning “time giver”), or several of them. Frank A. Brown, Jr. 
(1908–1983) of Northwestern University was the champion of this exogenous 
hypothesis, and he conducted a number of studies that seemed to confirm his 
view. One was a series of experiments using the fiddler crab of the genus 
Uca that showed it maintained an exact twenty-four-hour rhythm (not a 
circadian rhythm) over a wide range of temperatures and that it had another 
rhythm that was synchronized with the lunar day of 24.8 hours, which is the 
tidal rhythm. It turned out, however, that these crabs were an exception and 
most organisms aren’t so precise in their twenty-four-hour rhythm. Colin 
Pittendrigh (1918–1996) of Princeton, Brown’s primary opponent in the 
endogenous/ exogenous debate, argued that the lack of a precise rhythm found in 
other organisms was a logical result of selection pressure during the evolution 
of the clock. The daily resetting (phase adjustments) would correct for any 
errors in the clock, making the organism more adaptable and therefore better fit 
for survival. Brown didn’t dispute the circadian qualities of the clock, which 
he named autophasing, but suggested that it is the laboratory’s constant 
conditions that produce it and that true daily rhythms found in nature were far 
more closely in sync with the solar and lunar periods.

In another experiment, Brown moved oysters from New Haven, Connecticut, to 
Evanston, Illinois, and observed their tidal behaviors in constant light, 
specifically the opening and closing of their shells, which had remained 
synchronized with the tides at New Haven. After two weeks, however, the oysters 
shifted their tidal movements to three hours later in the day. Brown noted that 
this shift corresponded to the time of the upper and lower meridian transits of 
the Moon, which would move a tide, if there were one, in Evanston, Illinois. In 
regard to mechanism, his methodology and data ruled out light and barometric 
pressure, which led him to consider that more subtle factors such as geomagnetic 
and geo-electrostatic fields may be the forces the oysters were responding to.2 
One later study tested this result: mussels collected in Massachusetts that were 
taken to California maintained their east coast tidal rhythm and did not adjust 
to west coast tidal rhythms—until they were exposed to these tides (Sweeney 
1987).

Brown conducted many sophisticated and creative experiments with marine 
organisms, hamsters, chicken embryos, and even potatoes and carrots (he measured 
their daily cycles of respiration) that showed not only the expected circadian 
cycle, but over longer periods of time, rhythms in the amplitude of the daily 
rhythm that he thought might be a response to solar variations. His experiments 
placed organisms in spaces completely blocked to light, temperature, and 
pressure, yet there were still clearly discernable rhythms in metabolism that 
tracked the day and the seasons, and also lunar cycles. His experimental data 
suggested to him that living organisms, in addition to responding to the daily 
cycle, demonstrated sensitivities to very subtle signals during the solar or 
lunar day, including magnetic and electrical fields and even fluctuations of 
cosmic radiation (cosmic ray flux is inversely related to magnetic field 
strength). These findings make the scientific ideal of interference-free 
laboratory conditions far more difficult to create, if not impossible in some 
cases, and were probably very disturbing to other researchers.

Science is a communal process that seeks consensus, which, while democratic, 
guarantees the dominance of the norm and the exclusion of the fringes. This can 
be seen throughout the history of science and accounts for long lag times 
between the discovery and general acceptance of strange findings like Brown’s. 
In regard to circadian rhythms (which are explained in more detail in the next 
section), it was a landmark conference on biological rhythms at Cold Spring 
Harbor in 1960 that set the direction for research. Scientists like Bünning, 
Pittendrigh, and Jürgen Aschoff, who are considered to be the founders of modern 
biological rhythm studies (chronobiology), were prominent figures at that 
conference, and they focused on the endogenous and bio-chemical model of the 
circadian clock. Their research program came to dominate the field, and their 
approach has led to testable models of the circadian clock with an emphasis on 
the properties of phase shifting. When geneticists became engaged with this 
problem during the 1990s they discovered clock genes that led to a molecular 
model of the clock. Relative to most of the other chronobiologists who attended 
the 1960 conference, Brown was something of a maverick and many of his ideas on 
exogenous forces were criticized or ignored, though he defended his findings and 
opinions at the meeting that year and afterward until his death. To be fair, 
Brown said his studies didn’t disprove an endogenous timer, and he added that 
the existence of both external and internal timing mechanisms would be an 
example of redundancy, something common in nature. He envisioned the biological 
clock as being a duality in which an internal responder to subtle signals from 
the environment is overlain by an endogenous timing mechanism.

During the 1960s Brown’s ideas and experiments were ignored or even rejected 
as they ran against the officially sanctioned search for an endogenous clock 
mechanism. He continued to debate others in the field, but eventually he lost 
much research funding. The last nail in the coffin was probably a paper 
published in 
Science that, without naming Brown, mocked his experiments and 
statistical methodology by using randomly generated data to find a cycle in “the 
unicorn.” Eight years later, however, a physiologist and mathematician named A. 
Heusner published a paper demonstrating that the author’s debunking method was 
deeply flawed—but the damage had been done (Cole 1957; Heusner 1965). Still, 
Brown didn’t give up and he continued to study rhythms in a series of creative, 
comprehensive, and low-budget experiments that were described in published 
papers into the 1970s. Much of his research was on correlations between rhythms 
and magnetic fields, gamma rays, and other subtle signals in the natural 
environment. He was actually ahead of his time as the study of magnetic fields 
and life, now called magnetoreception, was picked up a few decades later by a 
number of scientists, including geologist Joe Kirschvink (born in 1953, and also 
sometimes called a maverick), who has investigated both the geomagnetic field 
itself and magnetic sense in organisms.

For the majority of researchers, the endogenous/exogenous debate in 
biological rhythms was over following the Cold Springs Harbor meeting. An 
increasing number of experiments during the 1960s (using hamsters, fruit flies, 
and bread mold) supported the idea of an endogenous oscillator that is 
self-sustaining without any obvious environmental cues. One of these studies 
took place at the south pole where the research organisms were placed on a 
rotating table that canceled out Earth’s rotation. In the 1980s, a study with a 
bread mold from the genus
Neurospora was conducted on a space station that orbited the Earth every 
few hours. The results were the same as other studies: there was a roughly, but 
not exact, twenty-four-hour rhythm that would establish itself regardless of 
light, temperature (within a range), or gravity, but it was weaker and there was 
some arithmicity (Sulzman et al. 1984). These findings were taken to have 
settled the exogenous/endogenous debate, though anomalies remained. It is now 
accepted doctrine in chronobiology that biological rhythms are, for the most 
part, environmentally independent and driven by complex internal molecular 
processes, not by external signals or forces. These rhythms are entrained by 
environmental cues, however; thus external signals are essential for their 
synchronization with nature, which presumably gives them survival value, though 
studies that support this are difficult to do and consequently there are few of 
them. All of this tells us that life has evolved in such ways as to reproduce 
internally a major part of its temporal environment and needs only occasional 
cues to establish accurate synchronicity with the external world.




CIRCADIAN RHYTHMS

The alternation of the light/dark cycle, the fundamental 
geophysical period caused by the rotation of our planet, is certainly the most 
important environmental signal for organisms that live near the Earth’s surface. 
It is essentially a digital signal—a repeating pattern of light and dark that 
occurs as the Earth faces toward or away from the Sun during the course of a 
solar day. This signal is as much an environment for life as is the spatial 
surface of the Earth, and it should be no surprise that biological rhythms of 
approximately twenty-four hours are now known to be ubiquitous in living things 
on our planet. They are a general feature of the physiological organization of a 
wide-range of organisms including prokaryotes, protoctista, plants, fungi, and 
animals. Since the 1950s these rhythms have been studied extensively and are 
referred to as circadian rhythms, the term coined by another scientific 
maverick, Franz Halberg (1919–2013), who also came up with the name of the 
scientific study of such things, chronobiology. More on Halberg later.

Chronobiologists today define circadian rhythms as having three main 
characteristics. First is the persistence of a period close to twentyfour hours 
in constant light or dark conditions. Persistence of the rhythm and deviance 
from exactly twenty-four hours, the period, is species specific, and there are 
also differences between individuals. Some organisms have rhythms that will 
continue without external signals for only several complete cycles; others can 
free-run for weeks or months. Secondly, circadian rhythms will persist 
throughout a wide range of temperatures allowing an organism to maintain a 
stable rhythm regardless of temperature variations throughout the day or year. 
Third, circadian rhythms can be entrained by light/dark cues, by sharply 
changing temperature cues of more than 10 degrees Celsius, and in some cases by 
other environmental signals including food availability, social cues, 
electromagnetic field strength, and atmospheric pressure.

Circadian rhythms in an organism will establish a phase relationship between 
subjective, or internal, day and external day (or the reverse in nocturnal 
organisms) by responding to an external environmental signal. While 
chronobiologists tend to favor and focus on the mechanics of the endogenous 
rhythm, synchronization doesn’t work without an exogenous trigger. Some 
organisms establish the phase of their circadian period by the onset of light, 
others by the onset of darkness. Studies have shown that circadian rhythms can 
be modulated, or phase shifted, by the presence of environmental signals such as 
light pulses at points in the cycle other than the normal onset of light or 
darkness. It is this ability to phase-shift that accounts for the ongoing 
adaptation to the changing light/dark ratio of the seasons, and it is this 
process that unifies the daily circadian and yearly photoperiod rhythms.

A number of models and mechanisms for biological rhythms have been proposed. 
One model described in the 1970s considered electrical charge gradients and the 
rhythmic flux of ions in the cell membrane.3 
A more specific mechanism behind circadian rhythms was a matter of speculation 
until the 1990s, when geneticists entered the world of chronobiology and 
developed a molecular model for the circadian oscillator (Hardin, Hall, and 
Rosbash 1990). The laboratory organisms from which this model was originally 
developed were from the genera Neurospora (bread molds) and Drosophila (fruit 
flies). In its standard form, called the transcription-translation oscillator 
model (or transcription translation feedback loop), a photo-receptor composed of 
specialized cells, such as those in the eye, recognizes alterations and 
variations of light and dark. This information is then fed to an oscillator that 
is essentially a negative feedback loop in protein production within the cell. 
The model posits that specific clock genes are transcribed in the nucleus of the 
cell, taken to the cytoplasm, and then translated into proteins that accumulate 
until a threshold is reached. At this point the process shuts down until there 
is too little of the protein, which then triggers a signal calling for more. 
This thermostat-like cycling built on negative feedback is the roughly 
twenty-four-hour endogenous clock. The period and phasing of this endogenous 
time-making process is capable of being reset by the photo-receptor, should 
photic information reach it at critical points in its cycling, and the reception 
of such sensory information will then link the internal molecular cycle with the 
external cycle or, in other words, day and night. From the clock cells in which 
the rhythm is produced, chemical messengers relay timing information to other 
parts of the organism, which keeps the living system properly regulated. This 
molecular “hourglass” model, highly simplified here, has become a widely 
accepted explanation for circadian rhythms, although both old and new findings 
point to its limitations. The model is classically reductionist in that it is a 
scientific approach that builds an understanding on parts, as in a clock or 
machine.




CIRCADIAN RHYTHMS IN THE FIVE KINGDOMS

Here is an important point to emphasize: circadian rhythms have 
evolved in every kind of organism. Life on Earth has been classified in various 
ways, as in animal, vegetable, mineral. Today the three-domain scheme (archea, 
bacteria, and eukaryota) is taught but is probably not as useful, certainly not 
in educating non-scientists, as the more intuitive and practical five kingdom 
scheme of Robert Whittaker (Whittaker 1969). To begin to understand this scheme, 
it makes more sense to first distinguish between the two primary kinds of life 
on our planet: prokaryotic and eukaryotic. Prokaryotes, including archea and 
bacteria, are basically strands of DNA floating inside a lipid membrane. While 
these organisms have devised a variety of metabolisms, they reproduce by fission 
when conditions, such as availability of food, permit it. Eukaryotes are all 
products of ancient symbioses; they are mergers of different types of archea and 
bacteria or possibly another kind of microbe that went extinct leaving little or 
no fossil evidence. These organisms, which include the kingdoms of plants, 
fungi, animals, and also protists and algae (collectively named Protoctista), 
are far more complex than prokaryotes in their life history and modes of 
reproduction. Until the late 1980s it was assumed that circadian rhythms existed 
only in eukaryotes.4 
The assumption was that, since circadian systems appear to control the 
cell-division cycle, then prokaryotes, which can divide in periods of less than 
one day, could not have circadian cycles because cell division in periods of 
less than twenty-four hours would cause an uncoupling of any circadian clock. In 
the 1990s, however, this assumption became obsolete when several circadian 
rhythms were found in the marine cyanobacterium of the genus
Synechococcus, a ubiquitous photosynthetic marine coccoid bacterium that 
contributes greatly to the supply of oxygen on our planet.

Cyanobacteria (often incorrectly referred to as blue-green algae) are one of 
the most ancient life forms on Earth. It was this organism that first evolved 
photosynthesis, the making of glucose (food) from carbon dioxide and water using 
solar energy, with oxygen as a byproduct. Organisms also need nitrogen to make 
amino acids, proteins, and DNA. The problem is that oxygen interferes with the 
process of nitrogen fixation (making compounds that include nitrogen); so, there 
is a need in photosynthesizing organisms to separate nitrogen fixation from 
photosynthesis. Cyanobacteria do it in two ways, depending on the species. 
Filamentous cyanobacteria get around this problem of isolating oxygen and 
nitrogen by a primitive form of multi-cellularity. Specialized cells called 
heterocysts are formed that separate photosynthesis and nitrogen fixation 
spatially. The other way is through a circadian rhythm that turns on nitrogen 
fixation for part of the day, then shuts it down and turns on photosynthesis. 
This bacterial trick was discovered by measuring daily oscillations in 
nitrogenase, the enzyme responsible for fixing nitrogen, relative to daily 
photosynthetic activity. Strains of bacteria from the genus Synechococcus also 
exhibit other circadian rhythms including nitrogenase mRNA abundance changes, 
amino-acid uptake, protein synthesis, light/dark entrainment, and the cell 
division cycle itself. That’s a lot of organismic regulation, apparently easy 
for a bacterium, all running off the internalization of an external natural 
rhythm.

Protoctista is a category based on exclusion; it is an assemblage of 
eukaryotes that are not plants, animals, nor fungi. Some of the best known of 
this grouping are the amebae, slime molds, diatoms, species of
Paramecium, and most algae including species of Gonyaulax, 
Acetabularia, Euglena, Chlamydomonas, and many others. One of the very first 
eukaryotic organisms to be studied for its circadian rhythms was 
Gonyaulax polyedra, a dinoflagellate single-celled alga known for its 
ability to glow in the dark and also for causing red tides. It was found to have 
a circadian rhythm of bioluminescence that persists in constant light as well as 
circadian cycles of photosynthesis and cell division. All the rhythms of
Gonyaulax species are entrainable by either the natural light/dark 
sequence or by single short light pulses; the latter are capable of 
phase-shifting the rhythm if applied at the proper time. Cell-division appears 
to be keyed to the ending of the dark, or night, phase and light cues presented 
then will reset the clock. The circadian rhythm of photosynthesis, on the other 
hand, seems to be keyed to maximum light at midday with entrainment sensitivity 
at the beginning of the light phase (dawn). 
Gonyaulax species also have at least two separate oscillators, each 
receptive to different wavelengths of light that regulate the cycle of swimming 
behavior or aggregation. In this single-celled organism we see how circadian 
rhythms are sensitive and responsive to phase signaling, light levels, and 
wavelength, which is a lot more than just the alternation of light and dark 
(Sweeney 1987).

Acetabularia is a genus of giant single-celled algae that are five 
centimeters high with a “cup” that is about one centimeter in diameter. It is 
generally found in shallow, sheltered waters attached to rocks and other shallow 
substrates in the vicinity of tropical coral reefs, and is used as an aquarium 
plant and as a treatment for gallstones. It is of interest here because it 
illustrates the location problem of the circadian oscillator, something one 
would expect to be a simple task in a one-celled organism. Experiments involving 
species of
Acetabularia targeted the cell nucleus, and it was found that removing it 
did not terminate circadian rhythm; instead, the cell material, membranes, and 
cytoplasm were all that was needed to keep the beat going. It was also found 
that a replaced nucleus picked up the rhythm that was apparently established by 
the cytoplasm of the cell. So, with no nucleus transcription-translation 
oscillator mechanism found in this case, the problem of locating the circadian 
mechanism is still not completely resolved by the current molecular model, at 
least in this genus of algae, and also in a few others like yeast and blood 
cells (Sweeney and Haxo 1961; Woolum 1991). Blood cells have no nucleus to begin 
with, so they really do present a problem for the model. Studies along these 
lines have shown that biochemical reactions in the cytoplasm, which may be 
linked to membrane processes, seem to be a kind of foundational clock on which 
other clocks rest, including the molecular model. It appears that genetic 
material is not the ultimate organic mechanism many reductionists hoped—or 
assumed—it would be and that biological rhythms involve other processes in the 
organism.

The transcription-translation oscillator mechanism of the circadian system 
has been studied extensively in a number of model laboratory organisms. For 
example, the cyanobacterial oscillator is similar in general principle to those 
in eukaryotic systems like species of
Drosophila (fruit flies), Neurospora (bread molds), Arabadopsis 
(mustard plants), and 
Mesocricetus (hamsters), but the clock genes and proteins are completely 
different, which suggests an independent evolution. The anatomical location of 
the circadian oscillator itself varies widely among animals. In gastropods it is 
found in the eyes, in some crustaceans it is located in the eyestalks, in 
insects in the brain, and in other organisms in the brains and abdominal 
ganglia. In reptiles and birds it is located in the pineal gland, and in mammals 
in the hypothalamus. The genetic mechanisms for the circadian system in animals 
are fundamentally the same; even mammals and insects share at least some clock 
parts. This does suggest a common ancestral clock, but maybe one not so ancient 
as it may be that the real ancestral clock is in the cytoplasm or works off ion 
gradients in the membrane.

The circadian system in vertebrates consists of photoreceptors (usually 
eyes), the pineal organ, and the suprachiasmatic nucleus (SCN), which is located 
in the hypothalamus. It is thought that this particular circadian system is 
highly conserved and was established with the origins of vertebrates roughly 
five hundred million years ago. The SCN, the central pacemaker located in the 
hypothalamus, produces circadian rhythms by gene product negative feedback loops 
(the transcription-translation oscillator model) in specialized cells, which 
then relay cycle information via neural and endocrine pathways to the rest of 
the organism, including other peripheral clocks. The SCN also controls the 
release of melatonin (a factor in jet lag and seasonal affective disorder) into 
the bloodstream and to the rest of the body. The processing of light by 
vertebrates for the circadian oscillator differs significantly from the 
processing of light for vision and appears to involve brightness receptors (for 
photon counting) that are separate from rods and cones in the eye. For example, 
the mammalian eye has parallel pathways for vision and brightness; the latter 
pathway has dedicated photo receptor cells that comprise about 1 percent of the 
total ganglion cells in the retina.

To bring this all together, here are a few take-home points from this 
overview on circadian cycles that are worth considering. First, it is clear that 
life on this planet has somehow internalized Earth’s “digital” twenty-four-hour 
spin-cycle of light and dark. The fact that circadian rhythms are found even in 
prokaryotes, the first life, point to very, very early origins for this 
function, and the fact that they are found throughout all the kingdoms of life 
points to these rhythms having a selective advantage, though testing that 
assumption hasn’t been so easy to prove in a lab. The existence of multiple 
rhythms in organisms, and the ability, through phase-shifting, to account for 
photoperiod, is really quite astounding; it suggests how important attunement to 
the natural environment is to the regulation of a self-organizing system, 
whether single cell or multicellular. Then, there was the rush in the 1990s to 
find a genetic mechanism for this clock, a development that took place around 
the time of the human genome project. The model that was produced turns out to 
be incomplete, however. If the research had elucidated a simple molecular 
machine inside the cell that explained everything, biology might have moved 
closer to the precision of physics. But life doesn’t lend itself that easily to 
mechanical explanations. The insights of biologists with organismic perspectives 
(a more holistic view that includes evolutionary relationships, adaptations, and 
ecology) can also claim some success in understanding the problem. Finally, 
there is the case of Frank A. Brown Jr., a very competent scientist whose work 
pointed to the influences of a far more complex cosmic environment than simply 
light and dark.




PHOTOPERIODISM

The diurnal cycle expressed as circadian rhythms is one thing, 
but photoperiod is another. The annual progression of day length is explained by 
the astronomy of the seasons: the Earth’s tilt and its orbit around the Sun. Day 
length is modulated over the course of the year by the 23.45-degree tilt of the 
Earth’s axis (relative to the plane of its orbit around the Sun), which is held 
steady as it orbits the Sun. When Earth’s axis leans toward the Sun during its 
orbit, in either the northern or southern hemisphere, it will be summer. The 
reverse, when the axis is leaning away from the Sun, of course produces winter. 
Tilt and orbit produce a day of approximately twelve hours of sunlight and 
twelve hours of night at the equator, but up to twenty-four hours of either in 
latitudes over 66 degrees.5 
The annual cycle of day-length challenges the ability of organisms to adapt to a 
continuously changing light/dark ratio, particularly in the higher latitudes 
where the effect is so extreme. To solve the problems of seasonal changes, 
organisms have evolved an adaptive timing mechanism to what are called 
circannual rhythms. Again, a wide range of organisms display circannual cycles 
as a response to photoperiodism, more evidence that life has adapted to 
geocosmic phenomena.

Circannual rhythms allow organisms to locate in time opportunities for 
flowering, feeding, reproduction, growth, molt, migration, and hibernation. 
Circannual rhythms can also provide information on distance and direction that 
are crucial to migratory behaviors and, in mid to high latitudes, important 
timing information for animals that den and hibernate for the winter. In 
general, photoperiodism is more robust and precise in species living in mid to 
high latitude, and also in long-distance migrating species, than in tropical 
species where the annual light cues are minimal. However, species living near 
the equator have been found to respond to subtle light intensity levels and also 
display a photoperiodic cycle. For decades chronobiologists asked if circannual 
rhythms require their own clock, or if they piggyback off the circadian system. 
The current general understanding is that these rhythms are managed by the 
circadian system. It is the continuous entrainment of the circadian oscillator 
by constant phase resetting, which happens as light levels shift during the 
seasons, that photoperiod adjustments are accomplished.

The study of circannual rhythms challenges researchers who have to invest 
years of study (and years of requests for funding) before reaching conclusions. 
In spite of these problems studies have been done and it has been found that the 
persistence of endogenous rhythms varies widely in organisms, and in some cases, 
there is a greater need for exogenous cues. True circannual rhythms have been 
found in sheep, deer, bats, and starlings (a long-living bird), among others. A 
second type of seasonal rhythm is common in shorter-lived species such as mice, 
hamsters, and many birds and reptiles. Here the photoperiod response is not 
free-running, and light cues are needed to keep the endogenous rhythm 
synchronized with local seasonality. Plants, where photoperiodism was first 
scientifically studied, use photoperiod timing for growth, adjustments to 
seasonal changes, the induction of flowering, and also germination time for 
seeds at the appropriate time of year. Plants can measure day length very 
accurately. Vascular plants sense the seasonal changes by discriminating day 
from night, measuring passage of the night interval, and then integrating this 
information with changes of growth, germination, and flowering. Phase shifts are 
how the circadian clock of the plant reads the day length changes. When light 
occurs earlier in the circadian cycle, during the night portion, the plant 
adjusts for the changing ratio of light and dark (it phase shifts), and this 
then signals other functions in the plant. Lab studies have found that 
free-running periods longer than twenty-four hours enhance the ability of the 
plant to track dawn. This allows for more rapid phase-shifting, that is 
adjusting to changing day length, and therefore better seasonal adaptation and 
consequently general fitness (Todd et al. 2003).

Photoperiodism is a reflection of the annual cycle of the seasons during 
which each individual day varies a small amount from others in two ways. One is 
the changing light/dark ratio, the other is in the change of total solar 
radiation received, this due to the elevation of the Sun relative to the local 
horizon. Interestingly, a number of studies have reported on correlations found 
between season of birth and individual characteristics. For example, bison born 
early in the year tend to be more socially dominant than those born later in the 
year, which makes sense as those individuals have a longer time to mature as 
they grow into synchronization with the seasonal cycle. Studies on mice have 
discovered correlations between winter births, depression, and the cycling of 
neurons in the master biological clock, the SCN. Humans also display individual 
differences that are linked to the part of the year they were born in, this 
information coming from an emerging subfield called seasonal biology. Findings 
include a negative correlation between females with a novelty-seeking 
personality and births in winter, higher reward dependence for men born during 
autumn, and a higher frequency of bipolar depression and schizophrenia for 
people in general born in winter. Various temperament scales have been used in 
these studies and strong correlations have been found between cyclothymic 
(manic) behavior and summer birth, depressive temperament and winter birth, 
hyperthymic (upbeat) and spring and autumn birth, and a negative correlation 
between irritable temperament and winter birth. Studies have been done on people 
from infancy through adulthood, and it does appear that the biological clock, 
and its regulation of the various neurotransmitters that regulate emotions, 
arousal, and other behavioral responses, is attuned to seasonality (Chotai, 
Lundberg, and Adolfsson 2003; Ciarleglio et al. 2010; Gonda et al. 2014).




TIDAL AND LUNAR RHYTHMS

The periodicities of the day and the year, both based on 
Earth-Sun relationships, are relatively simple. Lunar cycles are far more 
complex, inexact, and multi-faceted. The most identifiable of several lunar 
cycles is the synodic cycle of 29.5 days. This period is defined as the number 
of days between successive alignments (syzygy) of the Moon and the Sun, such as 
the new Moon (Sun-Moon-Earth) or full Moon (Sun-EarthMoon).6 
The combined gravitational forces of the Sun and Moon at the times of full and 
new Moons generate high tides, the Sun’s gravitational contribution being about 
45 percent. The distance between the Moon and the Earth also varies by about 13 
percent over a cycle of 27.5 days, this period being called the anomalistic 
month. At perigee, the closest distance, the Moon’s gravitational force is 
strongest and the coincidence of perigee with a full or new Moon produces the 
highest tides. At present, the Moon orbits the Earth at a mean distance of about 
385,000 kilometers (or about 239,000 miles). This 27.5-day period and the 
orbital distance have increased during Earth’s history. Since the Moon’s orbit 
recedes at a rate of about 4 centimeters a year, we know that millions of years 
ago tides were stronger because of a closer Moon, and they were also more 
frequent due to the faster rotation of Earth.

The Moon is a major feature of Earth’s rhythmic cosmic environment. During 
the course of one twenty-four-hour rotation of the Earth, the Moon advances in 
its orbit by roughly 13 degrees of celestial longitude on average, requiring an 
additional 0.8 hours of Earth rotation to catch up with it. This means that the 
gravitational pull of the Moon produces a daily cycle of two tides spaced about 
12.4 hours apart; twice this figure is the tidal or lunar day of 24.8 hours. 
This daily tidal rhythm is seen in the behaviors and internal functions of many 
marine organisms. The lunar period, commonly found in both land and marine 
organisms, is the synodic cycle, or the cycle from new Moon to new Moon, that 
averages 29.53 days. Half of this, 14.75 days, which spans the period from new 
to full Moon, is called the semilunar period. High tide occurs on the side of 
the Earth facing the Moon where its gravitational force is strongest, but a high 
tide also occurs simultaneously on the opposite side of the Earth. This is 
generally explained by the inertia of the water as Earth and the Moon pull 
toward each other while they orbit their common center of mass (barycenter), 
this point being located within Earth, about a quarter of the way to the center. 
Tides are complicated by the shape of coastlines and the location of land 
masses, which cause local daily tide schedules to be highly irregular. The 
selection pressure for a species to evolve a tidal clock, allowing it to 
anticipate the substantial changes in the coastal environment as the tide 
changes, is high, but local conditions require unique adjustments. Perhaps for 
this reason free-running tidal rhythms in many marine organisms are generally 
not as precise as circadian rhythms.

Tidal and lunar periodicities are prominent features of many marine organisms 
and a few, including the fiddler crab of the genus 
Uca, have been studied extensively (Brown, Hastings, and Palmer 1970; 
Palmer 1995). These crabs live in burrows, emerging and feeding as the tide 
ebbs, and so are subjected to repetitious fluctuations of light, temperature, 
and tidal submergence. As was discussed earlier in this book, Frank A. Brown Jr. 
studied the genus Uca in depth and found that they have a precise 24-hour 
circadian cycle of shell color that is darker at dawn and lighter at dusk. 
However, their running activity retains a tidal periodicity of approximately 
24.8 hours, 50 minutes later each day. Further, the reproductive rhythm is 
semilunar as their larvae are released at the new or full Moon at the hour of 
high tide. It appears that more than one clock is operating in this peculiar 
organism.

Tidal rhythms in marine organisms such as those of the genus Uca are 
known to vary widely among individuals; data analysis can be complicated when 
the same organism is studied in groups. One view on how tidal rhythms are 
maintained suggests that a circadian clock with a long free-running period is 
able to adjust itself, or phase shift, by entrainment to changes in the 
environment, including such factors as hydrostatic pressure, temperature, water 
agitation, and others. This view is supported by the rapid shifting of certain 
organisms (e.g., diatoms in the genus 
Euglena) in the lab from a 24.8-hour tidal rhythm to a 24-hour light/dark 
cycle. A second view, called the circa lunidian clock hypothesis, proposes that 
two coupled clocks run simultaneously within the organism, each one tracking a 
separate 12.4-hour period (Palmer 1995). Evidence for multiple clocks include 
the finding that the two tidal periods of each day appear to be scanned at 
different rates.

Lunar rhythms are even found in marine protoctista. Many species of 
single-celled planktonic foraminifera have a reproductive cycle that is 
characterized by the alteration of two generations, haploid and diploid, with 
different modes of reproduction that in some species may take two years to 
complete.7 
Reproduction in the vastness of the ocean requires a large number of gametes, 
about three to four hundred thousand, and the gametes that are released benefit 
from consolidation in time and space. To accomplish this requires precise 
synchronization in order to secure gametic fusions (reproduction) and the 
continuation of the species. At least some of these single-celled species appear 
to coordinate these processes with the lunar synodic cycle.

In one study, samples of three species of foraminifera were collected every 
two days for forty-seven days, at the same time and depth each day (Bijma, Erez, 
and Hemleben 1990). It was found that the number of all species was at its 
minimum in the period of three to five days after the full Moon. It was also 
found that the numbers of two of them, 
Globigerinoides sasculifer and G. ruber, were at maximum numbers 
nine days before the full Moon, but those of 
Globigerinella siphonifera were at maximum three days before full Moon. 
Apparently, each species has its preferred phase of surface activity relative to 
the full Moon, a light intensity environmental factor. So, it appears that the 
cycle of moonlight as a zeitgeber is a possibility, but light as a cue would be 
dependent on weather conditions. In the laboratory the three species of 
foraminifera did not synchronize, and reproductive timing was found to be 
affected by other conditions (i.e., food availability, light intensity, 
population size, etc.). However, the lunar cycle did persist in the lab for a 
related species, 
Hastigerina pelagica. With no moonlight reaching the lab, there was 85 
percent gametogenesis at three to seven days after the full Moon. How the 
organism picked up the lunar signal was not clear. Other possible lunar signals 
that the organism may be receptive to include Mooninduced fluctuations of the 
magnetic field and changes in lunar gravitational strength (the anomalistic 
month). These studies point out how very difficult it is to study lunar rhythms 
in both field and lab.

An outstanding example of a response to the lunar synodic cycle is the 
reproductive behavior of the Palolo worms of the south Pacific. As with the 
release of haploid gametes by planktonic foraminifera into the sea, the Palolo 
worms require precise daily timing, but also timing relative to the seasons. The 
terminal body segments of this marine polychaete are genetic capsules that are 
released at dawn on a specific day during the spring in the southern hemisphere. 
This date, which changes each year, coincides with the October or November third 
quarter Moon, the lunar phase that produces tides (neap tides) that aren’t as 
agitating as those at the new or full Moon. This timing serves to increase the 
number of reproductive events. Records of spawning show that the worms, by 
following the third quarter Moons in either October or November, appear to be 
tracking the eighteen-year Metonic cycle, where a specific phase of the Moon 
occurs on the same date after exactly eighteen years. Even more remarkable is 
the lunar-synchronized reproduction of at least 107 species of coral along five 
hundred kilometers of the Great Barrier Reef in the western Pacific. Nearly all 
release gametes three to six days following the full Moon in October or 
November, and about four hours after sunset (Endres and Schad 1997).

At present there is no known mechanism by which lunar influence is entrained 
in genetic processes. Light is certainly a factor in many organisms. Studies of 
juvenile salmon show grouping (protection in numbers) occurring at full Moon and 
movement/migration at new Moon (invisibility), these being strategies that limit 
predation. The vertical migration (in the water column) of zooplankton is 
influenced by different degrees of lunar illumination. Higher levels of 
moonlight, which encourage predation, increase the vulnerability of zooplankton 
populations when they are at crucial developmental stages. Since the phase of 
the Moon is not the same at a constant point in the seasonal cycle, predation 
will eventually select for organisms, in this case the zooplankton, that can 
entrain to the lunar cycle. Fish, feeding on these smaller organisms, will then 
be entraining on the cycle as well. And animals, including humans that feed on 
the fish, will also adjust to this rhythm, a bottom-up entrainment.

Many fishermen know that fish are more likely to hit a lure or grab bait at 
dawn or dusk, transition points in the day-night cycle. In 1926, John Alden 
Knight (1890–1966) formulated a product that he promoted as a guide to the best 
times for catching fish, a method based on his knowledge of folklore and the 
habits of game fish. He had observed that fish are more active at dawn and dusk, 
but they were also biting at other times of the day, which he found to be when 
the Moon was rising or setting. Knight did not think light was the external 
factor driving behavior. He reasoned that it was the Moon’s tidal effect that 
was stirring up aquatic insects and even microscopic life, which, in turn, 
agitated the fish who feed on this part of the food chain. Knight never 
conducted a formal study, instead he created tables showing the best times of 
the day for fishing, based on the solar and lunar diurnal cycles, and sold these 
as a kind of almanac that he called Solunar tables. The popular outdoor sporting 
magazine 
Field and Stream included his graphic tables of the Sun and Moon in each 
issue for many years (Knight 1972).

The Moon’s influence on the environment is not limited to rising and falling 
tides and variations in nocturnal illumination. Other possible aquatic 
lunar-cycle triggers include temperature changes, turbulence, water pressure, 
and salinity changes. The atmosphere also displays lunar periodicities as the 
upper layers are affected by the Moon’s gravity, which then modulates air 
pressure that is detectable on the surface. Lunar gravity also has an effect on 
the electrically conductive conditions of the upper atmosphere, a subtle but 
real effect called the lunar magnetic variation. One study found that the 
frequency of natural (not induced) human births correlates with the actual 
gravitational force of the Moon, that is the distance from the center of the 
Moon to the center of Earth, but not with the phase of the Moon. Another study 
found human sleep to be synchronized by lunar phase over a wide range of 
conditions, including urban and rural environments. The authors noted that this 
finding could be explained by available light, but also by lunar gravity as 
gravitational forces at the new and full Moon occur at different points in the 
solar day (Wake et al. 2010; Casiraghi et al. 2021). Magnetic field data does 
show correlations to the Moon’s diurnal cycle and its phases, so this signal 
also exists, and many organisms are known to be sensitive to magnetic fields. 
Observed throughout human history is the correlation between human female 
menstruation and the lunar cycle. Studies show that the match is quite close and 
that for women who don’t take birth control pills, or become biologically 
synchronized with other women, menstruation tends to occur near the new Moon.8 
At present, few studies have been done that compare the responses of organisms 
to the various influences of the Moon mentioned above and the subject is still, 
in many respects, in its infancy.




THE GEOMAGNETIC FIELD AND LIFE

The Earth is shielded from a steady rain of charged particles 
and cosmic rays by its own self-generated magnetic field. This field, called the 
magnetosphere, is comet shaped as a result of the constant pressure of the solar 
wind, a stream of hot electrons and protons emanating from the Sun. The sunward 
side of the field, the magnetopause, is compressed to a depth of about eleven 
Earth radii. The magnetotail, on the opposite side away from the Sun, has the 
form of an elongated tail that may extend as much as one thousand Earth radii. 
Viewed from space, with its magnetic field made visible, Earth looks like a 
comet headed toward the Sun. The magnetic field not only establishes an 
Earth-encircling electro-magnetic dipole framework, like a bar magnet, but it 
also exhibits fluctuations and periodicities. Geomagnetic micropulsations 
(caused by lightning storms, particle bombardment, etc.) that last less than one 
second to a few minutes occur constantly. Longer periodicities reflected in 
magnetic field variations include responses to the Earth’s rotation (24 hours) 
and the lunar day (24.8 hours), the synodic month (29.5 days), solar rotation 
(~27 days), the solar year (365 days), variations in the solar wind (1.3 years), 
and the sunspot cycle (11 and 22 years on average). A lot of information is 
contained in Earth’s magnetic field variations, although recording and 
displaying it as data presents many problems. It is known, however, that the 
Earth’s magnetic field is utilized by certain organisms for its directional and 
temporal information content. This sensing of the field is accomplished by 
either direct contact to it or as a response to weak electric fields induced by 
the geomagnetic field. The ability to “read” the geomagnetic field requires 
remarkable discrimination, something one would think only possible in “higher” 
organisms like animals, but it is found in certain bacteria that derive 
selective advantages from this response.

Magnetotactic bacteria are a diverse group of motile, mainly aquatic, 
anaerobic, or microaerobic gram-negative prokaryotes that were first recognized 
by Salvatore Bellini of the University of Pavia in 1963. Twelve years later, 
Richard Blakemore, a graduate student in microbiology at the University of 
Massachusetts, rediscovered them when he noticed that the bacteria he was 
looking at under the microscope were following a magnet he was fiddling with in 
his hand. He published a paper on this finding and called the behavior 
magnetotaxis, which is the term now used. Magnetotactic bacteria use Earth’s 
magnetic field for navigation purposes to seek their favored environment. They 
have a negative response to oxygen in the water and so seek anoxic regions in 
the sea floor, which they locate by using the north-sloping direction of the 
Earth’s magnetic field (in temperate latitudes) as a guide to vertical mobility. 
Their response and alignment to magnetic fields is possible due to a chain or 
chains of small, biologically-produced crystals of magnetite inside the body of 
the bacteria. These particles are called magnetosomes (Blakemore 1975).

Magnetosomes are intracellular, single crystals of magnetite (Fe3O4), 
the mineral that makes up lodestone. Magnetite can form inorganically, but only 
at high temperatures and pressures, yet it is synthesized by these bacteria from 
materials found in their environment. Magnetosomes are an example of 
biologically-controlled mineralization (e.g., bone and tooth formation), an 
organic matrix-mediated process that begins in the magnetosome membrane. This 
specialized membrane then regulates the deposition of the particle and controls 
its position in the cell relative to the other particles. In terms of size, all 
magnetosomes fall within the thirty-five to one hundred nanometer range, just 
big enough for internal polarization but small enough to avoid multiple regions 
of polarization. Magnetosomes in magnetotactic bacteria are arranged in one or 
more chains of about twenty particles that behave as a single magnetic dipole. 
These bacteria are very widespread in the oceans, and some believe they once 
existed on Mars! Very tiny pieces of magnetite found in the Martian meteorite 
ALH84001 were proposed to be a signature of bacterial life on Mars, though 
subsequent analysis has substantially weakened the case. It is instructive, and 
relevant to the subject matter of this book, to consider the complexity of 
magnetic field reception and the structures that have evolved to do this—in this 
case in a bacterium.

In addition to bacteria, other organisms have been found to contain magnetite 
crystals in their bodies. These include pigeons, which are able to navigate 
using the Sun, topography, or the magnetic field. Honeybees have magnetite in 
their abdomens. Other animals with magnetite include tuna, trout, blue marlins, 
green turtles, whales, and dolphins. The marine mollusc Tritonia diomedea, 
a sea slug, uses the magnetic field for direction, but this response is 
correlated with the lunar cycle (as is also the case with pigeons, drosophila, 
and other organisms). This may be a case of two separate sensory systems working 
together, or the slug is sensing both Earth’s magnetic field and the lunar 
magnetic field variation over the course of the lunar month. In either case, the 
slug’s direction of movement shifts at phases in the lunar cycle, causing it to 
move in a circle or spiral, which may aid in foraging or mate-seeking. The 
existence of magnetite in the human brain, along with the ability to sense 
direction, has been controversial, but magnetosomes have been found in human 
tissues. Magnetoreception in mammals may be a basic feature. Whether dogs have 
magnetite in their brains is unknown, but they apparently align their body axis 
to the magnetic field when eliminating, specifically the north/south axis. It 
has been suggested that magnetic sensory systems evolved very early in life 
history, are completely separate from other sensory mechanisms, and have 
increased in sensitivity over time (Lohmann and Willows 1987; Kirschvink et al. 
1992; Hart et al. 2013; Kirschvink, Walker, and Diebel 2001). The actual 
mechanisms involved in magnetoreception are not fully understood, and possible 
explanations are sought in subdisciplines like bio-electromagnetism, biofield 
physiology, and quantum biology, which includes in its research program quantum 
entanglement in avian eyes and the electron transfers involved in 
photosynthesis.
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Figure 1. A magnetotactic bacterium with internal chain of 
biomineralized magnetite crystals.




SOLAR CYCLES AND LIFE

Sunspots, caused by a convergence of magnetic field lines on the 
Sun’s surface, are dark regions of a lower temperature than the surrounding 
solar surface. They move with the Sun’s rotation and are visible evidence of the 
cycle of solar magnetism that affects Earth’s magnetic field. Solar activity 
varies over time, the numbers of sunspots intensifying at solar maxima and 
decreasing at solar minima. The numbers and groups of sunspots also change 
daily, and their positions on the Sun’s surface change over time. Sunspot counts 
are a way to track the solar cycles, the most recognized of several is the 
Schwabe cycle of about eleven years, during which the number of sunspots 
increases and then decreases. The Hale cycle of approximately twenty-two years 
is two Schwabe cycles, which accounts for the magnetic reversals that occur 
between them.

Many correlations have been reported that link biological and solar activity. 
Well-documented rhythms of about ten years, close to the Schwabe cycle, include 
crop yields, fish catches, and boreal forest mammal population changes (Hoyt and 
Schatten 1997). Insect populations are regarded as sensitive climate monitors 
because they show close correlations with the Schwabe cycle. Tent caterpillar 
populations peak predictably about two years before sunspot maxima and other 
insect populations appear to do the same. It has been suggested that these 
population changes are due to the increased warmth and ultraviolet radiation 
that follows the solar cycle. At least one unicellular organism appears to show 
a response to a solar cycle. Species of the genus Acetabularia, its 
model-busting circadian cycle mentioned above, display rhythms found in measures 
of geomagnetic activity, and also in the solar magnetic field. In a database 
covering fourteen years of Acetabularia circadian cycle research done by 
chronobiologist Franz Halberg, the prominence of a 1.3-year cycle that is found 
in the rhythms of the solar wind cycle was reported (Halberg 2004). It is 
thought that entrainment to climate cycles that are driven by the solar cycle 
occurs in some species, more so in regions where such climate fluctuations are 
more pronounced. These adjustments, which may correlate with increasing and then 
decreasing food supplies, will consequently influence other species’ population 
levels. It may be that entrainment to a natural rhythm in one species low on the 
food chain is all that is needed to produce cycles in the behavior of many other 
organisms.




BIOLOGICAL RHYTHMS AS FUNDAMENTAL TO LIFE

The study of biological rhythms is a study of how life has 
adapted to and internalized its temporal environment. Using the natural 
geophysical and astronomical periods as frameworks, life has organized many 
complex processes, including the general stabilization of multiple internal 
systems, feeding, navigating, and reproduction. In 1960, at the important Cold 
Springs Harbor meeting on biological clocks, it was stated that “circadian 
rhythms are inherent in and pervade the living system to an extent that they are 
fundamental features of its organization” (Pittendrigh 1960). Biological clocks 
that match environmental periods are a nearly ubiquitous characteristic of life, 
but there are wide variations between species and even between individuals. In 
some species, one clock, or one clock system, controls all life functions. In 
other species multiple clocks may be coupled, and in others are found master 
clocks, like the SCN discussed earlier, that drive slave oscillators. The fact 
that the circadian rhythm persists in the cytoplasm of the cell in certain 
organisms after the nucleus is removed, which contradicts the 
transcription-translation oscillating model, means these rhythms are not 
completely understood.

For organisms in the lab, biological clocks are not essential to staying 
alive. The lack or malfunctioning of a clock in nature is another matter. It is 
thought that a defect of rhythm will cause an organism to be active at the wrong 
times of day and that errors would be made in feeding and in mating timing, 
ultimately resulting in fewer offspring due to predation. One study tested the 
fitness of several cyanobacteria strains each having different periods. It was 
found those strains with rhythms that matched the light/dark cycle outcompeted 
the others in terms of reproductive fitness (Ouyang et al. 1998). Another study 
involved the day-active antelope squirrel. The SCN of a number of these animals 
were removed, which induced arrhythmia and caused them to be active at night. 
During the study, a feral cat managed to enter the research enclosure and 
proceeded to remove 60 percent of the lesioned animals, but only 29 percent of 
those with an intact SCN. A second study using chipmunks was conducted in a 
completely natural setting. Again, the SCN was lesioned in a number of chipmunks 
that didn’t seem to create any serious problems for two years of stable food 
conditions. However, after two years of abundant acorns, the population of 
chipmunks increased and so did their predators. By the end of the summer season 
more SCN lesioned animals were killed by weasels than those without (DeCoursey, 
Walker, and Smith 2000).

The endogenous versus exogenous debate over the circadian rhythm appears to 
be less a case of one or the other and more a case of complementation. The 
current molecular model of the circadian oscillator has established a foundation 
for the endogenous source of circadian rhythm. (One exception to this model, yet 
to be fully understood, is a connection to the cytoplasm rhythm (Zivkovic 
2011).) The endogenous oscillator is a system separate from the environment, and 
studies have shown that the free-running period of an organism is almost never 
exactly twenty-four hours, but usually very close to it. Again, this apparently 
allows for better tracking of environmental signals, more accurate adjustments 
and phase-shifting, and hence better fitness. However, the endogenous oscillator 
requires sensory input and external triggers to set the phase. Any number of 
sensory mechanisms may be involved in phase setting, although visible light is 
the primary trigger for the circadian system in most organisms. Models for lunar 
rhythms have yet to be described with a similar degree of confidence as those 
for the circadian rhythm. It may be that magnetic field variations and the solar 
wind are also used as triggers for rhythms, suggesting that life has deep links 
to a broader definition of the environment.

While the mainstream of chronobiological research has been focused on the 
reductionist molecular model and its usefulness in understanding human behaviors 
and health requirements, some scientists have taken other paths. One of the most 
remarkable of the biological clock mavericks was Franz Halberg, who we met 
briefly earlier in the book. Originally from Austria, he was a biophysicist who 
worked at the University of Minnesota and studied a wide range of biological 
cycles, many involving humans. He took a bio-medical approach to his subject 
matter and, among numerous other interests, studied the effects of medications 
for cancer and other disorders given at different times of day—that is, 
different points in the circadian cycle. His findings during the second half of 
the twentieth century are at the foundations of what is now called 
chronopharmacology. Halberg was a tireless worker who wrote or contributed to an 
enormous number of papers, socialized with others in the field at the 
international level, received many awards for his work, and was even nominated 
for a Nobel Prize a few times. He founded the chronobiology laboratory at the 
University of Minnesota and, in addition to coining the terms circadian and 
chronobiology and researching both photic (visible light) and non-photic (i.e., 
solar wind, electromagnetism, cosmic rays, and gravity) periodicities, he 
developed a unique framework and vocabulary for his findings.

Here I’ll attempt a short summary of a few of the many cycles Halberg found 
and studied in a wide range of organisms and natural phenomena (Halberg et al. 
2003; Halberg 2004). First, there is the simple and common single-day circadian 
cycle found in life. Then there is the roughly seven-day circaseptan cycle he 
thought is linked to the fourth harmonic of the rotation of the sun (one-quarter 
of its twenty-seven-day cycle). He found examples of this biological “week” of 
about 6.75 days in the genus Acetabularia, in the geomagnetic Kp index, 
and in the amplitude of melatonin in mammals. Half-year cycles, he found in 
geomagnetic activity, the human brain (vasopressin levels), length of infants at 
birth, and human longevity. He was very interested in what he called the 
transyear (~1.3 years), which is a cycle of the speed of the solar wind, and 
found correlations to adult human blood pressure and heart rate, and also growth 
patterns in bacterial colonies. He also found the transyear cycle in chloroplast 
movement in that odd algae Acetabularia mediterranea. A long, roughly 
ten-year cycle, which he called circadecennian and correlated with the 
approximately eleven-year Schwabe solar cycle, was found to match cycles of 
heart rate variability, deaths from myocardial infarctions, religious 
proselytism, human productivity, and vascular mechanisms underlying mood.

Halberg had a predecessor, the controversial Russian biophysicist Alexander 
Chizhevsky (1897–1964), who had influenced his thinking. Chizhevsky was the 
founder of heliobiology, that is, solar-Earth research, and studied the effects 
of the Sun’s activity on terrestrial phenomena. One of the correlations he made 
was that high solar activity, mostly at sunspot maximum, produces mass human 
excitability and often coincides with wars. Halberg’s data, collected from 
extensive university medical records that he had access to, showed that the 
cardiovascular system is sensitive to geomagnetic disturbances that are more 
frequent when the Sun is active, an observation that has been confirmed by other 
studies (Alabdulgader et al. 2018). This knowledge of the coincidence of 
individual and environmental variables he believed was of critical importance to 
society. Unfortunately, contemporary society seems to have its own agendas and 
his suggestions have not yet been implemented, or even considered.

Halberg’s study of the concordance of biological and environmental rhythms he 
called chronomics, which is the study of chronomes (time structures), defined as 
transiently self-sustaining organized structures in time and space. Chronomes 
(which I interpret to have properties fundamental to self-organizing systems) 
consist of chaotic changes and rhythms undergoing trends (internal feedback 
loops) for a sufficient duration to possibly reproduce themselves and, thereby, 
to evolve. In chronomics, photic and non-photic cycles of the physical 
environment are seen to affect both the biosophere (realm of life) and the 
noosphere (realm of mind). In Halberg’s schemata, which was depicted in complex 
diagrams jam-packed with information, were also cycles of the 
socio-psycho-physiological realm, what he called the ethosphere, that he thought 
may offer a key to the health and diseases of society. At this level, chronomics 
was a perspective that might be tried as a scientific way to identify the 
underlying mechanisms of the diseases of civilization, which he believed was a 
necessary step toward creating a better human world. Yet another term he coined 
to describe this last challenge was chronobioethics. Halberg’s ideas on society 
are not well-known but he was pioneer in the field and was developing his own 
comprehensive time-systems model that gathered together rhythms of all lengths, 
from less than a day to millions of years, all linked to photic and non-photic 
geophysical and astronomical signals. In this sense, Halberg was a visionary, 
and his work undoubtedly contains insights that may one day be commonplace.
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THE EARTH CYCLES

Earth’s orbit and axis orientation are constantly changing 
because they are being deformed by the gravitational attractions of other 
[planetary] bodies. These changes affect the distribution of sunlight hitting 
our surface, which in turn affects climate, and the kinds of sediments that are 
deposited. That gives us the geological record of solar system behavior.

PAUL OLSEN, IN “SCIENTISTS 
TRACK DEEP HISTORY OF 
PLANETS’ MOTIONS AND EFFECTS ON EARTH’S 
CLIMATE”

. . . [W]e’ve clarified how the planets can affect the 
magnetism of the Sun by amplifying tidal resonance. We’ve also generalized the 
theory by extending the application of magneto-tidal resonance to Earth’s 
magnetosphere. We’re saying that some of the planets can have a direct influence 
on Earth’s magnetic field.

PERCY SEYMOUR, “THE 
MAGUS OF MAGNETISM”

Single and multi-cellular 
organisms are self-organizing systems that are open to exchange with their 
environment and also tightly coupled to it. They are composed of many parts 
linked by feedback loops out of which emerge forms and behaviors that the parts 
alone do not predict. This emergent phenomenon is what we call life, and it has 
not yet been made in the lab, nor has its origin been explained definitively by 
modern reductionist science. One central property of an open system, that is a 
system that can exchange matter, energy, or information with its external 
environment, is that it resists the inevitability of entropy, the movement 
toward disorder expressed in the second law of thermodynamics. Systems that 
somehow manage to slow entropy can also be abiotic or a combination of biotic 
and abiotic. Consider that a hurricane, an organized entity that feeds off 
rising water vapor and gives off wind and rain, is an inorganic open system that 
“lives” for a time until its energy sources fail. An ecosystem is a dynamic 
entity, a result of multiple interactions between living and non-living 
components in a mostly contained area or region. Ecosystems have resilience; 
they can survive disturbances and, like a thermostat, return to an optimal 
state.

The largest terrestrial self-organizing system, what James Lovelock has 
called Gaia, is spread over Earth’s surface, plus or minus a few miles below and 
above it. Here organisms and their environment are coupled in such a way as to 
somehow maintain conditions favorable for life. The flux of matter and energy 
between the atmosphere, hydrosphere, lithosphere, and biosphere in combination 
and acting as a single unit is called by geoscientists the Earth system, while 
climatologists working with the same components (including the cryosphere as a 
subset of the hydrosphere) refer to the climate system. In either case our 
inorganic environment is hardly static or dead, it is interactive with the 
biosphere, and over long periods of time all of it can be seen as a 
self-organizing open system, one that is affected by solar radiation that fuels 
the biosphere, and thermal activity from the core, which drives plate tectonics. 
The Earth system is also sensitive to external information in the form of tidal 
forces and magnetism, and host of extraterrestrial radiation, including cosmic 
rays.

Extraterrestrial influences on Earth’s atmosphere, oceans, and continents 
exist in good measure though these do not fall under a single heading at this 
time because the subject matter is scattered about in the fields of climatology, 
meteorology, geology, oceanography, astronomy, and astrophysics.1 
One category of extraterrestrial influence shared by astronomy and the 
geosciences are the periodic impacts of extraterrestrial bodies, the big one 
that ended the dinosaur age being the best known. Whether or not these occur in 
cycles of millions of years is a topic full of hypotheses that will be briefly 
touched on. More tangible are orbital cycles, which are driven by variations of 
the Earth’s orbit and extend beyond the span of recorded history. These were 
first proposed in the nineteenth century and now occupy an important, even 
integral, position in the geosciences, especially paleoclimatology. Orbital 
cycles, being controlled by the gravitational tugs of the other planets on 
Earth, are ultimately solar system–influenced cycles. Today they are accepted 
drivers of climate, ice ages, and geological processes that go as far back as 
late Triassic (about two hundred million years ago) sedimentation rates 
preserved in the ancient lakes of New Jersey (Olsen and Kent 1996).

Cycles of solar activity are also a known source of climate modulation, 
though on much shorter timescales, and are studied in the fields of climatology, 
meteorology, and astrophysics. It is not known definitively how solar cycles 
originate but, as will be discussed below, the orbits of the planets may play a 
role. There is a relation between solar cycles and atmosphere-penetrating cosmic 
rays that some scientists see as a driver of global temperatures. On a much 
larger scale, the orbit of the solar system around the center of the galaxy 
causes it to pass periodically through regions that raise the level of cosmic 
rays (cosmic ray flux) entering Earth’s atmosphere on long timescales. It is 
thought by some astrophysicists and climate scientists that such variations 
influence climate and related geological and biological processes over periods 
of millions of years. The fourth category are tides. Tidal forcing from the Moon 
and the Sun affects both the oceans and the atmosphere and studies showing 
correlations with climate, and even earthquake activity, do exist. Tidal 
resonance as a force, discussed later, drives the evolution of planetary orbits 
and may even modulate the solar cycle, which in turn modulates Earth’s climate. 
Now outlined, we look at each of these topics individually.


EXTRATERRESTRIAL IMPACT EVENTS

While astronomers use the term bolide to describe an 
extremely bright meteor, geologists use it for impactors that may be asteroids 
or comets. Large bolide impacts disrupt the Earth system and can even trigger a 
mass extinction. Once the Cretaceous–Paleogene (K–Pg) extinction event sixty-six 
million years ago was linked to a bolide impact, an idea proposed by physicist 
Luis Alvarez and his geologist son Walter in 1980, the search for evidence of 
other such impacts in the fossil record began. Possible correlations of those 
found to other extinction events have been suggested, though none have been 
shown to be so overwhelming as the K-Pg event that wiped out the dinosaurs. 
However, there is some evidence that impacts may follow a cycle. In the 1980s a 
number of papers on extinction cycles were published, many of them based on a 
dataset of fossil marine life that was assembled by paleontologist John 
Sepkoski. The fossil data, which covered 250 million years and included several 
thousand vertebrates, invertebrates, and protozoans, clearly showed five major 
mass extinctions of the past half billion years when the data was organized at 
the family level (under family comes genus and then species), along with other 
minor ones. Sepkoski collaborated with another paleontologist, David Raup, and 
the two published a paper in 1982 that described a pattern in the data they 
proposed was evidence of an extinction rhythm of about twenty-six million years. 
Given the regularity, they suggested it might be driven by extraterrestrial 
factors. Physicist Richard Muller got involved and proposed that Earth has a 
companion star, possibly a red dwarf, that orbits the Sun in a 
twenty-six-million-year orbit. He reasoned that when this star, which he called 
Nemesis, comes close to the Oort cloud (which is the name for the belt of 
objects, including comets, at the outer edge of the solar system), its gravity 
disrupts orbits, sending asteroids and comets toward Earth.

The solar system orbits around the galactic center in a period of about 220 
to 250 million years. At times during its orbit the solar system will pass 
through a spiral arm, a slower moving, denser feature of the galaxy. The shock 
of entering a spiral arm destabilizes some stars, causing them to supernova, 
events that produce cosmic ray storms and magnetic turbulence. These passages 
have been proposed as the ultimate cause of a number of terrestrial changes, the 
proximate cause being the perturbation of the Oort cloud (Napier and Clube 
1979). This, called the theory of terrestrial catastrophism, proposes that 
spiral arm passages, where the solar system runs into a density wave, disrupt 
the orbital stability of comets in the Oort cloud, sending some into the inner 
solar system. This would then lead to more frequent bolide impacts that may also 
trigger large igneous province formation (broad surface volcanic eruptions), 
which is known to play a role in mass extinctions (Filipovic et al. 2013). 
Another connection has also been made between Oort cloud disturbance and the 
orbit of the solar system around the galaxy, but this one doesn’t involve 
density arm passages. The solar system crosses the plane of the galaxy 
(oscillates vertically relative to the galactic equator) about every thirty-two 
million years, this figure being close to what was found in the fossil record. 
Because clouds of gas and dust are concentrated along the galactic equator, 
passage through this equatorial dust may disturb the Oort cloud and unleash 
comets.

Another related idea, from geologist Michael Rampino and astrophysicist 
Richard Stothers, is that the solar system’s passage through the clouds of dust 
concentrated near the galactic equator every thirty million years or so heats 
Earth’s core, triggering volcanic eruptions. These geological events (large 
igneous provinces) then cause extinctions by adding massive amounts of carbon 
dioxide to the atmosphere that trap heat and acidify the seas. A more recent 
variation on this idea, from physicist Lisa Randall, is that galactic equator 
crossings bring the solar system into regions full of a new kind of dark matter 
that exists along the galactic equatorial plane. When the solar system crosses 
this line, its density disrupts the Oort cloud, once again sending rogue comets 
toward Earth. Others suggest that more cosmic rays exist north of the galactic 
equator and, when the solar system passes through it, these (of course) disturb 
the Oort cloud. While most of these studies are multidisciplinary, with 
astrophysicists modeling what geologists have found, they are generally 
considered to be speculative science and not definitive (Raup and Sepkoski 1982; 
Raup and Sepkoski 1984; Davis, Hut, and Muller 1984; Rampino and Stothers 1984; 
Randall and Reece 2014). Still, the fact that the solar system does pass through 
differing regions of the galaxy during its orbit around the galactic center does 
suggest the possibility of very long terrestrial cycles and impact events that 
punctuate the geological record, a process that has been named for the destroyer 
god in the Hindu trinity—the “Shiva Hypothesis” (Rampino and Haggerty 1996).




ORBITAL FORCING

In middle school science we learn that the annual orbit of Earth 
around the Sun drives the seasonal changes. As was discussed earlier, it is the 
23.45-degree tilt of Earth’s axis, maintained in one position relative to the 
background stars as Earth moves through its orbit, that over the course of a 
year shifts the proportions of solar radiation reaching the hemispheres of our 
planet. For part of each year the northern hemisphere more directly faces the 
sun, which heats it, and this correlates with northern hemisphere summer. 
Simultaneously, the southern hemisphere experiences winter. Six months later it 
is the southern hemisphere that faces the Sun and is heated as the northern 
hemisphere shifts into winter. It is the tilt of the Earth that not only creates 
the seasons, but also establishes the photoperiod (i.e., the day/night, 
light/dark ratio) that is so important in studies of biological rhythms. But the 
tilt of the Earth’s axis is not constant, and as we will see, this and two other 
variations, the dimensions of Earth’s elliptical orbit and the direction of the 
axial tilt relative to the Sun, will change the amount of solar radiation 
reaching Earth over very long periods of time. These long cycles that modulate 
terrestrial climate in profound ways are relatively recent discoveries; only in 
the past few decades have they been included in science textbooks.

Variations of Earth’s orbit around the Sun were first correlated with global 
climate history in the nineteenth century. Sir John Herschel, the son of 
astronomer and composer William Herschel, proposed in 1830 that the slight 
ellipticity of the Earth’s orbit should correspond to climate changes. But his 
calculations convinced him that this variation was too weak to cause ice ages, 
so he abandoned the idea. A few years later the French mathematician Joseph 
Alphonse Adhemar took the subject up in his 1842 book 
Revolutions of the Sea. Citing the ellipticity of the Earth’s orbit and 
the resulting unequal distribution of sunlight on the hemispheres over the 
course of a year (northern hemisphere winter is about a week shorter than 
southern hemisphere winter), he argued that the southern hemisphere was cooling 
and that this would change over the course of the twenty-two-thousand-year 
precessional cycle (the change in direction of the tilt). These two orbital 
variations, Adhemar thought, accounted for the ice ages, and he was the first to 
make that connection. Then there was the Scottish carpenter, tea merchant, 
insurance salesman, janitor, and self-taught scientist James Croll who presented 
his own theory of ice ages that was also based on orbital variations. In his 
1875 book 
Climate and Time, which was well-received and cemented his status as a 
world-class scientist, Croll introduced the idea of snow accumulation and its 
consequences: increase in reflectance (higher albedo) of solar radiation. This 
reflecting back into space of sunlight would then act as an amplifier of cold 
during periods of lower sunlight. His theory predicted ice ages would occur in 
cycles and that these were driven by variations in the ellipticity of the 
Earth’s orbit, which at times amplified the effects of precession. He was also 
aware of the axial tilt/obliquity cycle but lacked the necessary data to 
properly integrate it into his theory.

Croll had taken the idea of astronomical cycles and ice ages as far as he 
could in his time. It was left to the Serbian mathematician, scientist, and 
engineer Milutin Milankovitch (1879–1958) to finish the project in the twentieth 
century. After studying the effects of solar radiation on weather and climate, 
and having perfected the math such that he also calculated the surface and 
atmosphere temperatures of Mars, Venus, and the Moon, Milankovitch published his 
arguments in two major works: 
Mathematical Theory of Heat Phenomena Produced by Solar Radiation in 1920 
and 
Canon of Insolation of the Earth and its Application to the Problem of Ice 
Ages in 1941.  
He demonstrated mathematically that the three key orbital 
cycles—precession, obliquity, and eccentricity—modulate the amount of 
insolation (originally from the Latin but now explained as
incoming solar radiation) Earth receives over long periods of time. These 
three orbital cycles, also called Milankovitch cycles, have become an integral 
component of modern paleoclimate science and are basic to the climate computer 
modeling that is used in making longrange forecasts for the effects of 
anthropogenic climate change.

The shortest of the three orbital cycles is precession, first officially 
noted by Hipparchus about 127 BCE. This is the cycle of the very gradual change 
in the direction of the Earth’s polar axis. The gravitational torques exerted by 
the Sun and Moon on the bulge of the Earth at its equator (Earth is a slightly 
flattened sphere due to rotation) cause the axis to slowly wobble like a top. 
This motion is called axial precession, and it has a cycle of about twenty-six 
thousand years, during which time the north pole traces a circle in space 
pointing to different stars. Today the star Polaris is near the imaginary 
extension of Earth’s pole out into space, but about five thousand years ago it 
was near the star Thuban and in the ninety-first century it will point toward 
Deneb. Precession can also be observed over time by the movement of the vernal 
equinox against the constellations (not signs) of the zodiac, which is why the 
motion was traditionally referred to as the precession of the equinoxes.

There are some distinctions about precession that need to be made, however. 
Axial precession, whether observed by either pole or equinox movement, is 
measured against the background of the relatively “fixed” stars. This roughly 
twenty-six-thousand-year cycle, the precession of the equinoxes, was known in 
ancient times.2 
A complicating factor is the fact that Earth’s elliptical orbit is rotating 
slowly. This can be visualized by drawing a line passing through the ellipse’s 
two foci, one of which is where Earth is located. Where the extension of this 
line cuts Earth’s orbit, which are also the points furthest and closest to the 
Sun, are the points called the apsides. So, it is this line, or axis, that 
rotates, creating the cycle. Apsidal precession takes into account this very 
slow rotation of the elliptical orbit of Earth around one focus of the ellipse, 
a rotation that takes about 112,000 years to complete. The effects of orbital 
rotation results in changes in the location of the Earth relative to the Sun at 
the seasonal markers, therefore this kind of precession relates to the seasons. 
(All of this is a bit difficult to visualize, even from diagrams, but 
instructive animations may be found on the internet.) Apsidal precession is even 
more complicated because torques from other planets drive variations in the 
cycle that amount to periods of about nineteen, twenty-two, and twenty-four 
thousand years, all of which are used in insolation calculations. One can see 
that understanding the distinctions between the two kinds of precession is not 
so simple, but apsidal precession has been shown to be a powerful driver of 
climate change.

Obliquity is what the cycle of Earth’s axial tilt is called by 
climatologists, and it’s a much simpler motion than precession. At present Earth 
is tilted from the vertical to the plane of its orbit by 23.45 degrees. Over 
time this tilt varies from a minimum of about 21.8 degrees to a maximum of 24.4 
degrees within a full cycle of approximately 41,000 years. This tilt, kept more 
or less stable by the Moon, has prevented episodes of extreme climates—a very 
good thing for life on Earth. Since it is the tilt of the polar axis that 
produces the seasons, it follows that when the angle of the axis is low, the 
contrast between the seasons will be less, especially at the higher latitudes. 
The effects of changing obliquity are therefore strongest at the poles and 
weakest at the equator, but insolation in both northern and southern hemispheres 
is modulated equally. As noted, variations in Earth’s obliquity are stabilized 
and kept in check by the gravitational force of the Moon. In comparison, Mars, 
whose two moons are minuscule, has an obliquity cycle far more extreme that can 
produce very wide climate swings over time—not so good for life, which prefers 
stable conditions.

Now we come to the longest of the three orbital cycles, eccentricity, based 
on the actual orbit of the Earth around the Sun, which ranges from nearly 
circular to slightly elliptical. The length of the cycle of ellipticity varies 
but is generally given as roughly 100,000 years, though there is also a second 
order eccentricity cycle of about 413,000 years. Ellipticity amplifies the 
variations between the seasons when Earth’s orbit is at its most elliptical. 
When ellipticity is minimal, and consequently the distance from Earth to Sun 
over the course of the year varies little, the contrast between seasons is not 
so extreme. When ellipticity is greatest, Earth will be another six million 
miles farther from the Sun when at the most distant part of its orbit, the point 
called aphelion (perihelion is the point closest to the Sun), enough to amplify 
the seasonal differences.

We then have three orbital cycles that over very long periods of time 
modulate the amount of insolation that reaches Earth. But with these three 
constantly changing relative to each other, what is the connection to ice ages? 
Milankovitch theorized that the total summer radiation received in the northern 
latitudes, near 65 degrees north where ice sheets have formed previously, is the 
trigger for the development of an ice age. The fact that there is more land mass 
(which reacts to temperature changes far more rapidly than open ocean) in the 
northern hemisphere is the reason. Precession effects, which Milankovitch 
calculated should have the strongest effect on insolation because they regulate 
where the equinoxes are relative to the annual aphelion and perihelion passages 
(eccentricity factors) of Earth, will then accentuate the seasons. According to 
Milankovitch’s model, when (1) summer in the northern hemisphere coincides with 
aphelion (furthest from the Sun), (2) eccentricity is high (greater distance 
from the Sun, at least half the year), and (3) obliquity is at minimum (the 
least contrast between seasons), insolation will be very low and conditions most 
conducive to glaciation. The triggering of an ice age is thus thought to occur 
during periods of cool summers that allow for an accumulation of ice and snow 
from year to year in the higher latitudes. Eventually this retained snow and ice 
cover builds into an ice sheet that reflects solar radiation back into space 
preventing heating. And so a positive feedback loop is established and the 
cooling of Earth accelerates. Climate change driven by orbital cycles is 
constant but slow, very slow when compared with anthropogenic greenhouse gas 
forcing, the scientific name for human-driven global warming. Skeptics and 
uninformed politicians have confused and distorted these two processes and have 
sold out our future by doing so.

It is important to emphasize that Milankovitch’s modeling of insolation that 
drives glaciations is based primarily on precession, but does include a weaker 
obliquity signal and a minuscule eccentricity factor. This is logical as the 
calculated variations in insolation for the three cycles are 8 to 13 percent for 
precession, 5 percent for obliquity, and 0.2 percent for eccentricity. You can 
see that, of the three cycles, eccentricity produces by far the least amount of 
change in insolation, and it was believed to have the least effect on climate 
(remember John Herschel gave up on it). But this math doesn’t match the climate 
record, in part because eccentricity is not a simple one-hundred-thousand-year 
cycle. That figure is just a rough estimate of a complex orbital modulation 
driven by perturbations on Earth’s orbit from Jupiter and Venus that actually 
consists of three periods of approximately 95,000, 125,000, and 400,000 years. 
Because eccentricity does correlate with major changes in the climate record, we 
have here a good example of how a very weak signal can have powerful effects on 
a self-organizing system (climate), in this case one operating over vast amounts 
of time.

Evidence of the effects of ellipticity can be seen in oxygen isotope 
variations found in climate records. Oxygen comes in three stable forms that 
vary in the number of neutrons packed into the nucleus, these variations being 
called isotopes. Nearly all oxygen atoms have eight neutrons and eight protons, 
this being standard oxygen or 16O. Heavier oxygen atoms with nine or ten 
neutrons also exist, most of these being the latter, or 18O. When water (H2O) is 
evaporated, more molecules having the lighter 16O bonded to the two 
hydrogen atoms will be taken up as water vapor to be blown by the winds and 
deposited as rain or ice somewhere else. If this somewhere else is land, and the 
transfer is in the form of ice that stays in place, the ratio of oxygen isotopes 
in ocean water will change and can serve as an indication of how much water has 
been removed from the seas and, from that, what sea level was like at the time.

It is the microorganisms found in marine sediment cores that record shifting 
oxygen isotope ratios. In the seas, oxygen is used by foraminifera 
(single-celled protists) to build shells, which accumulate on the ocean floor 
and become a record of past ocean conditions. So, if you know the standard ratio 
of
16O to 18O, and the tiny shells in a section of a marine 
core show that they contain more 18O than the standard ratio, you can use this 
information as an indication of the climate at the time the organism lived. For 
example, a section of a marine core that has higher than normal 18O in the 
microscopic foraminifera shells suggests that the missing light oxygen was 
carried away to ice sheets and that this was the time of an ice age and lower 
sea levels. The location of this section in the length of the core tells us how 
long ago this happened. Both marine cores from the ocean floor and ice cores 
from glaciers are records of Earth history and contain information (called proxy 
data) that yields a chronology of past climates, including ice ages, sea level 
changes, large volcanic eruptions, and more.

In both marine and ice cores, it is the 18O values that often show the 
strongest correlations to the basic roughly one-hundred-thousand-year cycle of 
eccentricity, with obliquity and precession signals being weaker. This is the 
reverse of what would be expected, but it has only been the case for roughly the 
previous eight hundred thousand years. Prior to this time, the 
forty-one-thousand-year obliquity cycle predominated, which tells us that there 
is apparently no consistently dominant cycle of ice ages. In spite of these 
anomalies, and there are others, most geoscientists and climatologists have 
accepted orbital forcing and the weak one-hundred-thousand-year cycle as a 
solution to the mystery of ice ages during the past approximately eight hundred 
thousand years. From a longer perspective, it appears that climate becomes 
entrained for a time to one signal or another, or a combination, depending on 
what the conditions are at the surface, these being regulated by other factors 
such as land mass location and ocean currents. Orbital forcing, or how solar 
system astronomy is crucial to understanding Earth history, has answered many 
questions and is now a valuable and integrating tool in the geosciences.

Orbital cycles are complicated by the fact that the Earth’s axis and its 
orbit are perturbed by the gravitational forces of the other planets, noted 
earlier in regard to eccentricity. These perturbations are not one-dimensional. 
When the solar system is viewed on its side, assuming the plane of the Earth’s 
orbit as a horizontal reference plane, the orbits of the other planets will 
intersect this plane at low angles. As planets follow their orbits and move 
above and below this plane, they will exert slightly different gravitational 
forces on Earth due to changes in geometry, and these will modulate Earth’s 
orbit and, consequently, climatic frequencies. There are so many gravitational 
forces from the planets affecting Earth that it is difficult to produce accurate 
isolation curves for more than about twenty million years into the past or 
future. At two hundred million years there can be as much as a 40 percent error. 
One exception is the roughly four-hundred-thousand-year ellipticity cycle that 
appears to be very stable and has been found in geological data from the Newark 
Triassic-Jurassic basin discussed below. These geological records now serve as a 
means of adjusting and focusing the celestial mechanics of orbital variables in 
the remote past—this being a situation where geology informs astrophysics, which 
then informs climatology.

Exactly how the eccentricity cycle modulates climate has not been easy to 
explain. In the 1950s, Milankovitch’s theory on orbital forcing was rejected by 
most geologists due to the advent of radiocarbon dating and the results it 
produced in regard to the geological epoch named the Pleistocene (~2.5 million 
to ~12,000 years ago). It was thought, based on the data available at the time, 
that there had been warm climate intervals as recent as twenty-five thousand 
years ago and other ice fluctuations over eighty thousand years in the past that 
were at variance with Milankovitch cycles. In the 1960s, however, the analysis 
of deep-sea cores produced evidence that sea level fluctuations did appear to 
occur in a twenty-one thousand-year precession cycle, but the 
one-hundred-thousand-year cycle of ellipticity, theoretically the weakest one, 
was far more prominent than had been expected. A one-hundred-thousand-year cycle 
of solar activity was proposed, and it was suggested that orbital forcing by the 
technically stronger nineteen-and twenty-three-thousand-year precessional 
frequencies were what was timing the terminations of glacial episodes; when they 
coincided with ellipticity at its highest, a case of wave reinforcement. Another 
idea used to explain the marine core data was that ice-volume fluctuations, or 
the ice ages, were just modulated, not driven, by orbital forcing in a highly 
complex system. Then there is the issue of carbon dioxide levels over time. 
Absorption of CO2 by microorganisms in the oceans has been found to 
have a one-hundred-thousand-year cycle, something that would affect greenhouse 
gas levels in the atmosphere and could account for a cyclic cooling on land. But 
why the oceans would draw down this gas on a regular cycle is unknown. So, this 
matter of a tiny force, ellipticity, having a big effect is still not as yet 
settled and serves as a good example of not only how complicated the study of a 
system can be, but how little is known about these things, even with substantial 
grant money available to well-trained geoscientists.

Orbital cycles have been found in sedimentation patterns in the Mediterranean 
Sea floor. The Messianian Salinity Crisis, which began about six million years 
ago in the late Miocene, was a period when the Mediterranean alternately 
evaporated and filled at the precessional rhythm (which explains the vast salt 
beds under the sea floor). As many as fifty-five precession-induced sedimentary 
cycles have been found. Another example, in the late Triassic (two hundred 
million years ago) strata of the Newark rift basin in New Jersey, are the lake 
level cycles that were found to correlate with orbital cycles (Olsen and Kent 
1999). The Newark Basin Coring Project, funded by the National Science 
Foundation, retrieved rock cores covering a period of about thirty-two million 
years in the late Triassic and Jurassic, a time when the region was located in 
the tropics and the era of dinosaurs was just beginning. The cores revealed 
regular cycles of precipitation and evaporation that were controlled by orbital 
cycles, specifically precession and ellipticity. The time-scale produced from 
these records was then used as a template for magnetic field polarity reversals, 
essentially an astronomical tuning of the geomagnetic time scale. The analysis 
of the data suggests that the quadruple ellipticity cycle of approximately four 
hundred thousand years, which is modulated by the gravitational forces of Venus 
and Jupiter, is stable over long periods. The Mars-Earth orbital relationship 
over the past two hundred million years also shows up as a signal found in the 
data. Apparently, the other bodies in the solar system, not just the Sun and 
Moon, exert a significant influence on Earth’s climate and geology over long 
periods of time through the rhythmic modulation of its orbital configurations.
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