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To:
William Hardy McNeill:
The historian I admire the most in the whole wide world.

We remain submerged in a vast evolutionary process that began with the
Big Bang (probably) and is heading to an unknown future — a system in
which matter and energy evolve, stars form and break apart, the solar
system took form and will eventually collapse (but not before life does),
and human societies emerged on planet Earth, beginning an evolution
whose end is not in sight. (William H. McNeill, The Global Condition
(1992), pp. xiv—xv.)
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PREFACE AND
ACKNOWLEDGMENTS

The biggest philosophy, foundation-shaking impression was seeing the small-
ness of the Earth. ... Even the pictures don’t do it justice, because they always
have this frame around them. But when you ... put your eyeball to the
window of the spacecraft, you can see essentially half of the universe. ...
That’s a lot more black and a lot more universe than ever comes through a
framed picture. ... It’s not how small the Earth was, it’s just how big every-
thing else was. (Apollo 8 astronaut William Anders in Chaikin & Kohl
(2009), p. 158.)

This book is about big history, the approach to history in which the human
past is placed within the framework of cosmic history, from the beginning of
the universe up until life on Earth today. This book offers a fresh theoretical
approach to big history that, I hope, will provide a better understanding not
only of the past but also of the major challenges humanity will be facing in the
near future.

My search for a theory underlying big history has been motivated by a deep
concern about what humans have been doing to our living conditions on
planet Earth. My environmental preoccupation, in its turn, came as a direct
result of the Apollo moon flights during the late 1960s and early 1970s. The
mission that left the most enduring impression took place in December of
1968, when Apollo 8 went to the moon for the first time and orbited our
celestial companion 10 times before returning to Earth. In the Netherlands, I
watched their exciting black-and-white live transmissions from space, while
snapping pictures with my photo camera mounted on a tripod in front of our
television set. This was before the days of home video recorders or any other
devices that could record television pictures. I felt that I was witnessing events
of great importance, while I was not certain whether these images would be
preserved or be available to me. I took pictures of the launch; of the first live
broadcast from space, which included the first crude images of Earth; and of
the moon’s surface as seen from lunar orbit. On our family television set,
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Earth from space looked like a white blob, the result of overexposure by the
Apollo television camera. I was very curious to know what the astronauts were
really seeing, what ‘the good Earth’ looked like from space, as Apollo 8 com-
mander Frank Borman called our planet during the famous Christmas Eve
broadcast from lunar orbit.'

I did not have to wait long. Soon my family received the 10 January 1969
issue of Time Magazine, which showed a selection of pictures taken by the
astronauts. The opening picture of its lunar album’ was the famous Earthrise
photo, depicted on the cover of this book, with the caption: The Awesome
Views From Apollo 8. While looking at this picture, I experienced a shock that
I had never felt before and never have experienced since. Within a second, it
changed my perspective of Earth beyond recognition. I tore the picture out
carefully, stuck it onto the wall of my room and looked at it for years. I still
have this picture and treasure it greatly.

None of my education had prepared me for this new look at Earth. At
school, T had received a classical Dutch — perhaps West European — educa-
tion, which included Latin and ancient Greek; modern languages such as
English, French and German; mathematics, physics, chemistry, geography
and history. Yet these portions of discrete knowledge were never related to
one another or presented from one single perspective. This had left me totally
unprepared for the extraordinary sight of our blue-and-white planet sur-
rounded by dark space, rising above the forbidding gray lunar landscape.
These pictures showed for the first time how different Earth was from its
cosmic surroundings.’ It also made people around the globe wonder what we
were doing to our home in space. This led to an unprecedented upsurge of
environmental awareness, including the establishment of the first Earth Day
in 1970.

The most influential environmental publication at the time was a study
commissioned in 1970 by an independent group of intellectuals who called
themselves the Club of Rome, because they had started their meetings in this
ancient city. Executed at the Massachusetts Institute of Technology under the
leadership of Dennis Meadows and financed by the Volkswagen Foundation,
the final report was titled The Limits to Growth: A Report for the Club of Rome
Project on the Predicament of Mankind. It was published in many languages,
including Dutch. Great attention was paid to five variables deemed important:
population growth, food production, industrial production, the limited sup-
plies of natural resources and the inevitable pollution. The resulting conclusion
was that all of these factors in whatever combination would act as a break on
human well-being in the near future. Especially in the Netherlands, this study
received a great deal of attention and sold very well. According to Frits Bottcher,
a Dutch member of the Club of Rome, this would have been the case because
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the Netherlands had the highest income per hectare in the world and, as a
result, already was experiencing many of the discussed problems on a daily
basis.”

While this was going on, none of the people I was surrounded by, including
my teachers at secondary school and later at university, ever mentioned the
profound change in perspective the pictures of Earth from space had produced,
but preferred to stick to their established educational programs. Given this situ-
ation, I kept most of my thoughts and feelings to myself. Yet I began to feel
what I would now describe as a most distressing disconnect. Not only was I
increasingly worried about environmental problems, but I also wanted to know
how humanity had gotten itself into this situation. This curiosity about human
history was fueled by a paragraph in the Dutch introduction to The Limits to
Growth, which stated that we would only be able to effectively change our
current situation for the better if we understood how the current situation dif-
fered from those earlier periods of history that had shaped humans in a biologi-
cal and cultural sense.* At that time, academic environmental history did not
yet exist, nor was I aware of any world history accounts that could help me in
this respect. As a result, I began a long intellectual search for a better under-
standing of human history, which reached its culmination when I became
familiar with big history.

For me, big history has become a wonderful way of explaining how both my
own person and everything around me have come into being.” In big history,
any question can be addressed concerning how and why certain aspects of the
present have become the way they are. Unlike any other academic discipline,
big history integrates all the studies of the past into a novel and coherent per-
spective. In doing so, big history has provided me with a new and most satisfy-
ing connect. And judging by the large numbers of students who take big history
courses every year on a voluntary basis, it may provide a similar connect for
them also. Most of my students were born well after the Apollo space program
had ended. For them, the moon flights are part of deep history. Since the end
of the 1960s, however, many university courses, especially in the humanities,
have not changed a great deal. As a result, many students may still be experi-
encing similar disconnects.

Inspired by the Earthrise photo, over the past 30 years I have striven to attain
a detached overview of history with the aid of a theoretical point of view. While
such an approach is extremely common within the natural sciences — natural
scientists would not know how to do science in any other way — even today
most historians and social scientists tend to focus on details at the expense of
losing the overview. My approach to history has led to an account of human
affairs on this planet that is, therefore, rather different from the more estab-
lished historical narratives.
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The theoretical approach to big history, which will be explained in chapter
two, is based on the knowledge gained during my rather diverse academic
career. I first completed a study of biochemistry, specializing in what was then
called the ‘genetic engineering’ of plants. The promise of this type of research
was that this would help boost world food production.® Yet I kept a nagging
fear that this might not be sufficient to solve the problems mentioned in The
Limits to Growth report. After having finished my study of biochemistry, I
therefore decided not to pursue a career in this field, even though I was offered
several PhD positions. Instead, I started to drift, in an attempt to find a solution
to the question of how humans had gotten themselves into their current
predicament.

For about one year, I worked on a Dutch ecological enterprise called Gaiapo-
lis. This taught me a great deal both about the Dutch ecological movement and
about life in general. I also began to travel overland through Europe, the Middle
East and Africa, which helped me to become a little more familiar with life in
poorer areas of the world. During a train ride in the Central Sudan in 1979, I
met German cultural anthropologist Joachim Theis, whose balanced analyses
of local Sudanese situations put me on the track of studying cultural anthropol-
ogy. The first anthropological book that I read was Marvin Harris’s general
introductory textbook Culture, People, Nature, which I found fascinating. I was
very fortunate to meet this intriguing anthropologist personally in 1988.

Thanks to the generous support of my parents, I studied cultural anthropol-
ogy and social history in the Netherlands in the 1980s and early 1990s. During
this period, I carried out a long-term study of religion and politics in Peru
during its entire known history with emphasis on one single rural village, the
parish of San Nicolds de Bari de Zurite, situated near the ancient Inca capital
of Cusco. The central idea behind my research was to find out how a commu-
nity of largely self-supporting peasants was dealing with nature, what its history
had looked like and, most notably, how and to what extent this area had been
influenced by the outside world. Because environmental studies did not yet
exist in the Netherlands, I decided to focus on the local Andean religion, in the
hope that a good many environmental ideas and practices would be expressed
in it (which turned out to be the case).

During this period, the Dutch cultural anthropologist Mart Bax, who
supervised my work in Peru, introduced me to the process-oriented approach
to history that had been developed by German sociologist Norbert Elias, as
well as to his own elaboration of this theory within the field of religion and
politics. Later, I also received the equally critical support of Dutch sociologist
Johan Goudsblom, who became my second PhD supervisor. One of the most
important things I learned during that period was that most of the history of
the Peruvian Andean village that I had been studying was inextricably linked
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to major processes in human history. I summarized my research in two
books.” It is only now, though, after having developed the theoretical model
explained in the present book, that I more fully understand how very ration-
ally these Peruvian peasants were exploiting their surrounding natural
environment.

After having finished my PhD project in 1992, virtually all interest in Latin
America suddenly evaporated in the Netherlands as a result of the collapse of
communism in Central and Fastern Europe. Instead of supporting research
and developmental aid in countries that were a battleground in the Cold War,
West-European governments suddenly began to fund efforts to integrate
Central Europe into the European Union. This made it virtually impossible
to continue any further research in Peru. Fortunately, at the same time Johan
Goudsblom became acquainted with David Christian’s pioneering big history
course, thanks to a visit in 1992 to Macquarie University, in Sydney, Australia.
In this course, lecturers ranging from astronomers to social scientists all told
their part of the grand story. This initiative very much appealed to me also,
because it would provide exactly the type of historical overview that I had
been trying to find. In 1993, Goudsblom and I started preparing the first
University of Amsterdam big history course, which was modeled on Chris-
tian’s approach. Our first big history course was held in 1994 and has been
running annually ever since.”

In November of 1992, I was very fortunate to meet the US world historian
William H. McNeill in Amsterdam. Ever since that time, he has lent me his
critical and most generous support. It was critical, not only because it helped
me to sharpen my views, including the writing of this book (he challenged me
several times to do better in his own, inimitable, most positive way), but also
because I might otherwise not have survived the vagaries of academic life, after
having set off into the big history direction, for which there was no safe haven
within academia. I dedicate this book to him as a small token of my enormous
gratitude for all he has done for me.

While I was structuring our first big history course in 1994, I realized that
by doing so I was also structuring big history itself. This most exciting insight
led to my book The Structure of Big History (1996) in which a general structure
for all of history is proposed. A visit to the Santa Fe Institute in October of
1996, where I presented my new book, introduced me to complexity studies.
Although during the subsequent years this subject began to loom ever larger, I
was unable to use it for achieving a good synthesis with regard to big history.
In 2000, US astrophysicist Eric Chaisson visited our course and gave a great
lecture. He then introduced me to his ground-breaking views on energy and
complexity by presenting me a copy of his manuscript in preparation with a
request for commentary. This provided me food for thought for several years.
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The breakthrough toward my current approach happened in February of
2003, while the annual Amsterdam big history course was running. After
returning from a lecture, my American wife Gina — while preparing a delicious
Italian dinner — asked me the simple question of why big history happened the
way it did. Trying to be as clear and succinct as possible, I suddenly realized
that this was a question no one had ever posed to me in such a way. I also saw
that the answer might be both simple and elegant. This book offers my answer
to Gina’s question. The first summary of this approach was published in 2005
as an article by the English-language Russian journal Social Evolution ¢ History,
titled ‘How Big History Works: Energy Flows and the Rise and Demise of
Complexity. This book is both an elaboration and a refinement of the argu-
ments put forth in that article.

I am fully aware of the fact that our scientific knowledge keeps evolving.
Even during my 15 years of teaching big history, major changes have taken
place, such as the sudden emergence of dark energy in cosmology. As a result,
the story of big history keeps changing, which will make many of the ‘facts’
presented in this book appear outdated somewhere in the future. Yet I hope
that my novel theory of history will last longer. If that does not happen, I very
much hope that this book will have stimulated attempts to replace it with a
better approach.

In big history, it is clearly impossible to personally peruse all of the extant
sources. In addition to reading as much as possible, my solution has been to
submit my ideas to specialists in the various fields, ranging from astronomers
to social scientists, many of whom have provided me with most valuable feed-
back. Although this has helped me to keep my knowledge about all of these
different fields as up-to-date as possible, I cannot guarantee, of course, that the
views presented in this book always represent the latest and best in science. I
have also been deeply influenced in my thinking by many people before I
started writing this book. Without them, this book would surely have been
different, if it had existed at all. Furthermore, many scholars lent their critical
support to this project. I am thus indebted to a great many people in a great
many ways, some of whom are sadly no longer among us.

I mention them here in alphabetical order: Walter Alvarez, Mart Bax, Craig
Benjamin, Charles Bishop, Maurice Blessing, Svetlana Borinskaya, Julidn Cco-
nucuyca F, Ernst Collenteur, Lennart Dek, Carsten Dominik, Randy van
Duuren, Dennis Flynn, André Gunder Frank, Adriana Galijasevi¢, Tom Gehrels,
Mr. & Mrs. Louis Giandomenico, Arturo Giraldez, Leonid Grinin, Huib Hen-
richs, Ed van den Heuvel, Henry Hooghiemstra, Teije de Jong, Machiel Keestra,
Bram Knegt, Marcel Koonen, L. W. Labordus, Alexander Malkov, Koen
Martens, John R. McNeill, Akop Nazaretyan, Juan Victor Nuifez del Prado,
Don Ostrowski, Maarten Pieterson, Robert Pirsig, Nikolai Poddubny, Harry
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Priem, Esther Quaedackers, Lucas Reijnders, Richard Saunders, GertJan Savon-
ije, André Schram, Vaclav Smil, M. Estellie Smith, Graeme Snooks, Jan Spier,
Paul Storm, Egbert Tellegen, Joachim Theis, Machiel van der Torre, Bart
Tromp, Antonio Vélez, Erik Verbeeck, John de Vos, Jan Weerdenburg, Jos
Werkhoven, Peter Westbroek and Ralph Wijers.

I am also indebted to all other lecturers not mentioned above, to a great
many students as well as to others who contributed in ways that I may not
exactly remember or may not even be aware of anymore.

I am especially grateful to David Christian for many wonderful and stimulat-
ing discussions; William McNeill, for his unfailing support and always wise
criticism; Bob Moore, for his constructive criticism, his excellent corrections
of English in all of the chapters and his critical support for getting this book
published; Eric Chaisson, for pointing out crucial errors while making impor-
tant suggestions; Karel van Dam and Gijs Kalsbeek, for carefully commenting
on the manuscript; Frank Niele, for his sharp criticism, which substantially
improved my treatment of energy; Barry Rodrigue, for his tireless efforts to
weed out stylistic errors while providing most stimulating commentary and
support; Jeanine Meerburg, for her unfailing support of this project (and of big
history); my father and mother, for their loving support and interest; the Insti-
tute for Interdisciplinary Studies, for providing the opportunity to write this
book; and last, but certainly not least, my wife, Gina, for her unceasing interest,
stimulation and loving support, as well as our children Louis and Giulia, for
their patience and curiosity. None of the persons mentioned above can, of
course, be held responsible in any way for the views expressed in this book.

Fred Spier






INTRODUCTION TO
BIG HISTORY

Introduction

This book is about big history: the approach to history that places human
history within the context of cosmic history, from the beginning of the uni-
verse up until life on Earth today. In a radical departure from established
academic ways of looking at human history, in big history the past of our
species is viewed from within the whole of natural history ever since the big
bang. In doing so, big history offers the modern scientific story of how eve-
rything has become the way it is now. As a consequence, big history offers a
fundamentally new understanding of the human past, which allows us to
orient ourselves in time and space in a way no other form of academic history
has done so far. Moreover, the big history approach helps us to create a novel
theoretical framework, within which all scientific knowledge can be integrated
in principle.

The term ‘big history’ was coined by historian David Christian.' In the 1980s,
Christian developed a cross-disciplinary course at Macquarie University, in
Sydney, Australia, in which academics ranging from astronomers to historians
gave lectures about their portions of the all-embracing past. This course has
become a model for other university courses, including the ones I have been
teaching since 1994, first at the University of Amsterdam and later also at the
Eindhoven University of Technology.

Although all the knowledge taught in big history courses is readily available
in academia, only rarely is it presented in the form of one single historical
account. This is mostly the result of the fact that over the past 200 years, uni-
versities have split up into increasing numbers of specializations and depart-
ments. Since the 1980s, however, academics ranging from historians to
astrophysicists have been producing new grand historical syntheses, set forth
in books and articles.

In the pages that follow, I seek to explain big history. Within the emerging
field of big history scholarship, this book presents a novel account of our all-
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embracing past. Building most notably on the work by US astrophysicist Eric
Chaisson, a historical theory of everything is proposed, in which human history
is analyzed as part of this larger scheme. In chapter two this theoretical approach
will be introduced, while in the subsequent chapters it will be applied to big
history. In this first chapter, a selected number of themes are discussed that are
vital for a better understanding of big history.

Studying the Past

To understand the view of history proposed in this book, it is important to first
address the question of how the past can be studied. Harvard historian Donald
Ostrowski succinctly formulated his answer as follows: ‘We can’t study the past
precisely because it’s over, gone.” By saying so, Ostrowksi pointed to the unde-
niable fact that all we know about history can only be found in the present,
because if this knowledge were not available here and now, how could we pos-
sibly know about it? This is just as much the case for the history of the universe
as for the history of us people.” The idea that all historical knowledge resides
in the present is not a new point of view among historians. Yet it is rarely stated
very clearly.* As I hope to show, in big history, this issue is perhaps even more
urgent than in traditional historical accounts.

Because all evidence of the past can only be found in the present, creating a
story about the past inevitably implies interpreting this evidence in terms of
processes with a certain history of its own. We do so, because we experience
both the surrounding environment and our own persons to be such processes.
As a result, all historical accounts are reconstructions of some sort, and thus
likely to change over time. This also means that the study of history cannot
offer absolute certainties, but only approximations, of a reality that once was.
In other words, true historical accounts do not exist. This may sound as if there
is endless leeway in the ways the past is viewed. In my opinion, that is not the
case. Just as in any other field of science, the major test for historical reconstruc-
tions is whether, and to what extent, they accommodate the existing data in a
concise and precise manner. Yet there can be no way around the fact that all
historical reconstructions consist of a selected number of existing data placed
within a context devised by the historian.

The idea that all our knowledge of the past resides in the present also means
that we do not know anything about things that may once have happened but
did not leave any traces in the present. We do not know anything either about
events that actually did leave traces in the present that have not yet been uncov-
ered or interpreted as such. All of this may well be the largest portion of what
has happened in history, yet we will never know for sure. Surprisingly, perhaps,
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this rather problematic aspect of studying the past appears to have received very
little attention among historians. Yet if the opposite situation existed, namely
that we had at our disposal exhaustive information about everything that had
ever happened, we would be totally drowned by the available data. Further-
more, as William McNeill has argued, the art of making a persuasive historical
reconstruction consists to a considerable extent of what is left out.’ As a result,
all historical reconstructions are rather patchy maps.

To make a reasonably persuasive historical reconstruction, we need to do at
least two things, namely (1) find out what has happened to the data since they
were generated, including their discovery by humans, and (2) find out what
these data tell us about the past. Inevitably, academic studies of history always
involve these two types of reconstruction, although this is certainly not always
shown explicitly. For big history, Bill Bryson’s best-selling overview A Short
History of Nearly Everything may serve as an illustration of mostly the first type
of historical account, while David Christian’s magnum opus Maps of Time: An
Introduction to Big History offers an example of both types of historical
reconstruction.’

Any scholarly account of the past is constructed by using logical reasoning,
including some sort of theoretical framework, which may be either implicitly
or explicitly formulated. Ideally, all the available data should fit this framework.
In practice, however, that is rarely the case, which often gives rise to long dis-
cussions of how the past should be viewed. These general issues have been
discussed by generations of historians and philosophers. It is not my intention
to provide an overview of these issues here. Yet it may be helpful to consider
that an important human characteristic that allows us to make reconstructions
is our capacity for pattern recognition and map making. Humans are endowed
with this capacity to a much greater extent than any other animal.” This capacity
has allowed our species to become what it is today.

However uncertain historical reconstructions may be, the only firm state-
ments we can actually make all deal with the past. Clearly, we do not have any
data at our disposal of what the future will bring. As a result, we can only con-
struct more or less likely scenarios of the future, based on observational data
in the present. One might argue that it is possible to make firm statements
about the present, but unfortunately, also the present is a rather fleeting cate-
gory. Although the present is ‘where the action is, as soon as we talk about it,
it has become part of the past. This is also the case for scientific experiments.
Even while performing scientific measurements, those aspects of the present
we are seeking to get a grip on are gone forever. What we do retain, however,
if we do our work well, are the observational data, which may be more or less
durable, depending on how well we did our job in recording them. As a result,
every study of the present inevitably becomes a reconstruction of the past. That
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is why the study of history should be regarded as both the queen and king of
the sciences.

The present is actually an even more problematic category. I sometimes
point out to my students that, while looking at each other during our meet-
ings, we are looking at images of each other’s pasts. There is no way around
this conclusion. Everything we perceive about one another is based on
sensory data: within a student-teacher setting, this is mostly sound and light,
but also smells. These data take time to reach us. Sound in air at sea level
under so-called standard conditions travels at about 1,225km per hour (761
miles per hour), while light in a vacuum moves at about 1,079,252,848 km
per hour (about 670,616,629 miles per hour). Although, within an academic
class setting, the resulting time lags are very small and therefore in practice
virtually negligible, they do exist. As a result, we are always looking at images
of the past, while the only present we can be sure of is to be found within
ourselves.

Yet even that statement is problematic. One may wonder, for instance, where
within us the present would be located. Is it situated in our brains, where sup-
posedly the awareness of us and of the surrounding world resides? Surely, any
sensory data that we pick up with, for instance, our eyes or our fingers must
have taken time to reach our brains. And then, one may wonder, where exactly
in our brains? My conclusion is, therefore, that all the commonly used views
of a shared and known present are human constructions.

While considering direct human interactions, this may sound like nitpick-
ing. Yet in big history, these problems soon become overwhelming. For what
can we say about the present of larger settings, such as our current position
within the universe? Because the universe is so large, it takes a long time for all
the light to reach us. In general, the farther light has traveled before it reaches
us, the longer it has existed. Astronomers therefore often say that, by capturing
light from the sky, we are probing back in time.® This immediately means that,
with the current state of knowledge, it is impossible to gain an overview of the
universe in its present form, because most of the light that is being emitted now
in the universe has not yet reached us.

The study of history inevitably implies using a time frame that allows us to
order the events that we are studying according to when they happened. During
the past centuries, historians have expended a great deal of efforts in construct-
ing such a reliable chronological time frame, which has become the backbone
of history. This historical time frame is centered on Earth, while the recurring
events of Earth’s orbit around the sun (years) and its rotation around its own
axis (days and nights) provide stable markers that make it possible to subdivide
the chronological time frame into days, weeks, months, years, decades, centu-
ries and millennia. For studying the period of recent human history, about
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10,000 years, these rotational movements have been sufficiently stable as not
to cause any serious problems. Yet as soon as we start examining the history of
Earth, which covers a period of about 4.6 billion years, we find that the rotation
of Earth around its own axis has slowed down progressively, while we cannot
be sure that its orbit around the sun has not changed either. In other words,
while the years might have been different in the past, days and nights were
significantly shorter also.

Because, in big history, we want to trace back events to the beginning of the
universe, now thought to have happened about 13.7 billion years ago and thus
long before Earth and the sun came into being, these issues become even more
severe. Clearly, we cannot trace the remnants of early cosmic events in any
other way than by observing them in the present from an Earthbound perspec-
tive. As a result, while making our reconstruction of big history, we inevitably
use an Earthbound time frame that ends in the present. We simply do not have
any other time frame at our disposal that can do the job. The time frame of
our big history account is thus by necessity centered upon us. This does not
mean, of course, that the evolution of the universe is Earth-centered. It only
means that our account of it is centered on the present.

This point may need some further elaboration. With the exception of mete-
orites and other cosmic objects, all the data we receive from the rest of the
universe consist of forms of electromagnetic radiation. Depending on the dis-
tance and our relative velocities, it takes a certain amount of time before this
radiation reaches us. The radiation emitted by events that happened long ago
and far away may reach us only now, while the radiation of other events that
happened more recently and closer, may reach us at the same time. We do not
know anything, however, about still other events that may have happened
recently but far away, because that radiation has not yet reached us. In a similar
way, we also do not know anything about events that happened a long time
ago close to Earth, because that radiation has already passed us and will never
return.

As a result, our ability to reconstruct the past of the universe with the aid of
observed electromagnetic radiation is limited. For the past 10,000 years of
human history, for instance, we cannot even tell how our own Milky Way has
developed, because we are still waiting for most of the radiation to arrive. For
what happened in the universe during the period of globalization (about 500
years), we only have data about the universe at a distance of, at most, 500 light
years, which is a very small portion of our galaxy. In other words, the closer
we come to the present, the less we know about the universe at large. And, as
soon as we reach the present, we have only data at our disposal that deal with
us — all the other data are about the past that is gone forever. This is why big
history accounts are by necessity Earth- and human-centered.
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One may argue that, because humans have been observing the sky for thou-
sands of years, we possess data that actually make it possible to reconstruct
longer stretches of cosmic history. The records of ancient star explosions, for
instance, made by contemporary observers, coupled with modern observations,
make it possible to reconstruct a sequence of events that happened after these
cosmic fireworks went off. But that does not invalidate the general principle,
namely that if we want to study empirical data from the universe that were
generated close to the present, they must have been generated close to us. It
may be fair to assume that the rest of the universe has developed in ways that
are similar to our closer cosmic surroundings. If this were the case, our big
history view would indeed be larger. Yet, with current detection techniques,
such an assumption cannot be based on empirical data and could possibly be
wrong as a result. If one wants to stick to a big history account that is based on
empirical data, it is by necessity Earth-centered.

In sum, because the data that we use to reconstruct the past inevitably reside
within the present, our analyses are always anthropocentric and geocentric to
some extent. The art of making grand historical analyses of cosmic history
consists, therefore, first of all in recognizing this, and then in dealing with the
data accordingly. This is not easy. Yet it appears to be the only reasonable thing
we can do.

The idea that our knowledge of the past resides within the present can be
turned around by saying that, if we really want to know how everything we
observe originated, we have to study big history. For instance, in chapter three
we will see that the building blocks that are shaping our personal complexity
today, as well as all the complexity surrounding us, can all be traced back to
the emergence and evolution of the universe. This very basic insight offers a
compelling reason of why big history would be important for all people who
are interested in the origins of everything from a scientific point of view.

Most human societies have understood this intuitively. As David Christian
has often emphasized, every known society has told stories about how they
themselves and everything around them came into being. From an academic
point of view, such narratives are now considered origin myths.” But this does
not mean that these stories should be considered unimportant. To the contrary,
they have often provided shared orientation, meaning, identities and goals. Up
until today, most, if not all, humans have been exposed to such stories in one
way or the other. We do not know, of course, whether all people have always
fully believed them. Surely, it seems wise to suspect that skeptics would have
existed in all human societies. Yet we may also suspect that in most, if not all,
early human groups the majority shared most of these views, especially because
quite often, the number of available competing world views would have been
limited, if they existed at all.
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During the emergence of early state societies between 6,000 and 5,000 years
ago, the new state elites began to promote their favored origin stories, while
competing versions were often marginalized. For a long time, most, if not all,
of these mythical big histories were local or regional in nature. This reflected
both the size of the societies who told these stories and the extent of their con-
tacts with others. For instance, the Inca view of the past did not include the
Aztecs in Mexico, let alone Europeans (although some of their stories were later
construed as referring to white people). The center of the world was their own
region. Their capital city of Cuzco, for instance, was considered to be the navel
of the world.

When societies became larger and more interconnected, some of these origin
stories spread far and wide, while others fared less well. Examples of successful
origin stories include Genesis in the Bible, similar stories in the Koran and also
Hindu historical narratives."” The globalization process, starting in the six-
teenth century cE, has led both to the worldwide dissemination of these privi-
leged origin stories and to the marginalization, if not total extinction, of most
other such accounts." It is only very recently that societies emerged in which
modern scientific ideas have permeated the public sphere, while the mythical
origin stories have mostly been relegated to the private sphere. In the mean-
time, the study of history had been virtually monopolized by universities, where
it is defined as the history of literate people, resulting in the exclusion of all
other accounts of the past. Why would modern academia define history in such
a way?

A Very Short History of Academic History

The modern academic discipline of history emerged in the nineteenth century
as part of the formation of nation states in Europe and the Americas. The first
task of academic historians was to formulate a proud history of their own
nation state (still known as ‘patriotic history’ in the Netherlands), which would
provide a common identity to the inhabitants of these new social entities. In
doing so, they followed in the footsteps of Roman historians of antiquity such
as Titus Livius. The project of producing patriotic histories led to a great
emphasis on the use of written documents. Over the course of time, historians
also began to study other aspects of both their ‘own’” and other regions, while
the study of national histories has become far more detached. Yet within
academia, the study of human history as a whole has only rarely been practiced
until today."” This remarkable situation may be linked to the fact that to do so
would produce global identities, which are not directly associated with any
presently viable state society.”
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As a result of the emphasis on written sources, most historians begin their
overviews of the past with the rise of literate societies. The attention is usually
focused on those early states (often called ‘civilizations’) that are considered to
be the precursors of their ‘own’ societies. The rest of human history is called
‘prehistory’ and is left to archaeologists.'"* Whereas this academic division of
labor appeared to have been caused mainly by the emphasis on written sources,
there may also be another aspect to it. US historian Dan Smail emphasized in
2005 that the time span modern historians cover, about 6,000 years, is very
similar to the total duration of history as told in the Old Testament. The reader
may recall that, according to the famous calculations made by English bishop
James Ussher in 1654 cE, the biblical world would have been created in 4004
BCE. Would this similarity between the biblical time span and the period estab-
lished historians usually cover be coincidental, Smail wondered, or would
modern historians perhaps still be ‘in the grip of sacred history’?"

In the eighteenth and early nineteenth centuries, as Smail argues, a good
many popular human histories were written in Western Europe and North
America that began with the biblical account. Subsequently, the recently
acquired knowledge about the histories of people all around the world was
integrated into this narrative. Some of these books became very popular and
were printed in considerable numbers. Yet when nation states began to take
shape — and with them the academic historical profession — these accounts were
ignored within academia. No secular academic histories of humankind took
their place, even though Leopold von Ranke, a major culture hero of academic
historians, was very much in favor of writing human history, which he called
both Weltgeschichte (world history) and Universalgeschichte (universal
history)."® Enlightenment historians, such as David Hume, Edward Gibbon,
William Robertson and Francois-Marie Arouet de Voltaire, who became culture
heroes for academic historians, distanced themselves from religious approaches
and, perhaps as a result, largely abandoned the search for origins. While some-
times attacking the popular human histories, these authors produced histories
of ‘their’ nations, of similar other nations as well as of ‘their’ cultures by tracing
them back to antiquity."”

During the first half of the twentieth century, only a few dedicated and
courageous academic historians, most notably Arnold Toynbee, kept the study
of human history alive. Outside of academia, however, human histories
remained popular, such as the books written by H. G. Wells. More likely than
not, this interest was stimulated by the ongoing process of globalization. Even
though, for instance, British historian Geoffrey Barraclough argued strongly in
favor of new forms of ‘universal, or general, history’ as long ago as 1955, until
today most academic historians have not yet embraced any such accounts of
the human adventure on Earth.” In the middle of the twentieth century,
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however, some change began to take place. Following Toynbee’s example, a few
farsighted scholars took the lead, most notably US historians William H.
McNeill and Leften S. Stavrianos, while English historian John Roberts wrote
History of the World. All these authors realized that for a good understanding
of recent history it was important to trace the past all the way back to the origin
of Earth, if not further. More recently, historian Bob Moore at the University
of Newcastle, one of Roberts’s students, has been an English pioneer in human
history. In the 1980s, the idea of human history (usually called ‘world history’
in the United States) began to globalize. A good example of this type of scholar-
ship is The Human Web by father and son William H. and John R. McNeill,
published in 2003.

Not only have academic historians paid relatively little attention to human
history as a whole, but by defining history as the history of literate people, they
have also ignored the past of almost everything else we can observe around us.
As a result, the history of life has become the domain of biologists; geologists
are taking care of the history of our planet; while astronomers and cosmologists
have been reconstructing the history of the universe. During the past 50 years
or so, only very few academics have tried to forge all these stories into one single
coherent historical account explaining how we, as well as everything around
us, have come to be the way we are now.

A Short History of Big History

Because an established academic discipline of big history does not yet exist, no
one appears to have written a history of big history and, as a result, start a big
history tradition. All the established academic disciplines, by contrast, have
created their own histories and traditions. Not unlike the proud patriotic his-
tories of nation states, the histories of academic disciplines typically revolve
around their culture heroes, while they rarely mention the social and ecological
circumstances within which these people operated. Their lesser heroes are
usually only mentioned in specific textbooks, while the villains, or the less
welcome aspects of the heroes, are usually kept out of the story as much as
possible. This almost inevitably conveys the idea of ‘progress’ in science.

Keeping these caveats in mind, we will now take a look at the vestiges that
could become a history of big history. As yet, I cannot claim to have a good
overview that highlights all the major players, good or bad. My research has led
to some unexpected findings, and it may well turn out to be that there were
actually far more early scholars who produced big histories than those men-
tioned here. Like all other academic accounts, my history of big history is a
snapshot in time and thus likely to change somewhere in the future.
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The first big history pioneer — and thus our first culture hero — may well
have been Alexander von Humboldt (1769-1859), a most intelligent and sensi-
tive man of Prussian descent. During his lifetime, von Humboldt was about as
famous as Albert Einstein is today. Most of his work was read all over the North
Atlantic academic world. Usually known as the father of geography (where he
was adopted as one of its culture heroes), von Humboldt was interested in
everything ranging from peoples and their cultures to the cosmos as a whole.
Late in life, von Humboldt began to write a multi-volume series called Kosmos,
in which he intended to summarize all the existing knowledge about the history
of nature, including human history as he understood it. He called his approach
‘a cosmical history of the universe’'” The first volume was published in 1845
ce in German. These books were widely read and translated into many lan-
guages. Unfortunately, von Humboldt passed away before finishing his project.
In the first volume, he summarized his program as follows:*

Beginning with the depths of the space and the regions of remotest nebulae, we
will gradually descend through the starry zone to which our solar system belongs,
to our own terrestrial spheroid, circled by air and ocean, there to direct our atten-
tion to its form, temperature, and magnetic tension, and to consider the fullness
of organic life unfolding itself upon its surface beneath the vivifying influence of
light. ... By uniting, under one point of view, both the phenomena of our own
globe and those presented in the regions of space, we embrace the limits of
the science of the Cosmos, and convert the physical history of the globe into the
physical history of the universe, the one term being modeled upon that of the
other.

Alexander von Humboldt, as shown in Figure 1.1, did not operate within a
university setting. He was able to do a considerable part of his research and
writing thanks to an inheritance, which made him financially independent.
Such independence is characteristic of many original thinkers, including Robert
Chambers, Charles Darwin, Albert Einstein and James Lovelock.”" Even though
von Humboldt was never attached to a university, he was part and parcel of
the emerging North Atlantic scientific tradition, to which he contributed a great
deal.

Before von Humboldt was ready to write Kosmos, he had pursued what can
be considered an exciting career by almost any standard. Trained as a mining
inspector, von Humboldt at the end of the eighteenth century traveled through
the Americas for five years together with his French companion Aimé Bon-
pland, experiencing the most amazing adventures while making an almost
unbelievable range of scientific measurements. At 29 years of age onboard a
sailing ship waiting to leave Spain for the New World, von Humboldt formu-
lated his main goal in a letter dated 5 June 1799, as follows:
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Figure 1.1: Alexander von Humboldt, painted by Friedrich Georg Weitsch in 1806.
(Source: Staatliche Museen zu Berlin.)

I shall try to find out how the forces of nature interact upon one another and
how the geographic environment influences plant and animal life. In other
words: I must find out about the unity of nature.”

Although this sounds familiar to scientists today, to search for an explana-
tion of the workings of nature without invoking any supernatural influence was
still a revolutionary idea 200 years ago.

At the time, the only Europeans allowed to travel in the Spanish Americas
were Spanish nationals. Even such people were subjected to a great many
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restrictions. This was part of the Spanish governmental efforts to keep control
over their American colonies, which had become economically self-supporting.
As a result, for most Europeans and North Americans, the Spanish-American
colonies were almost a terra incognita. However, because a considerable part of
the Spanish royal income was derived from mining activities in the Americas,
and because the royal finances were in dire straits, any research that would help
to discover more such wealth was seen as a welcome asset. This explains why
Alexander von Humboldt received special royal permission to do his research,
which he used for his own benefit. It also helps to explain why his voyage was
followed with such great interest in Western Europe and on the eastern sea-
board of the recently formed United States.”” The contemporary globalization
process allowed von Humboldt to travel the way he did and also become
famous for it, at least within learned European and American circles. And it
was also very helpful that, unlike today, quite a few leading politicians were
good scientists.**

Alexander von Humboldt took great care to specify his academic sources.
These included the outstanding scholars of his day, such as French mathemati-
cian and cosmologist Pierre Simon de Laplace and British naturalist Charles
Lyell.” This allows us to understand the intellectual regime within which von
Humboldt was operating. By the early nineteenth century, these enlightened
scholars, mostly naturalists, were already convinced that the cosmos and Earth
had existed far longer than the biblical account allowed, and that one could
understand nature and humankind better by using science rather than by fol-
lowing religious traditions.

Most notably, French (German-born) scholar Paul-Henri Thiry Baron
d’Holbach (1723-89) had been a leading force in promoting such ideas. After
inheriting a fortune, he had become financially independent. A leading atheist
thinker and a most active participant in the French Enlightenment, d’'Holbach
wrote and translated countless articles on a great variety of subjects for Diderot
and d’Alembert’s famous Encyclopédie. In his widely read and famous book
Systéme de la nature ou des loix du monde physique et du monde moral published
in 1770 in Amsterdam under the pseudonym of Jean Baptiste de Mirabaud,
d’Holbach placed humans squarely within the rest of nature, including the
universe, which he saw as solely ruled by matter, motion and energy (a rather
modern point of view). The thrust of his argument was to deny any religious
explanations of nature or divinely decreed moral rules for humans. Instead,
d’Holbach argued that humans should be free to pursue happiness, which, if
done properly, would automatically lead to harmonious societies. More likely
than not, this revolutionary approach to human morality inspired Thomas
Jefferson to include the famous phrase ‘the pursuit of happiness’ into the US
Declaration of Independence of 1776.* Because d’Holbach did not attempt to
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sketch a history of everything, he should not be considered an early big histo-
rian. Yet his approach of viewing humans as part of nature ruled by natural
laws very much contributed to paving the way for big history.

By that time, a few enlightened European philosophers had also made con-
siderable contributions to the understanding of nature and human societies
without invoking supernatural influences. In his major book Le Monde, ou,
Traité de la lumiére, published posthumously in 1664, French philosopher René
Descartes analyzed the workings of the heavens in terms of natural processes
without any divine intervention. Elaborating these ideas in 1755, German phi-
losopher Immanuel Kant anonymously published his ideas of the cosmos,
including a theory of how the solar system emerged that is still accepted today,
as well as the idea that nebulae were actually island universes far beyond our
Milky Way. Like Descartes, Kant thought that all these things would have come
into being as a result of natural forces. In Kant’s view, however, divine action
was still detectable in the ways in which the natural laws shape reality. This was
apparently an attempt to hedge himself against accusations of being an atheist.
In 1784, Kant promoted the idea of universal history — we would call it human
history today — solely based on natural explanations, although with a teleologi-
cal slant. According to the great philosopher, there was a purpose in nature for
human history, namely ‘the achievement of a universal civic society which
administers law among men to produce perfect world citizens.” Although
Kant never wrote a comprehensive analysis from one single perspective, he
should be considered another important forerunner of big history. Similarly,
Georg Wilhelm Friedrich Hegel’s Enzyklopiidie der philosophischen Wissenschaf-
ten im Grundrisse, first published in 1817, may also be considered a precursor
of big history. In this monumental work, Hegel strove to find a common philo-
sophical basis for all of nature including humanity.*®

The second big history pioneer known to me was Scottish publisher and
author Robert Chambers (1802-71). Like Alexander von Humboldt, Chambers
was familiar with most contemporary science, including, of course, the Scottish
Enlightenment. He lived in an increasingly entrepreneurial society that was
rapidly industrializing. As a result of the introduction of steam presses, the
publishing business was becoming more profitable, which is how Chambers
made his money. His book titled Vestiges of the Natural History of Creation was
anonymously published in London by John Churchill in 1844. In contrast to
von Humboldt’s treatment of the history of the universe in Kosmos, which is
mostly descriptive, Chambers’ Vestiges offered a dynamic history of everything,
beginning with the origin of the universe in the form of a fire mist, and ending
with the history of humanity. This dynamic approach to all of history was
perhaps Chambers’ major contribution. In my view, this book consists of a
great number of challenging hypotheses, some of which still look surprisingly
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modern. These include the ideas that the emergence of matter would have taken
place in a fire mist and that civilizations emerged as a result of specific ecologi-
cal and social constraints. But Chambers, of course, was a man of his time and
had other ideas, such as a racial theory about the evolution of humans, which
would have started at the lowest stage with black savages while Caucasian whites
were to be found at the pinnacle of history.””

According to British historian James Secord, who wrote an illuminating
study on Vestiges and its effects on contemporary society, Chambers was moti-
vated to write this book, among other things, to promote a middle course
between political radicalism inspired by the French revolution and evangelical
Christianity.” It is not clear to what extent Chambers might have been influ-
enced by von Humboldt’s work. In England, both Chambers’ Vestiges and von
Humboldt’s Cosmos appeared in print more or less at the same time, while von
Humboldt had already been lecturing about these things for about 20 years.
Whatever the case, Vestiges caused a huge stir in Victorian Britain and sold well
accordingly. Following the works of Lyell and von Humboldt, Vestiges sug-
gested a time span for the history of Earth and of life that was far longer than
the biblical account allowed. Vestiges contributed, therefore, a great deal to
preparing the ground for Charles Darwin’s and Alfred Russel Wallace’s later
work on the evolution of life.”! Only in 1884 was the identity of the author
posthumously revealed.

During the second part of the nineteenth century, to my knowledge, no new
big histories were published. The academic world was busy splitting up into
clearly demarcated disciplines, while historians were oblivious to any attempts
to place humans within a wider terrestrial or cosmic context, focused as they
were on constructing patriotic histories and civilizational trajectories. As a
result, there was no room for big history within academia. Yet there remained
potential room for large-scale accounts within the walls of science. Nineteenth-
century naturalists increasingly adopted historical approaches, while at the
same time the biblical account was losing credibility within academia as a literal
historical source. One may wonder, therefore, why no scholars appear to have
been interested in producing big histories during this period. It may be that
the strong feelings of nationalism resulting from the development of nation
states discouraged any such attempts. But possibly, a few big histories were
actually published during this period and only need to be rediscovered.

Whatever the case may turn out to be, in the twentieth century big history
re-emerged. The first pioneer was English author H. G. Wells with his book
The Outline of History (1920). Wells was motivated to write his all-embracing
history because of the effects of the First World War, by many considered hor-
rifying. Wells hoped that by doing so, he would help to foster a global identity,
which would contribute to preventing further major wars.” Because most
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scholars still considered the universe to be stable and infinite, Wells concen-
trated his efforts on the history of Earth, life and mankind (as he called it).

It took until the 1970s before new versions of big history were produced. I
do not know why it took so long. Possibly earlier twentieth-century big history
texts do exist and only need to be found.” By the 1970s, the effects of the Apollo
moon flights together with the ongoing globalization and industrialization
again stimulated the idea of looking at things as a whole. The first modern big
history account known to me is a large volume titled The Columbia History of
the World (1972). This book was the result of a team effort of scholars from
Columbia University and counts more than 1,000 pages, 45 of which were
devoted to the period ranging from the emergence of the universe to the rise
of agriculture.

It may be coincidence — although I think not — but very soon after the Apollo
flights had taken place most of the current major scientific paradigms (in the
sense of Thomas Kuhn) of the history of the universe, the solar system and
Earth became accepted within mainstream science.” This coincided with the
introduction of novel techniques to determine the ages of rocks with the aid of
radioactive decay. Furthermore, new ways were discovered or refined to deter-
mine the age of other objects and events, such as the counting of tree rings,
genetic dating and the detection of electromagnetic radiation that had origi-
nated in the early universe. All of this led to what David Christian calls a
‘chronometric revolution.®® As a result, scientists were able to construct much
more precise accounts of the history of life, Earth, the solar system and even
the universe.

During the 1980s, a few innovative and insightful US scholars, such as geolo-
gist Preston Cloud at the University of Minnesota, astrophysicist G. Siegfried
Kutter at Evergreen State College in Washington State and astronomers George
Field and Eric Chaisson at Harvard University, used this new knowledge to
achieve fresh grand syntheses. This included university courses and books
dealing with a scientific-based history of everything, with emphasis on their
own specializations. Being natural scientists, they paid only limited attention
to human history. Subsequently, these large-scale accounts of history began to
fuse into a new genre, increasingly known as ‘big history’ among historians in
Australia, Western Europe and the United States, as ‘cosmic evolution’ among
astronomers and astrophysicists and as ‘universal history’ in Russia.

Austrian philosopher Erich Jantsch was the first to develop a systematic
model for big history in The Self-organizing Universe (1980), in which he sum-
marized many important principles. Soon after its publication, however,
Jantsch passed away, which may partially explain why his book did not become
better known among academics. Remarkably, in Russia Jantsch’s work served
as a source of inspiration for a number of scholars, including psychologist Akop
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Nazaretyan, to formulate their own approaches to universal history. Unfortu-
nately, these scholars have published most of their work in Russian, which has
not facilitated the globalization of their insights. Also in other countries, such
as France, England, Colombia and Peru, widely interested and intellectually
gifted scholars began to write big histories. Today, it may well be that such
people can be found in almost every country on Earth.”® And although William
McNeill has never taught nor investigated big history himself, he has argued in
favor of this approach, as well as actively supported it, from at least as early as
1991.%

By the end of the 1980s, among academic historians there were at least two
pioneers who began to teach the big story: David Christian at Macquarie Uni-
versity, in Sydney, Australia, and US historian John Mears at Southern Method-
ist University in Dallas, Texas. While John Mears took up the gigantic task of
designing a big history course that he taught all by himself, David Christian
invented a course model in which specialists were involved. Astronomers
taught about the history of the universe; geologists explained Earth history;
biologists lectured on life and evolution; while archaeologists and historians
took care of human history. This course model not only produced an amazing
synergy among the teachers, but also served as an example for similar courses
in Australia, the United States and the Netherlands.*®

A Historical Theory of Everything?

My efforts at organizing big history courses led to the historical theory of eve-
rything that will be presented in the next chapter. This theory does not include
a claim to be able to explain every detail of everything that has ever happened
in history. Yet by thinking big, it is possible to discern general patterns that
would remain obscured if one were to examine only smaller portions of our
past. It may be that, at this point, the reader would not be interested in delving
into a theoretical discussion without seeing some of the meat of history on its
theoretical bones. If this were the case, it might be better to skip chapter two
and continue with chapter three. As soon as the need emerges for theoretical
clarification, the reader could then return to chapter two.

Whatever the reader may decide to do, it may be worthwhile to point out
that my theoretical approach could already be discerned in the way I earlier
explained the rise of big history in the early nineteenth century. It would, for
instance, not have been possible to predict or explain everything that Alexander
von Humboldt did. Yet we can have some hope to be able to explain the rise
and demise of the social and ecological circumstances, with all their opportuni-
ties and limitations, within which individuals such as von Humboldt got the
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chance to do what they did. This involves, of course, a considerable amount of
hindsight.

Natural scientists may argue that, in contrast to the study of human societies,
they can predict with great precision the future of a great many phenomena,
such as the Earth’s orbit around the sun (which is not entirely regular). My
response would be that this is only the case because these are rather simple
regimes, in which patterns occur rather regularly. One wonders whether natural
scientists would also be able to predict with similar precision a possible super-
nova event that might end the existence of our solar system over billions of
years, or any possible future impacts on Earth by meteorites whose trajectories
cannot be measured yet. It seems to me that in such cases natural scientists
would rely on exactly the same approach as the one advocated here.

Hindsight is both a strength and a weakness. It is helpful, because it allows
us to achieve an overview of processes of longer or shorter duration. Yet hind-
sight may also lead us into the trap of a circular argument by assuming that
things happened in a certain way because the circumstances were right, while
we define which circumstances were the right ones, because at such moments
those particular things happened. In the following chapters, I will seek to avoid
this trap while making use of the advantages hindsight has to offer. Whatever
the case may be, the vantage point of hindsight is simply inevitable in any type
of historical reconstruction. And let us not forget that hindsight is also part and
parcel of our elusive present, and therefore likely to change over time.



2
GENERAL APPROACH

The object of this introductory notice is not, however, solely to draw atten-
tion to the importance and greatness of the physical history of the universe,
for in the present day these are too well understood to be contested, but
likewise to prove how, without detriment to the stability of special studies,
we may be enabled to generalize our ideas by concentrating them in one
common focus, and thus arrive at a point of view from which all the
organisms and forces of nature may be seen as one living active whole,
animated by one sole impulse. ... The physical history of the universe
must not, therefore, be confounded with the Encyclopedias of the Natural
Sciences, as they have hitherto been compiled, and whose title is as vague
as their limits are ill defined. In the work before us, partial facts will be
considered only in relation to the whole. (Alexander von Humboldt in
Cosmos (1845), p. 55)

Introduction

Following the approach outlined above by the illustrious German scientist
more than 150 years ago, in this chapter a general explanatory scheme for big
history is proposed. Any claim to explain all of history must sound very auda-
cious. So let me be clear about my aims and claims. First of all, explaining the
past always implies striking a balance between chance and necessity. This point
of view was expressed by the natural philosopher Democritus of ancient Greece
(460-370 BCE), while French biochemist Jacques Monod said essentially the
same more recently (with proper reference to Democritus)." My explanatory
scheme is about necessity. It consists of general trends that not only make pos-
sible certain situations but also constrain them. Yet within these boundaries
there is ample room for chance. Although I will not systematically focus on
chance in this book, the reader should keep in mind that chance effects do
influence the course of history.
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Everything that cannot be explained sufficiently is usually seen as the result
of chance. This approach relegates chance to a rather unsatisfactory residual
category. However, one may wonder whether pure chance actually exists.
Whereas physicists claim that statistical chance rules in nature, most notably
in quantum mechanics, in my view pure chance does not exist in reality,
because everything is influenced by everything else either directly or indirectly.”
In other words, as soon as the first regularities emerged, that was the end of
pure undiluted chance. Yet within these emerging regularities, a great deal of
chance effects do occur, in the sense of events that are so chaotic they cannot
be seen as a direct result of those regularities. From the viewpoint of big history,
it may therefore be argued that the increase of complexity over time would have
led to a corresponding decrease of pure chance events. If correct, this might be
a major trend in big history.

Even though a great many events have taken place in big history in which
chance has played a role, a large number of unmistakable regularities and trends
can be discerned. Apparently, these chance effects have jointly produced struc-
tured patterns of many different kinds. For instance, the collisions of all the
molecules within an ocean are to a considerable effect based on chance. Yet
such an ocean exhibits clear patterns, including currents, waves and varying
degrees of salinity. While acknowledging chance effects, it is my first aim to
explain such larger emergent properties.

While most processes are extremely complicated in their details, their overall
structures may sometimes be surprisingly simple, if considered with the aid of
a top-down approach (as exemplified by the Earthrise picture). By starting at
the beginning of history, the big bang, the analysis is by necessity top down. By
subsequently focusing on our galaxy, then on our solar system and finally on
our home planet, it is relatively easy to recognize general patterns that would
have been very hard to distinguish had we followed a bottom-up approach, by
starting with our own societies today and then widening the view. Such an
approach would soon become overwhelming. Because the details are already
very complicated, widening the view only leads to more complications, which
would be way too hard for even scholarly minds to handle. Yet by starting the
analysis at an elevated level, it is relatively easy to see general patterns that might
escape one’s attention if one were to follow the bottom-up approach.

This does not mean that I think bottom-up approaches are unimportant.
Indeed, if one wants to paint a reasonably reliable picture of what developments
looked like at a local or regional level, it is essential to immerse oneself into a
great many details, as I discovered myself while doing research into religion
and politics in the Peruvian Andean village of Zurite. But if one wants to
understand how these events were embedded into larger processes, the combi-
nation with a top-down approach is indispensable.
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Because my explanatory scheme deals with everything ranging from the
smallest particles to the universe as a whole, it needs to be formulated in very
general terms. It must consist of those general aspects of nature that galaxies,
solar systems, human societies, bacteria, molecules and even the tiniest particles
all share. As will be shown, this includes the terms ‘matter, ‘energy, ‘entropy’
(disorder) and ‘complexity’

Before we can explain history, we need to discern those major regularities
that we seek to explain. This raises the profound question of whether such
regularities can be detected at all. Whereas many traditional accounts of human
history consist of major events that are placed within a chronological time
frame, I am following the approach to history in which important processes
play a major role. These include the agrarian revolution, state formation, glo-
balization and industrialization. Within these larger processes, a great many
smaller-scale processes can be distinguished, such as the establishment of the
Catholic Church in colonial Peru (which I studied myself in more detail).

All the events that historians consider important must, of course, find their
proper place within these larger processes. The industrial revolution, for
instance, can be interpreted as a process that first began in England, while it
has now spread all around the inhabitable world. Within such a general frame-
work, one can fruitfully study the industrialization of specific countries such
as South Korea. While many historians have not yet embraced the process
approach, all natural scientific accounts of big history, ranging from cosmic
evolution to Earth history, are phrased in such a way. As a result, the process
approach to human history advocated here fits very well within this larger
context.

If we want to explain big history, we must inventory the major processes
that have taken place. In my book The Structure of Big History (1996), I
explored this theme by proposing the term ‘regime’ as the general key concept
for indicating all the processes that make up big history. With the aid of this
concept, the most important regimes were discussed, including their interac-
tions. I placed great emphasis on human history, because this was the only
discipline still lacking a central paradigm in Thomas Kuhn’s sense. This
approach provided a general structure for big history that, at the time, felt
like a major theoretical step forward. About six years later, it dawned on me
that regimes would be very useful for not only structuring big history but also
explaining it.

In October of 1996, I visited the Santa Fe Institute in New Mexico, which is
dedicated to the study of what they call ‘complex adaptive systems.’ As the term
suggests, these are forms of complexity able to adapt to the prevailing circum-
stances. During that visit, I began to wonder what regimes and complex adap-
tive systems had in common. It seemed to me that all complex adaptive systems
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are regimes of some sort. Yet because in big history many regimes are not adap-
tive, including stars, galaxies and black holes, complex adaptive systems should
be regarded as a subset of all the regimes that have existed in the universe. As
a result, in big history there are at least two types of regimes, complex adaptive
systems and complex nonadaptive systems. Interestingly, the term ‘regime’
appeared to cover all forms of complexity that have ever existed.

I prefer the term ‘regime, rather than ‘system, because there are no forms
of complexity that are completely stable over time. This is especially important
within the social sciences, where the term ‘system’ often bears the connotation
of a static entity.” Because we need to bridge the gap between ‘the two sciences’
in big history, we must make an effort to find terms that are acceptable to all
sectors of academia. In my usage, the term ‘regime’ is a shorthand expression
for conveying both the structure and the change of processes. Given the remark-
able variety of regimes found in the modern scientific literature, ranging from
celestial regimes to regimes of the tiniest particles, I have some hope that the
term ‘regime’ may actually become more widely accepted as an analytical term.*

The shortest summary of big history is that it deals with the rise and demise
of complexity at all scales. As a result, the search for an explanation boils down
to answering the question of why all these different forms of complexity have
emerged and flourished, sometimes to disintegrate again. Here I will argue that
the energy flowing through matter within certain boundary conditions has
caused both the rise and the demise of all forms of complexity. Right now, this
may sound very abstract, and I can only hope that the elaboration below will
bring this formulation alive. Before exploring this concept in any further detail,
we will first examine the scientific meaning of the key terms ‘matter, ‘energy’
and ‘complexity’

Matter and Energy

It is surprisingly difficult to find a satisfactory answer to the simple question of
what matter and energy are. Eric Chaisson, for instance, defines matter as
‘anything that occupies space and has mass, while he describes mass as ‘a
measure of the total amount of matter, or “stuff,” contained within an object.”
In my opinion, this is a circular argument. Yet I have found no physics text-
books that provide any further clarity. Apparently, it is very difficult to define
matter unambiguously. A similar problem appears while trying to define
energy.® Why would that be?

In my opinion, this problem is first of all caused by the nature of defining
things. Inevitably, any definition involves a short description of a concept in
terms of other concepts that are considered to be unproblematic. In doing so,
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the often tacit assumption is made that there are unproblematic concepts. Yet
as soon as we start probing these supposedly unproblematic concepts, we find
that they are problematic also. The second problem is that if one wants to define
concepts that are considered basic, or fundamental, such as matter and energy,
there are no even more fundamental concepts available that can be used for
these definitions. This explains why basic concepts can probably never be
defined satisfactorily.

In the second place, like almost all scientific terms, matter and energy were
first used as everyday concepts. When these concepts began to be employed as
scientific terms, their meanings were narrowed, first by specific language and
later by mathematical formulas. Although this approach has led to a great many
deep insights, one may wonder whether there are limits to the application of
terms derived from everyday human experience to either the smallest particles
or the largest possible structures in the universe. This has led to, for instance,
some confusion about questions such as the dual character of light as a wave
and a particle (though without mass). It may well turn out to be that in the
next century, scientists will design more detached terms that would make our
current terms and theories look hopelessly old fashioned. Yet we live here and
now, and we have to make do with the best possible scientific terms currently
at our disposal.

The first scientific use of the term ‘matter’ can be traced back to at least ¢.400
BCE in ancient Greece, when Democritus of Abdera theorized that all the eve-
ryday stuff we could observe was composed of extremely tiny, and therefore
invisible, atomoi, portions of matter that could not be split up any further.
These ideas re-emerged during the rise of modern science in Europe.

The first emergence of the term ‘energy’ may be similarly ancient. Greek
philosopher Aristotle would have coined the term energeia around 350 BCE,
while arguing that ‘every object’s existence is maintained by energeia related to
the object’s function.” A more modern scientific use of the term ‘energy’
appears to date back only to the early nineteenth century. This was the period
of the industrial revolution, which was driven by steam engines. Because these
machines were used by commercial enterprises to make money, there was a
premium on any invention that could improve their efficiency. Over the course
of time, this led to a new branch of science, now known as thermodynamics,
in which terms like ‘energy’ and ‘entropy’ (disorder) began to figure promi-
nently. During the same period, scientists also investigated both the domain of
the very small particles and the largest discernable structures in the sky. A few
outstanding scientists, such as Lord Kelvin and Ludwig Boltzmann, soon real-
ized that the new thermodynamic concepts could be applied to the universe as
a whole. Yet a fully fledged application of thermodynamics to living matter only
emerged in the 1970s.
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Let us now return to the question of how to define ‘matter’ and ‘energy.
Given the fact that our scientific understanding of matter and energy has
evolved from everyday concepts, and given the issues related to defining these
things, I propose to tackle the definition of matter and energy in the following
way. Here, ‘matter’ is defined as anything that we humans in principle can
touch: an everyday concept that hopefully makes some sense. Touching also
includes scientific measurements. For instance, we usually measure mass with
the aid of other masses, often with a scale of some sort. Of course we are unable
to touch any matter beyond our reach, including most of the matter that exists
in the universe. The presence of matter far away from us is inferred by the
light it has emitted or by its gravitational effects on forms of matter that do
emit light.

In big history, light plays a major role. The light we observe with our eyes
is, in fact, only a small portion of a whole range of wavelengths that scientists
call ‘electromagnetic radiation’ In this book, the shorthand term ‘Tlight’ will
often be used for indicating electromagnetic radiation. According to natural
scientists, light can be described as waves with a particle-like character, in this
case particles without mass (whatever that means). Because light supposedly
has no mass, it would not be matter. Yet its effects on matter, for example on
our eyes or another type of light detector, are clearly visible. We can only
measure light through its interactions with matter and through our subse-
quent interactions with that matter. If there were no matter at all in the uni-
verse, it would be impossible to detect any light. Thanks to the effects of light
on matter, we can infer the masses of structures far away, such as planets,
stars and even entire galaxies. We do so by measuring the light that was ema-
nated from such structures that hit detectors mounted within our telescopes.
The resulting pictures are interpreted in terms of established scientific theory.
In this way, scientists have estimated the masses of things far beyond our
direct reach.

In our current scientific thinking, light is considered a form of energy.
There are many other forms of energy, including kinetic energy and nuclear
binding energy, all of which have in common that we can detect them as
a result of their effects on matter. The effect of light on a detector is such
a case, while a collision between two moving cars — two chunks of matter
that in their violent encounter convert kinetic energy into a change of
matter — presents another example of the same process. A closer examina-
tion of the effects of energy on matter has led scholars to the profound
insight that it is energy — and energy alone — that can make matter change.
It makes sense, therefore, to define ‘energy’ as anything that can change
matter, either its structure or its movements, including making it more, or
less, complex.
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Complexity

As was mentioned, big history deals with the emergence and decline of com-
plexity. In the beginning, there would not have been any complexity at all. The
further the universe evolved, the more complex some portions of it could
become, most notably galaxies. Yet after a rather stormy beginning, most of the
universe became, in fact, rather empty and therefore not complex at all. Today,
after almost 14 billion years of cosmic existence, the human species is arguably
the most complex biological organism in the known universe.

Unfortunately, no generally accepted definition of ‘complexity’ appears to
exist.® As a result, there is no established way of determining different levels of
complexity. Yet it surely makes sense to call certain configurations of matter
more complex than others. Who, for instance, would be willing to argue that
a bacterium is more complex than a human being, or that a proton would be
more complex than a uranium nucleus? It is often said that a system (I would
prefer ‘regime’) is more complex when the whole is greater than the sum of its
parts.” This idea was coined in the 1890s by two German founders of gestalt
psychology, Christian von Ehrenfels and Max Wertheimer. In modern com-
plexity studies, this difference is expressed in terms of emergent properties:
characteristics of a certain level of complexity that cannot be derived from a
lower level. Life, for instance, is such a characteristic, because it cannot be
derived from the molecules that constitute a living entity. French founding
father of sociology August Comte and, in his footsteps, German sociologist
Norbert Elias characterized these properties in terms of relative autonomy:
different levels of complexity that cannot be reduced to lower levels."

Because no generally accepted definition of ‘complexity’ appears to exist, I
decided to tackle this problem by making an inventory of its major character-
istics. First of all, there is the number of available building blocks. As more
building blocks become available, structures can become more intricate. The
same is the case when the variety of the building blocks increases. Clearly, with
a greater variety of building blocks, more complex structures can be built. The
level of complexity can also increase when the connections and other interac-
tions between and among the building blocks become both more numerous
and more varied. On the whole it appears, therefore, that a regime is more
complex when more and more varied connections and interactions take place
among increasing numbers of more varied building blocks.

At different levels of complexity, different types of building blocks can be
discerned. The basic building blocks of ordinary matter are protons, neutrons
and electrons. These elementary particles can combine to form chemical ele-
ments, which are building blocks on a higher level of complexity. The chemical
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elements, in their turn, can combine to form molecules, which can be seen as
building blocks on an even higher level of complexity. They may jointly form
stars, planets and black holes, which are the building blocks of galaxies that, in
their turn, may be the building blocks of galaxy clusters. Chemical elements
may also combine to form molecules. At a higher level of complexity, a great
many different molecules may jointly form cells, which may combine to form
individuals that, in their turn, may be the building blocks of society. All these
different levels of complexity should be considered relatively autonomous with
regard to one another, which simply means that such a particular level of com-
plexity exhibits emergent properties that cannot be sufficiently explained from
the properties of a lower level of complexity.

There is another important aspect to complexity, namely sequence. Digital
computer information, for instance, consists of only two elementary building
blocks, namely ones and zeros. Yet by using enormous amounts of ones and
zeros in specific sequences, humans have been able to generate a great deal of
complexity. Apparently, the sequences in which these building blocks are
organized can produce considerable levels of complexity, while only a slight
change in sequence can wreck this complexity entirely. The sequence of build-
ing blocks, and thus information, mostly matters in life and culture. In life, the
genetic information is organized in long strands of DNA molecules, in which
the sequence of the building blocks is of overriding importance for determining
what happens inside cells. In a similar way, sequence is also important for all
cultural information and communication.

One may argue that lifeless nature can also exhibit certain sequences and
can thus carry information. Sediments, for instance, may consist of a great
many layers, each containing fossils of many different kinds, which are inter-
preted by scientists as clues to a more or less distant past. Yet there is an
important difference between such things and genetic or cultural information.
Sediments and fossils do not perform any functions for the regime as a whole
— they are just there. The information stored in genetic molecules and in cul-
tural depots, such as books and computer hard drives, by contrast, can always
be interpreted as having some function for the individuals they belong to.

While comparing different forms of complexity, one has to take into account
their complexity per unit mass (kilogram). Otherwise, a piece of rock weighing
a few kilograms, just by its sheer size and consequently its large number of
atomic building blocks, would have to be considered much more complex than
a tiny microorganism. Yet as soon as we compare rocks and microorganisms
per unit mass, then this little living thing suddenly appears much more complex,
thanks to its greater variety of building blocks and connections.

The approach of defining complexity in terms of building blocks, connec-
tions and sequences should in principle allow us to determine to what extent
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the whole is greater than the sum of its parts. Yet this is very difficult in practice.
For how would we rate the different aspects and which equations would we
use? What would count for more: a greater variety of building blocks, more
and more varied connections, or perhaps a longer and more varied sequence?
Right now, I find it impossible to rate all these aspects in a way that would allow
us to compute levels of complexity reliably. If possible at all, achieving such a
goal even in terms of a first order approach could well constitute an entire
research agenda. And even if we could achieve this, would this lead to a suffi-
ciently precise characterization of the emergent properties of that particular
level of complexity? As a result, for the time being, we have to rely on qualita-
tive, rather subjective, statements of how to assess all the levels of complexity
in the known universe. This may be unsatisfactory, yet to my knowledge this
is the best available approach today."

The terms ‘order’ and ‘complexity’ do not always mean the same thing. A
crystal consisting of sodium chloride (ordinary salt), for instance, may be
extremely regular and orderly, because it is made up of alternating positively
charged sodium ions and negatively charged chloride ions that are located in a
very orderly fashion. Yet such a crystal should not be considered extremely
complex, because it has only a few building blocks that interact with one
another in very simple ways. I prefer to reserve the term greater complexity for
biological organisms, in which a great many molecules of different kinds inter-
act in myriad ways. As a result, the opposite of disorder consists of two types
of order: on the one hand a type of very regular order that is not by necessity
very complex, and on the other hand a type of order that consists of a great
many structured compounds that interact with each other.

Forms of greater complexity never suddenly emerge all by themselves out of
nothing. Instead, they always develop from forms of lower complexity. Human
societies, for instance, emerged out of groups of primates, which, in their turn,
developed from earlier, less complex, life forms. This is just one example of a
very general rule. Such a process usually takes large amounts of time. The
destruction of great complexity, by contrast, can go very quickly, while it may
revert to very low complexity without passing through a great many intermedi-
ate stages. This happens, for instance, when humans are cremated after having
passed away.

On our home planet, we cannot create any new complexity without destroy-
ing existing forms. We simply do not have a new set of building blocks at our
disposal that we can use for a new construction within free, empty space.
Instead we are surrounded by existing forms of complexity that we reshape. As
a result, while creating new forms of complexity, we are also continuously
destroying old ones. And we should not forget that humans have also engaged
in destroying forms of complexity without creating new ones.
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Let us now take a crude qualitative look at the various levels of complexity
that can be discerned in big history. According to many scholars, there are three
major types of complexity: physical inanimate nature, life and culture. In terms
of matter, lifeless nature is by far the largest portion of all the complexity known
to exist in the universe. The following example may help to grasp the signifi-
cance of its sheer size. Let us assume for the sake of simplicity that the whole
Earth weighs about as much as an average American car, about 1,000kg. The
combined weight of all planetary life would then amount to no more than
17 mcg. This more or less equals the weight of a tiny paint chip falling off that
car. Seen from this perspective, the total weight of our solar system would be
equivalent to that of an average supertanker. Because the mass of our galaxy is
not well known, it is hard to extend this comparison any further. But even if
life were as abundant in our galaxy, or in the universe as a whole, as it is within
our solar system, its relative total weight would not amount to more than a
paint chip on a supertanker.

All of this cosmic inanimate matter shows varying degrees of complexity,
ranging from single atoms to entire galaxies. It organizes itself entirely thanks
to the fundamental laws of nature. Whereas the resulting structures can be
exquisite, inanimate complexity does not make use of any information for its
own sustenance. In other words, there are no information centers that deter-
mine what the physical lifeless world looks like. It does not make any sense,
therefore, to wonder where the blueprint of our solar system is stored that
would help to shape Earth or our solar system, because it does not exist.

The second level of complexity is life. As we just saw, life is a rather marginal
phenomenon in terms of mass. Yet the complexity of life is far greater than
anything attained by lifeless matter. In contrast to inanimate complexity, life
maintains itself by continuously harvesting matter and energy with the aid of
special mechanisms. As soon as living things stop doing so they die, while their
matter disintegrates into lesser levels of complexity. To achieve these elevated
levels of complexity, life organizes itself with the aid of hereditary information
stored in DNA molecules. While trying to find out how life works, it does
therefore make a great deal of sense to wonder where the information centers
are located that help configure it, what this information looks like, how the
control mechanisms work that help to translate this information into biological
shapes and what the limitations of these mechanisms are in shaping
organisms.

The third level of complexity consists of culture: information stored in nerve
and brain cells or in human records of various kinds. The species that has
developed this capacity the most is, of course, humankind. In terms of total
body weight, our species currently makes up about 0.005 per cent of all plan-
etary biomass. If all life combined were only a paint chip, all human beings
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today would jointly amount to no more than a tiny colony of bacteria sitting
on that flake. Yet through their combined efforts humans have learned to
control a considerable portion of the terrestrial biomass, today perhaps as
much as between 25 and 40 per cent of it. In other words, thanks to its culture
this tiny colony of microorganisms residing on a paint chip has gained control
over a considerable portion of that flake. To understand how human societies
operate, it is therefore not sufficient to only look at their DNA, their molecular
mechanisms and the influences from the outside world. We also need to study
the cultural information that humans have been using for shaping their own
lives as well as considerable portions of the rest of nature.

In contrast to genes, the building blocks of cultural information cannot be
defined unambiguously. It is, therefore, even more difficult to rigorously define
cultural complexity. Cultural concepts not only are flexible and apt to change
very quickly, but also need to be interpreted by people. While genetic informa-
tion needs to be interpreted unambiguously in living cells by its cellular machin-
ery to function properly, such a lack of ambiguity in interpretation is rare in
human societies, if it ever occurs.'? Nonetheless, cultural information has
allowed many animals, including humans, to successfully wage the struggle for
life.

The greatest complexity known to us, namely life, may well be a marginal
phenomenon, in the sense both that it is exceedingly rare and that, in terms of
matter concentration, it can be found on the margins of larger regimes. Life as
we know it exists on the surface of a planet situated relatively close to the edge
of its galaxy. Most of the planetary matter is below our feet — it is not surround-
ing us. In the solar system, most of its matter is concentrated in the sun and
not beyond the Earth’s orbit around the sun. A similar observation can be made
for our position within the galaxy. Yet, as Eric Chaisson observed, this is not
the case for the complexity within life. The greatest biological complexity, most
notably DNA and brains, is found in well-protected areas and not on their
edges. These types of greater complexity are there because they need to be
protected against matter and energy flows from outside that are too big, which
would lead to their destruction. Apparently, life has created a space suit to
protect its greatest levels of complexity. In fact, terrestrial life may actually have
succeeded in turning the entire biosphere into a space suit. This is, in my view,
the essence of James Lovelock’s Gaia hypothesis discussed in chapter five, which
states that terrestrial life has evolved feedback mechanisms that condition the
biosphere in ways that are advantageous for its continued existence.

During the history of the universe, all these forms of physical, biological and
cultural complexity would have emerged all by themselves. In the scientific
approach, the possible influence of supernatural forces bringing about com-
plexity is not considered to be an acceptable explanation, because we have never
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observed such forces at work. The major question then becomes: how does the
cosmos organize itself? This question becomes even more difficult when we
realize that in our daily lives we usually observe the opposite, namely the break-
down of complexity into disorder. Children’s rooms, for instance, never clean
themselves up, while cities without a trash-collecting regime would soon choke
in their own refuse. This tendency is known as the Second Law of Thermody-
namics, which states that over the course of time, the level of disorder, or
entropy, must rise. In other words, the history of the universe must also be the
history of increasing disorder. Any local rise in complexity must, therefore,
inevitably have been accompanied by a larger rise of disorder elsewhere. Given
this situation, how could complexity have emerged all by itself?

Energy Flows and the Emergence of Complexity

To understand the rise and demise of complexity, it is important to make clear
distinctions between the emergence of complexity, its continuity during a
certain period of time and its eventual demise. According to the modern view,
the emergence of any form of complexity requires an energy flow through
matter. Only in this way is it possible for more complex structures to arise. The
emergence of life, for instance, must have required a continuous energy flow.
But also stars need an energy flow to come into being, while the same happened
to planets and galaxies, as we will see in the coming chapters.

As soon as complexity has emerged, it depends on its nature whether energy
is required to keep it going. Some forms of lifeless complexity are close to
thermodynamic equilibrium, which means that in the prevailing circumstances
very little spontaneous change occurs. Rocks swinging through empty space,
for instance, do not need an energy flow to keep more or less the same shape
for long periods of time, as long as they are not disturbed by outside events.
The same is the case for galaxies and black holes. Yet even these relatively simple
structures are never completely sealed off from what happens in the rest of the
universe. As a consequence, they are undergoing change through energy from
outside, such as cosmic radiation, collisions with other celestial bodies or the
decay of their atoms over extremely long periods of time. And because they
lack an energy flow that would counter these trends, such simple structures will
eventually decay and thus lose whatever complexity they had in the very long
run.”

More complex forms of lifeless nature, most notably stars and planets, are
often not very close to thermodynamic equilibrium and can only exist because
of an energy flow that allows them to retain their shape. Such objects are said
to be in a dynamic steady state. To be sure, stars and planets are continuously
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changing, yet they may maintain their shapes more or less over long periods of
time. Stars, for instance, can shine for as long as they release energy within their
cores through the process of nuclear fusion, in which hydrogen is converted
into helium. The current, much less dynamic, layered complexity of Earth, by
contrast, which consists of its outer crust, mantle and core, emerged as a result
of the energy flows acting during its emergence, which are now mostly gone.
Today, the dynamic surface complexity of our home planet is determined by
the heat released deep within it through processes of nuclear fission as well as
by the energy from outside received from the sun.

As Russian-born Belgian scientist Ilya Prigogine argued, all life forms are far
from thermodynamic equilibrium. In contrast to lifeless nature, all life forms
must harvest matter and energy from outside on a continuous basis. Humans,
for instance, have to keep eating, drinking and breathing on a continual basis
to keep our complexity going. If we stopped doing so, our complexity would
very soon begin to disintegrate. The energy that we ingest serves many pur-
poses: keeping our metabolism going, making plans, moving around etc.
During these processes, the ingested energy is transformed from high-quality
to lower-quality energy. As a result, we constantly generate heat (a form of
lower-quality energy) that we subsequently radiate out into the surrounding
environment. This is one of the ways humans get rid of the inevitable disorder
(entropy) that is produced to keep our complexity going. If we were unable to
radiate this energy, we would soon suffocate in our own heat. Another major
way of discarding entropy is to follow the call of nature by excreting wastes.
These characteristics apply not only to humans but also to all other living
beings.

To sum up, the complexity of humans, Earth and the sun all have in common
the need for an energy flow through matter to keep going while producing
entropy. Canadian energy expert Vaclav Smil formulated this in 1999 as follows:

Energy is the only universal currency: one of its many forms must be transformed
to another in order for stars to shine, planets to rotate, plants to grow, and civi-
lizations to evolve. Recognitions of this universality was one of the great achieve-
ments of nineteenth-century science, but, surprisingly, this recognition has not
led to comprehensive, systematic studies that view our world through the prism
of energy."

While flowing through matter, energy inevitably changes from a more to
a less productive state. This can be caused by the absorption of some of this
energy by the matter that is becoming more complex. Many molecules pro-
duced by life, for instance, can only be formed by adding energy. Yet as soon
as these forms of greater complexity break down, this energy is released again,
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although always in a lower-quality form. The need for the absorption of certain
amounts of energy to make possible the emergence of complexity is a very
general principle. It should be seen as a refinement of the earlier-mentioned
general approach consisting of energy flows through matter as an absolute
requirement for the emergence of complexity.

By flowing through matter, energy always changes from a higher-quality to
a lower-quality form. For instance, the energy stored in our food intake is
clearly more valuable for keeping our complexity going than the leftover energy
in the products we excrete. Apparently, some forms of energy are better able
to produce or maintain complexity than others. In the science of thermody-
namics, the ability of energy to change matter is expressed with the term ‘free
energy. In this book, which offers a first crude look at this new general approach
to big history, we will not systematically examine how energy changes while
flowing through matter. Instead, we will mostly consider only the energy input.
In a more refined analysis, it will, of course, also be important to investigate
systematically how energy changes while flowing through matter.

Can we measure and calculate these energy flows through matter during all
of history? In his ground-breaking book of 2001 Cosmic Evolution: The Rise of
Complexity in Nature, Eric Chaisson sought to do so by defining the concept
of ‘free energy rate density, indicated with the symbol @,, as the amount of
energy that flows through a certain amount of mass during a certain period of
time. For human beings, for instance, it is the amount of energy we ingest
during a certain period, let’s say 24 hours, divided by our body weight. In
principle, Chaisson’s approach allows us to calculate these values for every form
of complexity that has ever existed, ranging from the tiniest particles to galaxy
clusters. This makes it possible to compare all forms of complexity systemati-
cally. Unfortunately, the term ‘free energy rate density’ is rather bulky, while it
is equivalent to ‘power density, a term that is often used by physicists, as Chais-
son noted in his book. Because in 2009 Chaisson began to use the term ‘power
density’ instead of ‘free energy rate density, this will be our preferred term."

Chaisson next showed that a clear correlation exists between the intuitively
defined levels of complexity observed in the known universe and the calculated
power densities. Surprisingly, perhaps, whereas humans may seem vanishingly
small compared to most other aspects of big history, we have generated by
far the largest power densities in the known universe.'® In Table 2.1, Chaisson
summarized some of his findings."”

For many people, these results are counterintuitive. One would expect, for
instance, the power density of the sun to be much greater than the power
density of our brains. Yet whereas the sun emits far more energy than the
energy that is used by our brains, the power density of the brain is much larger,
because the brain is so very small compared to the sun. In general, the power
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Table 2.1: Some estimated power densities (reproduced with permission)

Generic Structure Approximate Age (10° year)  Average ®,, (107" watt/kg)
Galaxies (Milky Way) 12 0.5

Stars (Sun) 10 2

Planets (Earth) 5 75

Plants (biosphere) 3 900

Animals (human body) 107 20,000

Brains (human cranium) 107 150,000

Society (modern culture) 0 500,000

densities of life are considerably greater than those of lifeless matter. Appar-
ently, these tiny living regimes generate much greater power densities than their
lifeless counterparts.

For a good understanding of the numbers in this table, we need to consider
Chaisson’s calculations in more detail." Let us start with the power density for
galaxies. Many people may think that galaxies are simply collections of stars. If
that were the case, the power density of a galaxy would simply be the average
of all the power densities of its individual stars. Yet Chaisson’s power density
for galaxies (in fact our own galaxy) is considerably smaller. In addition to the
fact that a considerable amount of matter in our galaxy consists of gas and dust,
the power density for our galaxy is also lower because all the so-called dark
matter is included in its total mass. Unfortunately, as will be explained in
chapter three, we do not know whether dark matter actually exists. Further-
more, our galaxy is thought to harbor a rather heavy black hole in its center,
consisting of extremely dense matter, which would exhibit very little complex-
ity, if any. Because gas, dust, black holes and dark matter do not release any
energy, while they may form a considerable portion of the galaxy’s mass, they
lower its power density, which is therefore smaller than the power density for
stars. In fact, Chaisson’s value for stars was calculated for our sun, which is an
average star.

Whereas the energy flows emitted by stars keep them going, they did not
create the overall structure of our galaxy: a large swirling cloud of stars with
huge arms. The energy flows that once gave rise to this galactic structure are
absent in Chaisson’s calculations. The reason for this is that the structure of
our galaxy emerged a long time ago, while today it does not need energy any
more to keep going. But this can change. As soon as galaxies collide, a flow of
kinetic energy is generated that reshapes them. Such a cosmic encounter is
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expected between our galaxy and its nearest neighbor, the Andromeda nebula,
to take place between 2 and 5 billion years from now. Also within galaxies there
is constant change, including contracting gas clouds and exploding stars, which
releases energy that reshapes these galaxies. Seen in the long run, however, these
energy flows and their effects are probably minute compared to the output of
all the combined stars and, as a result, do not have to be taken into account
for computing a first-order estimate of our galaxy’s power density.

Chaisson’s power density for galaxies characterizes a relatively stable galactic
regime and not a regime in rapid formation or decline. This is actually the case
for all of Chaisson’s power densities — they all characterize dynamic steady-state
regimes. In other words, the energy flows needed for the emergence of these
regimes do not play a role in Chaisson’s table of calculations for the present.

Let us now consider Chaisson’s power density for planets. In fact, this value
does not reflect the complexity of any known planet as a whole. It was calcu-
lated for only a thin slice of the outer shell of Earth by estimating the amount
of solar energy reaching the terrestrial surface during a certain period of time,
while using the weight of the atmosphere plus an oceanic layer of 30 m as the
total mass. According to Chaisson, this is where most of our planet’s complexity
resides. Because the geothermal energy generated deep inside Earth is several
thousand times smaller than the radiation energy received from the sun, Chais-
son did not include geothermal energy in his calculation.

The next power density in Chaisson’s table, the average power density for
plants, is an average value that includes all living matter, while the value for
animals was calculated for the energy used by the human body. This power
density was arrived at by calculating the average food intake per body weight.
Nonetheless in reality, as Chaisson pointed out, the power densities of verte-
brate animals vary by almost a factor of 10."” This raises the issue of whether
those vertebrate animals that exhibit the largest power densities, namely birds,
should be considered the most complex. Chaisson’s estimate for human society
(modern culture) is based on the current energy use of 6 billion people with
an average body weight of about 50 kg (adults and children).* In this case, most
of the energy does not flow through human bodies. If it did, humanity would
cease to exist instantaneously.

The power densities provided by Chaisson for human history exhibit some
further problems. Dutch environmental scientist Lucas Reijnders has pointed
out that, thanks to their fire use, early humans may have achieved very high
power densities. They might have manipulated enormous energy flows by
burning large tracts of land, which created desired forms of complexity, such
as grasslands, while destroying other forms of complexity, usually woodlands.
By stoking fires, they roasted food, while keeping themselves warm and safe
from predators. In doing so, the amounts of energy used by recent Australian
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aboriginals were one to two orders of magnitude larger than those of the
average US citizen in 1997.”' This makes one wonder how large the power
densities were that early humans were able to achieve in Australia and else-
where, wherever nature could be set on fire on a large scale. If one wants to use
the power density as a measure of complexity, as Chaisson suggests, Australian
aboriginal society would have to be considered more complex than modern
industrial societies. This seems unsatisfactory to me.*”

Today, most of the energy employed by humans is not used for keeping their
bodies going or burning the land but for the creation and destruction of what
I will call “forms of constructed complexity’: all the material complexity created
by humans. These include clothes, tools, housing, engines and machines and
means of communication. With the aid of these things, humans have trans-
formed both the surrounding natural environment and themselves. To be sure,
not only humans but also many animals have produced a great many forms of
complexity. Well-known examples include spider webs and beaver dams. Yet
it seems fair to say that humans have developed this capacity to a far greater
extent than any other species.

Complexity constructed by humans can be divided into two major catego-
ries. On the one hand there are things that do not need an energy flow for their
intended functioning, while on the other hand there are things that do need
such an energy flow. The first category, which could be called ‘passive con-
structed complexity, includes things such as clothes, housing and roads. This
type of complexity is made by humans as well as by a great many other animals.
The second type of complexity, things that do require continuous external
energy sources for their intended functioning, will be called ‘powered con-
structed complexity. This category includes machines driven by energy from
wind, water and fossil fuels. To my knowledge, only humans have constructed
forms of complexity driven by external energy sources. In this sense, humans
are unique in the known universe.

Many forms of powered constructed complexity exhibit much higher power
densities than the power densities of human brains (about 15watt/kg) or
human societies (about 50watt/kg). As Chaisson pointed out, jet engines
achieve power densities between 2,000 watt/kg (Boeing 747) and 80,000 watt/
kg (F-117 Nighthawk).” Relatively high power densities are characteristic not
only of jet planes but also of a great many household appliances. While per-
forming a few calculations at home, my son Louis and I found that even our
humble vacuum cleaner exhibited a power density of about 180 watt/kg, thus
outperforming our brains more than tenfold.** This does not imply that jet
engines and vacuum cleaners should be considered more complex than human
brains. Unlike forms of complexity that emerged spontaneously, forms of con-
structed complexity are not using this energy for the purpose of achieving
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greater complexity within themselves. Instead, they were designed to use con-
siderable amounts of energy to perform certain tasks, such as moving heavy
objects through the air or achieving a certain degree of order within our living
space.

Although a great many complications emerge on closer inspection, Chais-
son’s analysis seems fair enough as a first-order approach. With it he provides
what US physicist Murray Gell-Mann calls ‘a crude look at the whole, which
in the natural sciences is considered perfectly legitimate.” Chaisson is well
aware of this. As he formulated it:

A second caveat [the first caveat was the danger of anthropocentrism] concerns
the level of detail in our computational analysis; to be honest, we have skirted
some of the hardest details. In particular, as noted at the outset of our calculations,
the values for @,, employ only bulk flow, that is, total energy available to a handful
of representative systems. Accordingly, quantity, or intensity, of energy has been
favored while largely neglecting measures of quality, or effectiveness of that
energy. Clearly, a more thorough analysis would incorporate such factors as tem-
perature, type, and variability of an emitting energy source, as well as the efficiency
of a receiving system to use that free energy flowing through it. After all, input
energy of certain wavelength can be more useful or damaging than others, depend-
ing on the system’s status, its receptors, and its relation to the environment. Like-
wise, the efficiency of energy use can vary among systems and even within different
parts of a given system; under biological conditions, for example, only some of the
incoming energy is available for work, and technically only this fraction is the true
free energy. That energy might benefit some parts of a system more than others is
a necessary refinement of the larger opus to come. For this abridgment, our esti-
mates suffice to display general trends; the next step is a more complete (perhaps
we should say more “complex”) study to examine how, and how well, open
systems utilize their free energy flows to enhance complexity.

Even the absolute quantity of energy flowing through open systems needs to
be more carefully considered in a detailed analysis. Not just any energy flow will
do, as it might be too low or too high to help complexify a system. Very low
energy flows mean the system will likely remain at or near equilibrium with the
thermal sink, whereas very high flows will cause the system to approach equilib-
rium with what must effectively be a hot source — that is, damage the system to
the point of destruction. ... Sustained order is a property of systems enjoying
moderate, or “optimum,” flow rates; it’s a little like the difference between water-
ing a plant and drowning it. In other words, a flame, a welding torch, and a bomb,
among many other natural and human-made gadgets, have such large values of
®,, as to be unhelpful.*

All of this should also remind us again of the fact that the data shown
in Chaisson’s table are about relatively stable matter regimes with relatively
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stable energy flows, and not about the emergence or decline of specific forms
of complexity.

In his approach, Chaisson employed these numbers first of all as a way of
measuring different levels of complexity. This was his way of tackling the issue
of how to rigorously define and measure different levels of complexity. At the
same time, Chaisson also used these numbers as an indication of the energy
needed to achieve or maintain certain levels of complexity. This latter approach
will be followed in this book. In the next chapters, I will explicitly not employ
the concept of power density as the one and only yardstick for measuring dif-
ferent levels of complexity. It will only be used as an indication of the energy
that is needed for complexity to emerge and continue to exist.

The Goldilocks Principle

As Eric Chaisson noted but did not elaborate, complexity can only emerge
when the circumstances are right. This includes, in the first place, the availabil-
ity of suitable building blocks and energy flows and, in the second place, a great
many limiting conditions such as temperatures, pressures and radiation. Com-
plexity cannot emerge, or is destroyed, when the circumstances are not right.
The destruction of complexity is usually caused by energy flows or energy levels
that have become either too high or too low for that particular type of complex-
ity. For instance, if biological organisms such as ourselves found themselves
without protection in temperatures that were continuously either below 10
degrees Celsius or above 40 degrees Celsius, they would cease to exist. Appar-
ently, there is a certain bandwidth of temperature levels within which humans
can live. Such bandwidths exist not only for all living species but also for rocks,
planets and stars. In other words, all relatively stable matter regimes are char-
acterized by certain conditions within which they can emerge and continue to
exist. In reference to a popular Anglo-Saxon children’s story, this will be called
the Goldilocks Principle.

For those readers not familiar with the story of Goldilocks, she is a little
girl who happened to wander into a house in a forest where one young bear
lives with his parents. The bears are, however, not at home. Goldilocks,
hungry and adventurous, first tries out the porridge bowls on the counter
top. She finds that the porridge in the biggest bowl is too hot and the por-
ridge in the middle-sized bowl is too cold, but the porridge in the little bowl
is just right. Then she tries out the chairs: the biggest one is too hard, the
middle-sized one is too soft and the little one is just right. And so it goes on
until the bears come home and do not like what they see. As a result, Gold-
ilocks flees.”
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I am not the first to employ the term ‘Goldilocks Principle’ Over the past
10 years, a few scientists have begun using this term for indicating the circum-
stances that limit the emergence and continued existence of various forms of
complexity. To natural scientists, the Goldilocks Principle may be obvious,
because they perform all their analyses from this point of view. Surprisingly,
however, to my knowledge no one has yet elaborated this principle systemati-
cally for all of big history.”®

The Goldilocks Principle points to the fact that the circumstances must be
just right for complexity to exist. It is important to see that these circumstances
are often not the same for the emergence of complexity and for its continued
existence. For instance, Goldilocks circumstances favoring the emergence of
the smallest particles only existed during the first few minutes of cosmic history,
as we will see in the next chapter. Apparently these conditions were very restric-
tive. Yet during the billions of years that followed, Goldilocks circumstances
have favored the continued existence of these tiny particles, of which everything
else consists, from galaxies to human beings. In this book, a great many exam-
ples of this general principle will be discussed.

Goldilocks requirements do not exist by themselves, but they always depend
on the type of complexity under consideration. Humans, for instance, cannot
live below or above certain temperatures, while our direct needs also include
sufficient air pressure, oxygen, food and water. The Goldilocks requirements for
stars, by contrast, are very different. Stars need huge amounts of closely packed
hydrogen surrounded by cold empty space. As a result of gravity, these enor-
mous balls, consisting of mostly hydrogen and helium, create so much pressure
in their interiors that nuclear fusion processes ignite, thereby converting hydro-
gen into heavier (and thus more complex) helium nuclei while releasing energy
in the form of radiation. These stellar Goldilocks circumstances are very hard to
reproduce on Earth, which explains why nuclear fusion has not yet become
feasible as a way of generating electricity.”” In sum, all Goldilocks circumstances
are characterized by certain bandwidths. In the natural sciences, the upper and
lower limits of these bandwidths are known as boundary conditions.

More than any other animal, humans have created a great many Goldilocks
circumstances that help them to survive. They can have both a social and
a material character. Material Goldilocks circumstances include clothes,
housing, tools of many kinds and roads, while an example of social Goldilocks
circumstances would be presented by traffic rules. The rules are meant to
define human behavior in ways that allow members of our species to reach
their destination relatively efficiently while at the same time seeking to
preserve the complexity of all the participants involved. Those who fail to
obey the traffic rules usually do so to reach their destination more quickly
at the risk of compromising safety. In fact, all social rules can be interpreted



38 General Approach

e e e
e _,,__!:‘T:.:-qw” : - il
—" i i s
B pmmant ok e
— i

Figure 2.1: Goldilocks falling from a tree. Apparently, she has overstepped her bounda-
ries. Soon, her complexity will be damaged as a result of the impact caused by gravita-
tional energy. (Drawing by Giulia Spier, 4 years old.)

as Goldilocks circumstances that have been created by humans to preserve
certain forms of complexity.

Goldilocks circumstances tend to vary both in space and in time. I will call
such changes ‘Goldilocks gradients’ This concept was first coined as an answer
to the question of why the surface of our planet appears to be such a good place
for the emergence of greater complexity. Why, indeed, do humans live on the
outer edge of our home planet and not deep below its crust? My answer to that
question is that the outer edge of our planet exhibits marked differences in the
Goldilocks circumstances in space over relatively short distances, in other
words: steep Goldilocks gradients. This allows life to capture large amounts of
energy while discarding large amounts of entropy. This will be elaborated in
the coming chapters. Suffice to say here that among biologists, steep Goldilocks
gradients between different ecological zones are known as ‘ecotomes’ and have
been studied intensively.”
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A better understanding of complexity requires the concept not only of Gold-
ilocks gradients in space but also of Goldilocks gradients over time. Whereas
the range of planetary climate zones from the tropics to the arctic can be seen
as a Goldilocks gradient in space, climate change happening within these zones
can be interpreted as a Goldilocks gradient over time. Climate gradients over
time may exhibit more or less regular patterns, such as those caused by regular
changes of the Earth’s orbit around the sun, the so-called Milankovi¢ cycles.
This will be explained in more detail in chapter four. Suffice to say here that
climate gradients over time have profoundly affected life on Earth for as long
as we can detect.

In sum, to understand the rise and demise of any type of complexity, we
must not only look at energy flows through matter but also systematically
examine the prevailing Goldilocks circumstances. I think that the ‘energy flows
through matter’ approach combined with the Goldilocks Principle may provide
a first outline of a historical theory of everything, including human history.
While this theory cannot, of course, explain everything that has happened, it
does provide an explanation for general trends that have happened in big
history.

Because a new, rather unbeaten, track is followed in this book, my effort
should be seen as a first attempt at formulating a coherent theoretical frame-
work for big history. This approach may actually constitute an entire interdis-
ciplinary research agenda that, if pursued, would allow scientists ranging from
astronomers to historians and anthropologists to collaborate in unprecedented
ways while speaking the same scientific language. This may sound idealistic, yet
in fact this process has already started.”

In the pages that follow, I will offer a simplified overview of big history. For
obvious reasons, it is impossible to offer detailed discussions about everything
that has ever happened in one book. This problem does not exclusively exist
in big history. Any overview of any portion of history is bound to be a simpli-
fication of reality, because no historian will ever know all of the details of his
or her subject. Furthermore, choices have to be made all of the time about what
to include and what to omit. I very much hope, though, that the general trends
in my big history account do accommodate most, if not all of the details. This
would constitute a major test for my theory. Unfortunately, within the scientific
community disagreements exist about a great many aspects of history, while
the established scientific theories, most notably perhaps in cosmology, are cur-
rently insufficient to explain all of the observations. As a result, a great many
choices had to be made concerning the question of which version of history
would be presented here. Although I offer conflicting views of history in a
number of cases, I found it impossible to outline all of the controversies that I
encountered.
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Notwithstanding all of these caveats, I hope to persuade the reader that my
theoretical scheme does indeed offer the contours of a fresh, integrated approach
for looking at images of the past in a way that reunites academic fields and
disciplines that have grown apart, while providing general explanations of what
we think the past looked like. Whereas we may never be able to explain every-
thing that has happened, I hope to make clear that the opposite position,
namely that we are unable to explain historical processes from a general point
of view, is untenable. The challenge consists of finding a middle ground between
the Scylla of no explanation at all where chance rules and the Charybdis of
seeking to explain everything but not allowing for any chance.

My general approach deals with the emergence, continued existence and
inevitable decline of complexity in all of its manifestations within big history.
Its coherent framework spanning all of time and space helps to justify why it
is important to understand human history within its cosmic context.



3
COSMIC EVOLUTION

The Emergence of Simple Forms
of Complexity

Introduction

The history of the universe as told by cosmologists is completely in line with
the idea that, within certain Goldilocks boundaries, energy flows through
matter determine the course of events to a considerable extent, while chance is
responsible for the rest. This should not surprise us, because this is the way
astronomers and cosmologists interpret their data. As a result, this chapter
offers very little new knowledge for astronomers, if any. It is remarkable,
though, that no one appears yet to have written a systematic account of cosmic
history explicitly phrased in these terms. My rendering of this story is, there-
fore, a restatement of the current scientific version of cosmic events with special
emphasis on energy flows through matter and Goldilocks circumstances.' As
we will see below, this theoretical approach only begins to make sense during
the period when stable matter emerged. Before that time, the energy and tem-
perature levels were so high that stable matter could not yet exist.

At the supposed beginning of time and space, it may be appropriate to say
a few things about chronology. In cosmic evolution, the age of the universe is
stated in years, while its earliest period is expressed in seconds. A year is, of
course, usually seen as the time it takes for Earth to orbit the sun. But how is
a year actually determined? This is not as easy as it may seem. Although the
Earth’s orbit around the sun is relatively stable, it is never exactly the same from
year to year.” Furthermore, the rotation around the Earth’s axis is slowing
down, which leads to longer days and nights as well as to fewer days and nights
per year. All of this has caused problems with the development of increasingly
accurate time measurements. As a consequence, time is no longer defined
according to celestial movements but in terms of the number of oscillations of
a very specific type exhibited by the chemical element caesium 133. One second
is now defined as the time that it takes for 9,192,631,770 of these oscillations
to take place.” Although no full agreement exists, the year is often defined as a
period of 31,557,600 seconds. Within cosmic history, this construction of time
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is also used to characterize the period during which caesium 133 did not yet
exist, let alone terrestrial years, and even to the period when stable matter had
not yet emerged. In other words, it is applied to a period when nothing existed
yet with the aid of which time could have been measured.

While the current view of how the cosmos came into being is often consid-
ered to be very spectacular, it lacks the emotions, glamour and excitement that
are characteristic of a great many traditional origin stories. According to
modern scientists, the early universe would have been lifeless and, in fact, rather
simple.

The Big Bang: No Complexity

According to the current scientific view, at the very moment our universe
emerged an enormous amount of undifferentiated energy and matter was
packed infinitely close together. This was the most simple and basic regime
imaginable, as matter and energy would have been alike and no complexity of
any kind existed. From that extreme moment, the universe began to expand
rapidly under the influence of an unknown force, which it has continued to do
ever since. This primordial event has become known as the ‘big bang, a term
coined by British astronomer Fred Hoyle during a BBC interview in March of
1949. Hoyle used this term in a slightly derisive manner, because he was skepti-
cal about what he considered to be an unlikely scenario. Even though the idea
of a big bang appears to have come straight out of a more traditional creation
story, virtually the entire astronomic community has now embraced it as the
most likely explanation of how our universe emerged. Why would modern
scientists think so?

Three independent sets of observational data exist that are interpreted as
evidence for the big bang scenario. The first and most important data-set con-
sists of images of portions of the sky that are thought to show distant galaxies.
Although there are numerous exceptions that are interpreted as local or regional
variations, the general pattern is that the smaller and fainter these images are
— and thus the farther this light would have traveled before reaching us — the
more it exhibits a so-called red shift. The central point is that this light contains
a pattern of radiation that was emitted by specific chemical elements; however,
this pattern exhibits longer wavelengths than those that are observed on Earth
under static conditions. This shift toward longer wavelengths (and thus toward
red light) is interpreted as a Doppler effect in the sky. The Doppler effect results
from the fact that the wavelength of light, or sound, emitted by a source moving
away from us appears to become longer. Thus, the red shift of galactic light
shows that, at the time this radiation was emitted, these galaxies were receding
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from us. And the faster those cosmic objects were moving away from us at the
time the light was emitted, the larger the red shift is.

A good correlation has been found between the luminosities of these galac-
tic images and their red shifts: smaller and weaker galactic images are also
more red shifted. This is interpreted as strong evidence for the idea that all
of these galaxies have been moving away not only from us but also from each
another. And because astronomers use these galactic images to determine
space in the universe, the conclusion appears inescapable that, for as long as
we know, the entire universe has been expanding. If this were the case, then
during earlier stages of cosmic history the universe must have been smaller.
And because we do not observe any data showing that the cosmic expansion
has ever stopped or perhaps even reversed, cosmologists feel compelled to
accept the idea that at the very beginning of cosmic history, all matter and
energy were packed together as closely as possible. At a certain instant, this
so-called singularity would have exploded. This moment, the big bang, would
have been the beginning of time and space as we know them today. By com-
bining estimates of the distances that the light emitted by these galaxies would
have traveled before reaching us with their red shifts, it is possible to estimate
the cosmic rate of expansion and, as a consequence, the current age of the
universe. According to the most recent estimates, the cosmos would now be
about 13.7 billion years old.

The second data-set consists of what is known as the cosmic background
radiation, which can be observed all across the sky. It is interpreted as evidence
dating from the period when the universe was about 400,000 years old. At that
time, the cosmos would have become neutral, because most of the electrically
charged particles, positively charged protons and helium nuclei, as well as
negatively charged electrons, combined to form neutral atoms. In doing so,
they canceled out each other’s charges. As a result, light could begin to travel
through the early universe almost unimpeded, because it was no longer scat-
tered by a great many charged particles. The temperature of the early universe
during this transition was about 3,000K (kelvin). This produced a rather
uniform radiation of the same temperature. As a result of the subsequent
expansion of the universe, today the temperature of this radiation dropped to
a few degrees kelvin. This corresponds very well with the observed temperature
of about 2.7K. Although this data-set does not directly point to a big bang
event, it fits the proposed scenario well.

The third set of observational data consists of the measurements of the
composition of matter in the universe. This led cosmologists to conclude that
about 70 per cent of all luminous matter consists of hydrogen, while about 27
per cent comes in the form of helium. All the other chemical elements, includ-
ing the ones we ourselves consist of, make up only a few per cent of all matter.
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These percentages are in close agreement with the results of theoretical calcula-
tions of what would have happened in a very hot and extremely dense universe
that was expanding rapidly. In other words, current theory predicts that the
early universe should have produced the percentages of hydrogen and helium
that are inferred from the observational data. Over the past decades, these data-
sets have been mined and refined. This has led to the historical account of our
universe outlined below, in which the ‘observable’ cosmos would have begun
to exist about 13.7 billion years ago and has expanded ever since.*

Recent Issues Concerning the Big Bang Scenario

While the three major data-sets mentioned above have provided plausible
evidence for the big bang scenario, two more recent observational data-sets
have led to serious complications.

The first issue concerns the movements of the galaxies. If our current theory
of gravity is correct, there must be a great deal more matter in these galaxies
than we actually measure by the light we detect, because the stars in these galax-
ies and the galaxies themselves appear to move in ways that cannot be accounted
for only by the gravity exerted by the luminous matter. This has led to the
hypothesis of dark matter, which would actually make up most of the matter
in the universe. Dark matter would only show because of its gravitational
effects, and would otherwise not, or only very weakly, interact with the type of
ordinary matter that we are familiar with. As a result, all the ordinary matter
in the universe would, in fact, constitute only a small fraction of all matter.
However, a long and intense quest has not yet produced convincing evidence
of dark matter. As a consequence, a few scientists have begun to question the
established theory of gravity. It may turn out to be that the need for dark matter
could actually be eliminated by adapting this theory. Yet most physicists are
reluctant to change it, because during the past centuries Newton’s theory of
gravity, as well as Einstein’s relativistic interpretation of it, have been found to
explain so many observations so well.”

The second set of observational data that has caused severe theoretical prob-
lems for cosmologists consists of light that is emitted by a particular type of
enormous star explosions in other galaxies, the so-called Type la supernovae.
These huge stellar bangs are thought to produce well-known amounts of light.
Measuring the intensity of this light should therefore enable us to estimate how
long it has traveled before reaching us, provided that dust along the way would
not have changed its luminosity more than astronomers calculate right now.
The surprising result is that by combining the red shifts of these explosions
with their luminosities, it appears as if the universe began to expand faster from
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at least 5 billion years ago, and perhaps much earlier than that. This is contrary
to what one would expect, namely that the combined gravitational forces
exerted by all the matter would slow down the expansion. Although there is no
certainty yet about the validity of the observational data, many cosmologists
interpret them in terms of a new — and as yet unknown — force that began to
kick in from at least 5 billion years ago. Because scientists do not know anything
else about this force, it is called ‘dark energy.

As a result of the possible existence of both dark matter and dark energy,
the observable ordinary matter and known energy may jointly make up only a
small fraction of all the matter and energy in the observable universe. Nonethe-
less, these familiar forms of matter and energy appear to have produced most
of the complexity that we can currently observe. Our big history account will,
therefore, mostly deal with ordinary matter and energy. To be sure, dark matter
may have helped to shape galaxies, while dark energy may have pushed them
farther away from each other. This may well have influenced big history, includ-
ing human history. But other than that, it appears at present that ordinary
matter and the known types of energy have been the major players in determin-
ing the rise and demise of complexity in the universe.

The Radiation Era: The Emergence of
Complexity at the Smallest Scales

In the very beginning, the moment of the big bang, there was only undiffer-
entiated matter and energy. But as soon as the universe began to expand and
cool down, a first differentiation took place into electromagnetic radiation on
the one hand and briefly existing forms of matter on the other hand. In this
early period of cosmic history, electromagnetic radiation dominated. During
this so-called Radiation Era, very strong radiation existed together with a
great many short-lived matter particles, which emerged out of radiation only
to quickly annihilate each other and turn into radiation again. The conversion
from radiation into matter and vice versa could take place according to the
famous formula E = mc’, of which the letter E denotes the energy content of
the radiation, the letter m stands for mass, while the letter ¢ indicates the
speed of light in a vacuum. This was the only period in cosmic history in
which Goldilocks circumstances existed that allowed this conversion to
happen on such a large scale. As a result of these extreme circumstances, the
early universe was a fast-changing regime of very low and fleeting material
complexity.”

The expansion of the universe led to a rapid decrease of both temperature
and pressure over time. This produced Goldilocks circumstances for the first
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emergence of matter. The first four minutes, in particular, exhibited by far the
greatest and fastest change ever to occur in big history, because during that
short period of time all the basic characteristics of the universe emerged.® This
included, first of all, the emergence of the three basic natural forces, the strong
(nuclear) force, electromagnetism and gravity, as well as the natural constants
associated with these forces.

The strong force exerts a very powerful influence over very small distances.
It acts on the major building blocks of chemical nuclei, protons and neutrons,
by making them attract each other. Electromagnetism, by contrast, is less
strong, but works over larger distances. It pushes particles with the same charges
apart, while particles with opposite charges attract each other. As a result, elec-
tromagnetism tends to average out these differences and produce neutral
matter. In consequence, large concentrations of positively or negatively charged
matter cannot accumulate. This very much limits the distance over which
electromagnetism can exert influence.

In chemical nuclei, a balance exists between the strong force and electro-
magnetism. While electromagnetism tends to push positively charged protons
apart, the strong force makes them attract each other. Neutrons do not have a
charge and are, therefore, not influenced by electromagnetism. The more
protons a nucleus contains, the more neutrons it needs to glue the nucleus
together by the action of the strong force. This poses clear limits on the size
chemical nuclei can attain. The chemical element with the smallest nucleus is
hydrogen (1 proton), while uranium has the largest stable naturally occurring
nucleus (92 protons and 146 neutrons).

Gravity is a much weaker force than the strong force or electromagnetism,
while it works over large distances. Under its influence, all particles that have
a mass attract each other. In contrast to electromagnetism, which tends to
produce neutral configurations that limit its effect over large distances, gravity
can produce large concentrations of matter, such as stars, planets, black holes
and galaxies, that exercise strong effects over large distances.

As a result of all these effects, the strong force and electromagnetism shape
small-scale and intermediate-scale complexity (everything up to the size of
rocks a few kilometers in diameter), while gravity shapes everything with a
much larger mass (planets, stars and galaxies). In all such larger structures, the
other two forces keep acting on smaller scales.

In the early universe, in addition to the three major natural forces, all the
elementary particles emerged during the first minutes of cosmic history. These
particles subsequently became the building blocks of all further complexity that
has existed in the universe. Because it is unclear when dark matter would have
emerged, our account of the emergence of matter focuses on the formation of
ordinary matter.



Cosmic Evolution 47

The first stable nuclear particles that emerged out of radiation were the so-
called baryons, most notably protons and neutrons. These relatively heavy
particles are the major building blocks of atomic nuclei. Between 10 and 10™*
seconds after the big bang, the universe had cooled down sufficiently to make
this possible. Only during this extremely short period of time Goldilocks cir-
cumstances existed that favored the emergence of baryons. These conditions
included a reduction of the density of the early universe, which would have
dropped from 10”kg/m’ to 10'°kg/m’, and a decrease of the temperature,
which would have gone down from 107K to 10" K. Because during this period
the Goldilocks circumstances for the reconversion of matter into energy rapidly
waned, most baryons were frozen out and could no longer change back into
energy.’

In this scenario there is one major complication. When matter emerges out
of energy, it does so in two types: on the one hand as the ordinary matter of
which all of us consist, and on the other hand as antimatter, which is the exact
mirror image of matter in terms of electrical charge and magnetic properties,
while its mass is the same. Ordinary protons, for instance, are positively charged
while antiprotons have a negative charge, yet both have the same mass. Every
time a matter and antimatter particle meet, they destroy, or annihilate, each
other and are transformed back into radiation.

This raises the profound question of why, after their emergence, all the
matter and antimatter that had formed did not annihilate each other and
reconvert into energy. Had this happened, there would have been no matter
left in the universe but only radiation. This issue has not yet been resolved
satisfactorily. According to the view espoused by the majority of the astrophysi-
cal community, during the emergence of matter and antimatter a very slight
excess of matter formed, namely about one extra particle of ordinary matter
for every 10 billion pairs of matter and antimatter particles. While most matter
and antimatter subsequently annihilated each other and changed back into
energy, this tiny surplus of ordinary matter would have formed all the ordinary
matter that now exists in the universe.

At about 107 seconds after the big bang, the circumstances became right for
the freezing out of the much lighter leptons, most notably electrons as well as
the very tiny neutrinos (little neutrons). In ordinary matter, electrons surround
chemical nuclei and help make them neutral. Electrons are also involved in the
formation of chemical bonds that interlink the nuclei of chemical elements. In
doing so, they help to keep molecules together. As a result, electrons play a very
important role in the emergence of greater complexity. While neutrinos play a
role in some nuclear reactions, other than that they hardly ever interact with
ordinary matter. In consequence, their role in the emergence of greater com-
plexity is very limited.
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The process of the freezing out of the leptons was very similar to that of the
baryons and lasted about 100 seconds. During this period of time, the tempera-
ture dropped from 10" to 10°K, while the density went down from 10'°kg/m’
to 10*kg/m’. A similar annihilation process between particles and antiparticles
would have taken place, leaving only a small residue of ordinary leptons.

As a result, after about 100 seconds of cosmic history only ordinary matter
would have survived, which was bathed in an ocean of electromagnetic radia-
tion. The matter existed mostly of protons, neutrons, electrons and neutrinos.
While protons and electrons had formed in equal numbers, protons outnum-
bered neutrons by a ratio of about 5: 1. It is unknown whether dark matter also
emerged at this time.

The subsequent period, between 100 and 1,000 seconds after the big bang,
produced Goldilocks circumstances that favored the emergence of the first
heavier chemical nuclei, most notably helium and also some deuterium and
lithium. These nuclei formed out of protons and neutrons under the action of
the strong force. This process is known as primordial nucleo-synthesis. During
this period, the temperature decreased from 10°K to about 3 X 10°K. Again this
is a story of matter and energy interacting under very specific Goldilocks cir-
cumstances. This process went especially fast during the first few minutes and
consumed all the leftover free neutrons, which were absorbed into helium
nuclei.

While during this period a considerable amount of helium and very limited
amounts of heavier nuclei emerged, most protons remained free and unbound.
And because protons are the nuclei of hydrogen, this element remained abun-
dant in the universe. Today, it makes up about 70 per cent of all stable observ-
able matter, while helium amounts to about 27 per cent. The reason of why no
substantial amounts of heavier chemical elements emerged during this early
phase of cosmic history is to be found in the high rate of cosmic expansion.
This meant that the Goldilocks conditions of temperatures and pressures
required to cook heavier chemical elements did not prevail for long. Had the
early cosmos expanded at a much slower rate, almost all matter would have
been converted into iron — the most stable chemical element. Such a situation
would not have favored the emergence of life and culture. Apparently, the rate
of cosmic expansion as it happened was just right for the rest of cosmic evolu-
tion to take place the way it did.

What can be said about disorder, or entropy, during the Radiation Era?
Because the very strong radiation kept all the matter that had emerged in a state
of great disorder, entropy was then at, or near, a maximum for the prevailing
circumstances. If the entropy had remained maximized during the rest of
cosmic history, nothing much would have happened. Yet over the course of
time, the universe kept expanding, while it separated into areas with large
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matter concentrations, the galaxies, which were separated by the growing inter-
galactic space. Through this process, an enormous area of empty space emerged
that could store increasing amounts of entropy. Had this entropy dumping
ground not emerged, no forms of greater complexity would ever have existed."

In sum, the Radiation Era was the period of cosmic history during which
most of the material complexity at the smallest scales emerged out of energy
under rapidly changing Goldilocks circumstances. The Goldilocks gradients
favoring the emergence of first baryons and then leptons were short-lived and
very restrictive. However, the continued existence of these particles required
very different Goldilocks circumstances, which would actually reign in most
parts of the universe during most of the time that followed. As a result, most
of these particles have continued to exist until today. The Goldilocks gradient
favoring the forging of heavier chemical nuclei was also short-lived. Yet, as we
shall see below, during the cosmic history that followed, similar, longer-lived
Goldilocks circumstances emerged in stars. The major difference is that while
during the early phase of universal history these Goldilocks circumstances
reigned everywhere in the still largely homogeneous cosmos; during later
periods they could only be found locally, namely in stars that were surrounded
by mostly empty space.

Erich Jantsch called the emergence of the smallest particles ‘micro-
evolution. By providing the basic building blocks of complexity, this rapidly
changing evanescent regime set the stage for the possible emergence of all sub-
sequent larger-scale complexity, which Jantsch jointly called ‘macro-evolution’
Over the course of time, cosmic micro- and macro-evolution would influence

each other in a process that Jantsch called (cosmic) ‘co-evolution."!

The Matter Era: The Emergence of Complexity
at Atomic and Molecular Scales

The ever-continuing cosmic expansion led to a dilution of both matter and
electromagnetic radiation. At the same time, it stretched the photons’ wave-
lengths, which became longer as a result. Because longer wavelengths contain
less energy than shorter ones, the energy content of radiation within a certain
amount of space dropped more rapidly than the energy content of matter in
that same area.'” At a certain point in time, therefore, the energy content of
matter would inevitably become larger than the energy content of radiation
within a certain volume. From this point onward, radiation was no longer
dominant. This monumental change signaled the transition from the Radiation
Era to the Matter Era. According to a recent estimate, this transition would
have taken place about 50,000 years after the big bang at a temperature of about
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16,000K." Ever since that time, matter has dominated the universe, while
energy flows through matter have made possible the emergence of greater
complexity. It would take considerable time, however, before Goldilocks cir-
cumstances emerged that allowed this to happen.

As a consequence of the unrelenting expansion, the temperature of the early
universe kept dropping. After 1,000 years of cosmic history, the average tem-
perature had gone down to about 60,000K, while after 1 million years the
temperature became as low as only 1,000 K. Here on Earth, atoms will all dis-
sociate into their constituent nuclei and electrons at about 4,000 K, while they
will all recombine at about 3,000 K and below. Apparently, somewhere between
1,000 and 1 million years after the big bang, the temperature of the early uni-
verse had dropped to a Goldilocks level that allowed the primordial nuclei,
mostly positively charged hydrogen and helium nuclei, to combine with nega-
tively charged electrons to form the first neutral atoms, and a little later also
the first small neutral molecules. According to the latest estimates, this would
have happened at around 400,000 years after the big bang. By that time, the
cosmic temperature would have gone down to 3,000K. This was the period
when the force of electromagnetism became more important than the tempera-
ture of the universe in shaping matter. Because electromagnetism tends to
produce neutral combinations of positively and negatively charged particles,
overall the universe suddenly became neutral.

Earlier it was mentioned that radiation is far less affected by neutral particles
than by charged ones. Thanks to the neutralization of the universe, radiation
was not obstructed anymore and could begin to travel freely. In other words,
the cosmos suddenly became transparent. The cosmic background radiation
mentioned earlier dates back to this monumental change. To the delight of the
astronomical community, the cosmic background radiation exhibits a so-called
almost perfect black-body curve, which is interpreted as an almost perfect
thermal equilibrium between matter and radiation at the time of its emer-
gence." This means that at around 400,000 years after the big bang the universe
was still largely homogeneous and that great differences in the composition and
density of matter and energy did not yet exist. The tiny differences that do show
up in the cosmic background radiation are currently under investigation. They
are interpreted as small fluctuations of matter and energy density in the early
universe.

At this point in time, most stable matter consisted of hydrogen, about 70 per
cent, while 27 per cent came in the form of helium. In contrast to hydrogen,
helium is chemically inert, which means that it cannot form bonds with other
atoms. Hydrogen atoms, however, can form single bonds with a great many
other atoms. Yet virtually the only available atoms to do so at that time were
other hydrogen atoms. Over the course of time, this produced increasing
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numbers of hydrogen molecules, each consisting of two mutually bonded
hydrogen atoms. Also small quantities of other reactive light elements, most
notably deuterium (heavy hydrogen) and lithium, had emerged. Yet this did not
lead to a great many new chemical combinations, because these simple chemical
elements are unable to form complicated molecules. As a result, the possibilities
for greater molecular complexity in the early universe were very limited.

Galaxy Formation: The Emergence of
Complexity at Larger Scales

Between 700 million and 2 billion years after the big bang, galaxies formed out
of the primordial materials that had emerged before. It was only during this
period that Goldilocks circumstances reigned favoring galaxy formation. Ever
since that time, however, galaxies have continued to exist. Apparently, the
Goldilocks circumstances for the continued existence of galaxies were far less
restrictive than for their emergence.

All the galaxies emerged out of primordial matter, mostly hydrogen and
helium. Under the influence of gravity, these matter particles joined to form
larger structures. The emergence of galaxies can, therefore, be seen as the
process in which matter began to clump together, thus producing relatively
small areas with large matter concentrations interspersed with large areas with
very little matter. This produced enormous matter gradients in space. The
existing radiation, by contrast, could not clump together in similar ways,
because there is no known force that can make photons join together.”” As a
result, cosmic radiation kept diluting during the subsequent expansion of the
universe, while matter coagulated in galaxies. Had matter diluted in a similar
way as cosmic radiation, no greater complexity would ever have emerged. The
period of galaxy formation thus heralded a monumental change in the way
matter and energy were distributed in the universe. Whereas until that time the
cosmos had been mostly homogeneous, suddenly it became a very lumpy place.
As a consequence of the ongoing cosmic expansion, the galaxies became sepa-
rated by growing areas of mostly empty interstellar space.

Although the precise mechanism of galaxy formation is still one of the
unresolved puzzles of cosmic evolution, the general process is thought to have
proceeded along the following lines. After the universe had become neutral
around 400,000 years after the big bang, the unrelenting cosmic expansion led
to a further decrease of the temperature and radiation levels, while the matter
density decreased also. This period is called the ‘dark age’ and stretched hun-
dreds of millions of years. The universe was dark, because the original fireball
from the big bang had dimmed, while no stars existed yet that could emit any
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Figure 3.1: The variation in the cosmic background radiation provides evidence for
the first emergence of greater complexity. (Source: NASA.)

light. At around 700 million years after the big bang, however, quite suddenly
considerable numbers of galaxies began to form. Apparently, by that time
Goldilocks circumstances had emerged favoring their formation. The big ques-
tion is how galaxies could have emerged from the earlier, mostly homogeneous,
universe.

Galaxies are thought to have formed from large, spontaneously occurring
concentrations of matter. The major questions are, therefore, when and how
such matter concentrations first emerged. The oldest observational data avail-
able about the universe consists of the cosmic background radiation, which
dates back to around 400,000 years after the big bang. This radiation exhibits
the pattern of an almost perfect black body, which is interpreted by the idea
that at that time, most matter and radiation were dispersed very evenly. Yet
extremely precise measurements have revealed tiny variations in the cosmic
radiation across the sky. These variations, as shown in Figure 3.1, are inter-
preted as the first clumping of matter under the influence of gravity. Appar-
ently, around 400,000 years after the big bang the matter concentrations that
would become galaxies were already emerging.

These variations in matter density would have come as a result of chance
effects, leading to a chance distribution of matter all across the universe. Over
the course of time, large numbers of particles bumped into each other and
subsequently stuck together. This led to locally increasing concentrations of
matter, which began to exert a growing gravitational attraction on other par-
ticles. As part of this process, regions with larger matter concentrations emerged,
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separated by areas that were slowly but surely depleted of matter. As a result,
both galaxies and intergalactic space emerged as part of the same process. The
temperatures were no longer so high that these emerging matter regimes would
have fallen apart immediately, while the matter density was still sufficiently
large as to allow sufficient amounts of matter to stick together.

The big problem with this scenario is that the force of gravity is not suffi-
ciently strong to make all this matter condense into galaxies under the prevail-
ing circumstances. Here, dark matter may come to the rescue. According to a
recent model, dark matter would already have begun to clump together well
before the neutralization of the universe. This early coagulation of dark matter
would have been possible, because it did not, or only very weakly, interact with
ordinary matter and radiation other than through gravity. The early clumping
of dark matter led to the emergence of ever larger structures, which subse-
quently attracted ordinary matter through its enormous gravity, which coa-
lesced into galaxies as a result. However, it may also be that we do not yet
sufficiently understand the gravitational force. Possibly, a reformulation of this
theory may explain the emergence of galaxies satisfactorily without using the
concept of dark matter.

Already during their emergence, large numbers of galaxies receded from one
another, as witnessed from the Doppler red shifts we measure today. In a
number of cases, however, gravity kept galaxies close together, while countless
numbers of galaxies may actually have merged with each other. Yet over the
course of time, such cosmic meetings would have decreased in frequency.

All galaxies are rotating. This is a necessary condition for galaxies to exist,
because if they had not rotated, all matter would have fallen right into the
middle of the galaxy a long time ago, thus forming one big dense chunk of
matter. Galaxies rotate as a result of the fact that any large-scale random move-
ments of matter from which they formed were greatly strengthened as a result
of the contraction of matter into galaxies. This worked essentially in the same
way as the trick that makes an ice dancer suddenly spin much faster by holding
one’s arms close to the body. A similar effect would later cause the rotations of
the central star and the planets in emerging solar systems.

All galactic centers harbor amounts of matter that are so dense we cannot
observe them directly, because their gravity is so strong that anything that falls
into them, including light, cannot escape anymore. These are the famous black
holes. They can be observed thanks to their strong gravitational effects. Appar-
ently, the coalescing of matter within galaxies led to two very different proc-
esses. On the one hand, billions of stars emerged, while on the other hand,
unknown numbers of black holes were formed. This depended on the amounts
of matter that joined. If these coalescing masses were smaller than 200 times
the mass of our sun, they formed stars, while if they were bigger, they produced
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black holes.' Within these ultra-dense regimes, no greater complexity is pos-
sible, because the enormous forces of gravity exerted by all the combined matter
would crush any structures that might evolve. Nonetheless, black holes may
well have played a crucial role in the rise of complexity in cosmic evolution by
keeping galaxies together. They may thus have contributed to creating Gold-
ilocks circumstances that favored the emergence of greater complexity else-
where in the galaxy.

Although invisible, the so-called super massive black holes that are at the
center of galaxies produced spectacular cosmic fireworks, most notably during
early galactic history. At that time, the large amounts of matter flowing toward
these super massive black holes became so energized they emitted very strong
radiation, about 100 to 1,000 times the entire output of our galaxy. Today, this
radiation is observed in the form of quasars (quasi-stellar objects) which, given
their red shifts, mostly date back to many billions of years ago, while the most
recent quasar events would have taken place about 2 billion years ago. These
were, in Eric Chaisson’s words, ‘the last of a dying breed.” The lack of more
recent quasars is interpreted by the idea that after billions of years of cosmic
history, most of the galactic gas near the central black holes had been absorbed
by them. As soon as this process had come to an end, the quasars stopped
shining."® All the matter that did not turn into black holes either coalesced into
stars or remained volatile in the form of gas and dust clouds. As a result of all
these processes, large differences of matter concentrations over space emerged
within galaxies.

In sum, between 700 million and 2 billion years after the big bang, galax-
ies emerged under the influence of gravity out of spontaneously occurring
irregularities. Only during this period did Goldilocks circumstances exist for
galaxy formation. The emergence of galaxies led to a differentiation between
areas where there was a great deal of matter (galaxies) and intergalactic space,
which was increasingly empty. The unrelenting cosmic expansion accentu-
ated these differences and made any further galaxy formation impossible
after about 2 billion years of universal history. Ever since that time, however,
Goldilocks circumstances have existed favoring the continued existence of
galaxies.

The differentiation into areas with and without matter was extremely impor-
tant for the rest of cosmic history, most notably because it created an enormous
entropy trash can."” Because during the very early stage of cosmic history
entropy would have been maximized for the prevailing circumstances, an
entropy dumping ground was urgently needed for greater complexity to emerge.
This was the case because the second law of thermodynamics dictates that the
emergence of any local or regional order must be accompanied by the produc-
tion of more disorder elsewhere. The continuing expansion of the universe,
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together with the clumping of matter into stars and galaxies, provided room
for disorder both within galaxies and in intergalactic space. It created a gigantic
and very cold entropy sink for the radiation produced in stars and planets.
Without such an entropy sink, greater complexity could not have emerged,
because it would have been suffocated by the heat it inevitably produced. In
other words, the emergence of a cosmic entropy trash can was an absolute
Goldilocks requirement for the rise of greater complexity.

Although the process of galaxy formation came to an end around 2 billion
years after the big bang, the evolution of galaxies has been an ongoing
process. While the universe kept expanding, some galaxies may have retained
their original size (and perhaps to some extent also their shape), while others
would have changed dramatically as a result of collisions with neighboring
galaxies, or perhaps even with entire groups of galaxies. As a result of these
events, the masses of the observed galaxies range from only a few million
times the mass of our sun to several trillion solar masses, while their shapes
vary from spiral to globular galaxies.”” Although the Milky Way is usually
thought to be an average spiral galaxy, a French team of astronomers led by
Frangois Hammer argued in 2007 that our galaxy may actually be rather
special, because it would not have merged with another galaxy over its entire
history. This cosmic tranquility may have offered better Goldilocks circum-
stances for life to evolve.”

In sum, as a consequence of galaxy formation and development, the universe
became more differentiated. Over the course of time, the steep matter and
energy gradients that had emerged in galaxies made possible new matter and
energy flows and thus also new levels of greater complexity. The expanding
intergalactic space, by contrast, became increasingly empty and thus less
complex. Looking at this process in terms of growing complexity, it is astonish-
ing how much large-scale complexity was formed during this early period of
big history, and how varied it became, solely on the basis of the two simple
chemical elements: hydrogen and helium.

The Emergence of Stars

During the emergence of galaxies, between 700 million and 2 billion years after
the big bang, also the first stars emerged. Apparently, at that time Goldilocks
circumstances existed that favored star formation. In contrast to galaxies, stars
have been forming ever since that time. Apparently, the Goldilocks circum-
stances for star formation are far less restrictive than those that favored galaxy
formation. Indeed, star formation will continue as long as galaxies contain suf-
ficient quantities of hydrogen and helium, the primordial building blocks of
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stars. Because over the course of time these large clouds of light chemical ele-
ments have decreased, both the numbers and the size of stars that formed have
gone down also.

In early galactic history, large numbers of gigantic stars emerged, because
there was a great deal of closely packed primordial material available from
which they could form. This period is called the time of ‘star burst, because
suddenly, many large stars were shining brightly for a short period of time. As
a result, during the first few billion years of cosmic history galaxies produced
much more light than during the subsequent period. Because over the course
of time the numbers of primordial building blocks declined, the chances of star
formation have dropped. As a result, fewer stars — most notably far fewer large
stars — are formed today.

Stars form out of clouds of hydrogen and helium that first contract, and
then collapse, under the influence of gravity. Erich Jantsch summarized this
process as follows:*

According to the simple condensation model (Steinlin, 1977), the formation of
stars is imagined in such a way that clouds of interstellar matter at a temperature
between 10 and 100 degrees Kelvin condense into a multiplicity of protostellar
clouds due to the effect of gravity. Stars are generally born in clusters, especially
in the spectacular spherical clusters which measure 20 to 400 light years in
diameter. Besides spherical clusters, there are also open clusters with 5 to 30
light years diameter. In the case of the sun, the protostellar cloud reached
beyond the orbit of Pluto. When such a protostellar cloud reaches a minimum
density of 107" grams per cubic centimetre, it collapses at the speed of free fall.
During this very fast contraction — it is estimated that the sun contracted within
a decade from a diameter corresponding to the orbit of Pluto to one corre-
sponding to the orbit of Mercury — pressure and temperature increase enor-
mously. Thereby, the conditions are being re-created which correspond to an
early phase of the universe, but which are more favourable for the synthesis of
heavier atomic nuclei. Macroscopic evolution acts as a booster for microscopic
evolution, which had become stuck.

Hydrogen and helium clouds may collapse to form stars for different reasons.
First of all, this may happen spontaneously as a result of random collisions that
lead to ever larger concentrations of cloud material. As soon as such a cloud
becomes sufficiently dense, and thus its gravity sufficiently strong, it will pull
the material together and form a star. But also a trigger from outside, such as
birth of large stars, may emit so much energy that the surrounding clouds of
light chemical elements are compacted sufficiently to start a chain reaction of
star formation.” In addition, major stellar explosions of stars that have reached
the end of their lives may sweep together loose material sufficiently to make it
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condense by itself under the influence of gravity. In all these cases, it is an
energy flow through matter that causes the emergence of stellar complexity.

As soon as an incipient star becomes sufficiently large and dense, Goldilocks
circumstances emerge that favor nuclear fusion. The enormous pressure in
stellar cores caused by gravity presses hydrogen nuclei very close to each other.
At the same time, the gravitational energy released by the star’s contraction
raises the temperature in its core to levels that allow nuclear chain reactions to
ignite, forging one helium nucleus out of four hydrogen nuclei. During this
process, a tiny amount of matter is converted into energy, while the rearrange-
ment of the elementary particles in the nuclei also releases energy. This nuclear
fusion reaction comes as a result of the interplay between two natural forces,
the strong force, which pulls heavy elementary particles (baryons) together, and
the electromagnetic force, which pushes particles with the same charge away
from each other. Because hydrogen nuclei (protons) are positively charged, it
takes a great deal of pressure to overcome the electromagnetic force and push
them together so closely that the strong force, which acts only over very small
distances, can play a significant role.

Such a Goldilocks situation favoring nuclear fusion emerged deep within the
newly forming stars, thanks to the fact that gravity compressed matter and
heated it up sufficiently. The ensuing interaction between the elementary par-
ticles under influence of the strong force led to the formation of helium nuclei,
which consist of two positively charged protons and two neutral neutrons.
Neutrons can loosely be described as protons without a charge. During this
process, neutrons formed out of protons by emitting their positive charge in
the form of positrons (anti-electrons).

In this situation, the strong force, which pulls protons and neutrons together,
dominates the electromagnetic force, thanks to the fact that neutrons are
neutral. They are, therefore, not affected by electromagnetism, and thus help
to glue the nucleus together. At the same time, the emitted positrons rapidly
combine with electrons to annihilate each other and convert into energy. As a
result, the fusion between hydrogen nuclei inside stars produces helium nuclei
while releasing energy.** This energy is subsequently dissipated to the star’s
surface, and from there into space, mostly in the form of electromagnetic radia-
tion. This is a slow process. Today, for instance, it may take between 10,000
and 170,000 years (the estimates vary) for energy released in our sun’s core to
reach its surface.

The Goldilocks circumstances in stellar cores favoring nuclear fusion are
similar to the conditions that reigned during the Radiation Era. This leads to
the profound insight that Goldilocks circumstances that were characteristic of
early cosmic history still exist in stars today, including our sun. A major differ-
ence is that the early universe was more or less homogeneous, while stars and
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their surroundings are not. In other words, while these Goldilocks circum-
stances existed everywhere for a very short period of time during early cosmic
history, they can only be found within stellar cores in the current universe,
which take up only a minute portion of cosmic space. Another major difference
is that while the infant cosmos changed so quickly that there was hardly any
time for nuclear fusion to take place, all stars, even the shortest shiners, live a
great deal longer. As a result, stars became the major forges for creating greater
complexity at small scales, while the cosmic trash can of interstellar space
allowed stars to get rid of their entropy and keep their complexity going.

Why did stars form the way they did instead of collapsing entirely to form
neutron stars and black holes? First of all, a lower Goldilocks boundary exists
below that such a collapse is unlikely to happen. All the combined matter of
planets such as Earth does not exert enough gravity to overwhelm the repellent
action of the electromagnetic force. If it did, we would not have existed. Yet
one may wonder why stars, all of which are much larger than our home planet,
would not collapse entirely under their own weight. Apparently, there is a force
that prevents this from happening. This is the outward pressure of the radiation
resulting from nuclear fusion within stellar cores, which provides the force that
counteracts gravity. As a result of these two counterbalancing forces, stars turn
into dynamic steady-state regimes and remain so for as long as there is enough
nuclear fuel to burn. It is this energy flow through matter that preserves the
complexity of stars and prevents them from collapsing into matter regimes of
greater density and lower complexity.

In doing so, stars became the first self-regulating structures. This works as
follows. Any gravitational contraction produces higher temperatures in the
core, which speed up the nuclear fusion process. This releases more energy,
which makes the star expand. The stellar enlargement, in its turn, cools down
the star, which slows down the nuclear fusion process. This lowers the star’s
radiation output and makes it contract again. As a result of this negative feed-
back loop, stars are self-regulating, dynamic steady-state, regimes, which main-
tain their complexity for as long as they do not run out of nuclear fuel.””

After their initial formation, stars do not need to harness matter and energy
from outside anymore for their continued existence, as long as gravity keeps
up the pressure and the resulting nuclear fires keep burning. In contrast to
living beings, which have to extract matter and energy continuously from their
planetary environment to maintain their complexity, stars do not need to
harvest matter and energy anymore from the rest of the universe to shine after
they ignited.

Stellar sizes exhibit a Goldilocks range, namely from about 0.01 times the
mass of our sun to a maximum of about 200 times its mass.*® Smaller bodies
of hydrogen and helium do not ignite because they lack sufficient gravitational
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pressure, while incipient stars are too large to collapse under their own weight
into black holes. Large stars burn their nuclear fuel fast and consequently exist
for relatively short periods of time. The biggest stars would only shine for about
12,500 years. As a result, all the early large stars are now long gone, while all
nearby giant stars must have formed recently. Little stars, by contrast, burn
their fuel very slowly. As a result, the smallest stars will exist for about 16,000
billion years. This means that today, all of them are still in their baby phase,
regardless of when they emerged. The root cause underlying these differences
in stellar longevity is that larger stars convert hydrogen into helium much faster
than smaller stars. While large stars have a great deal more fuel to burn, they
burn it even faster.

Because large stars burn their nuclear fuel faster than smaller stars, their
power densities are larger. However, it is not clear to me whether larger stars
should therefore be considered more complex. It may actually be argued that
little stars need comparatively smaller energy flows for reaching a comparable
level of complexity. This would mean that little stars are more energy efficient
than larger stars.

In Eric Chaisson’s view of cosmic evolution, a process of non-random elimi-
nation would have taken place over long periods of time, eliminating the large
faster burning stars, simply because they existed for comparatively short periods
of time.”” This would automatically lead to the survival of the longer-living
smaller stars. One may therefore wonder whether during cosmic evolution
greater energy efficiency is a trait that has an important survival value. We will
return to this subject later.

In cosmic evolution, Eric Chaisson prefers the term ‘non-random elimina-
tion’ to ‘natural selection, because we do not know of any agent that would
do the selecting. The term ‘non-random elimination’ was introduced by US
biologist Ernst Mayr.”® Chaisson’s view of cosmic evolution is more general
than the mechanism of natural selection in biology that was proposed by
Charles Darwin and Alfred Russel Wallace. In contrast to life, there are no
families of stars consisting of succeeding generations that are competing with
each other for limited resources. Furthermore, information does not accumu-
late in stars that would help them to adapt to the changing circumstances. In
contrast to life, stars and galaxies are complex, but nonadaptive, entities.

Stars as Nuclear Forges

As was mentioned before, during the early phase of galaxy and star formation
hardly any elements other than hydrogen and helium existed. By necessity,
therefore, all the early stars almost exclusively consisted of these building
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blocks. If these stars had any planets, they must have been composed also
exclusively of hydrogen and helium. Even today, most of the planetary material
in our solar system is still locked up in this form, most notably in the giant
planets Jupiter, Saturn, Uranus and Neptune. Not very surprisingly, these large
planets do not exhibit any great complexity. However, there are also four
smaller inner planets in our solar system, including Earth, which mostly consist
of much heavier chemical elements such as carbon, oxygen, magnesium, silicon
and iron. Where did these more complex chemical elements come from, and
for how long have they been around? The answer to the first question is
straightforward: this was the result of nucleo-synthesis — the forging of new
elements within stars. It is, however, much more difficult to know for how long
heavier chemical elements have existed in the universe.

The process of nucleo-synthesis works as follows. The forging of helium out
of hydrogen in stellar cores inevitably leads to the depletion of its main fuel
supply, hydrogen, and to the formation of helium. In stars that are sufficiently
large, after most of the burnable hydrogen has been used up, the unrelenting
impact of gravity causes the core to heat to temperatures higher than 10°K.
These are Goldilocks circumstances that favor new nuclear fusion processes, in
which helium is converted into heavier chemical elements. As soon as the
helium is burned up, if the star is large enough, its further gravitational contrac-
tion will cause the temperature to rise again. This provides Goldilocks circum-
stances for the emergence of ever heavier chemical elements, all the way up to
iron. As was noted earlier, iron is the most stable chemical element, and there-
fore the heaviest element that can be formed under average stellar conditions.
All these situations exist for sizable periods of time, which means that there is
sufficient time to form considerable amounts of these more complex atomic
nuclei.

During their final phase, which may last as long as a few thousand years,
very massive stars are able to synthesize even heavier chemical elements through
the process of neutron capture. This produces elements such as copper, zinc,
silver and gold. After this process has come to an end, there is no nuclear fuel
left that can be burned, and the energy flow that counterbalances gravity wanes.
The resulting rapid collapse of these very heavy stars releases so much energy
that they subsequently explode in the form of enormous fireballs, the so-called
supernovae. These explosions provide Goldilocks circumstances for the emer-
gence of the heaviest stable chemical elements, all the way up to uranium.
Because these Goldilocks circumstances last for only very short periods of time,
very heavy chemical elements are rare.”

It is difficult to know for how long such processes have taken place. Because
heavier elements are relatively scarce, they are hard to detect in very faint, and
supposedly old, light. However, already during the early period of galaxy for-
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mation, many large stars formed that burned relatively quickly. More likely
than not, these giant stars would have forged heavier chemical elements also.
The enormous energy flows that were released as a result of their explosions
may well have destroyed most, if not all, nearby complexity that might have
emerged. Yet these mega-explosions also spread the newly created heavier
chemical elements through the surrounding galactic space. These cooler cir-
cumstances provided Goldilocks circumstances that favored the emergence of
simple molecules out of the chemical elements such as water, which consists of
hydrogen and oxygen; silicates, which is made of silicon, oxygen and metals;
and small organic molecules, including simple amino acids, that are the build-
ing blocks of proteins.

In doing so, nature’s construction kit was enriched with an increasingly large
assortment of chemical building blocks. This may have happened from as early
as 10 billion years ago, if not earlier. As a result, Goldilocks conditions that
favored the emergence of rocky planets, and perhaps also life, might already
have emerged during that time.



4
OUR COSMIC NEIGHBORHOOD

The Emergence of Greater Complexity

Introduction

As we all know, in our cosmic neighborhood, the solar system, the circum-
stances have been just right for the existence of life on at least one favored
planet, the good Earth. We do not know whether life and culture as we know
them are unique, or whether they have also emerged elsewhere in the universe.
This is mainly because these forms of greater complexity are small and therefore
hard to detect from great distances. Whereas life and culture generate far larger
power densities than stars, the energy flows themselves are extremely small
compared to the gigantic output of stellar objects. As a result, the radiation
produced by other possible life forms or cultures is extremely hard to detect
even within our own galaxy. The accumulated effects of life, such as planetary
atmospheres rich in oxygen,' as well as some collective effects of culture, most
notably the electromagnetic radiation from radio, television and cell phones,
may be easier to find. Yet seen on a galactic scale — not to mention the cosmic
scale — these effects are also exceedingly small. As a consequence, it seems
unlikely that we will be able to discover life and culture far beyond our cosmic
neighborhood with the aid of the current detection techniques. At some point
in the future, scientists may detect life on Mars or on moons orbiting Jupiter
or perhaps even Saturn. Today, however, Earth is the only place in the universe
known to harbor life.”

If there is life elsewhere in the universe, it may well have preceded life on
Earth. The first heavier chemical elements needed for life probably emerged as
early as 10 billion years ago. Given the enormous numbers of galaxies — perhaps
100 billion in the known universe, each harboring perhaps as many as 100
billion stars — the chances appear considerable that life and culture would have
emerged in other places also, quite possibly much earlier than on our home
planet. Moreover, seen on a cosmic scale we do not even know whether life is,
in fact, the next step toward greater complexity. Perhaps other forms of greater
complexity exist out there that we are currently unable to detect or even
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imagine.” As a result, while discussing the emergence of life and culture on
Earth, our big history account by necessity becomes solar-system focused and
Earth centered.*

Not very surprisingly, most natural scientists studying the solar system,
Earth and life analyze their data in terms of energy flows through matter within
certain Goldilocks boundaries, producing or destroying complexity. Yet to my
knowledge no systematic accounts exist that describe the emergence of our
cosmic neighborhood explicitly in these terms.’

The Galactic Habitable Zone

The location of our solar system within our galaxy favors the emergence of life
on Earth. This area, called the ‘galactic habitable zone, would have emerged
about 8 billion years ago. Before that time, there would have been too many
supernovae events that extinguished life. Eight billion years ago is a full 3 billion
years before our solar system came into being. This means that there may well
have been a great many places within the galactic habitable zone where life
evolved before it did so in our own cosmic neighborhood.

According to Australian astrophysicists Charles Lineweaver, Yeshe Fenner
and Brad Gibson, the galactic habitable zone is characterized by ‘four prereq-
uisites for complex life: the presence of a host star, enough heavy elements to
form terrestrial planets, sufficient time for biological evolution, and an environ-
ment free of life-extinguishing supernovae.® On the basis of these criteria, this
zone was identified as an annular region situated at a distance of between
€.23,000 and ¢.30,000 light years from the galactic center. It is mostly composed
of stars that emerged between 8 and 4 billion years ago, which means that about
75 per cent of these stars are older than our sun. Because the radius of our
galaxy is about 50,000 light years, the galactic habitable zone is located about
half way from the center of the Milky Way. Yet by far the most stars of our
galaxy are situated closer to the galactic center. As a result, in terms of where
the galactic matter is concentrated, the galactic habitable zone is actually rather
close to the outer edge of the Milky Way. The authors reasoned as follows:

Thus, there is a Goldilocks zone of metallicity [for astrophysicists, metals are all
chemical elements heavier than helium]: With too little metallicity, Earth-mass
planets are unable to form; with too much metallicity, giant planets destroy
Earth-mass planets [because they tend to move inward toward the central star].
... Early intense star formation toward the inner galaxy provided the heavy ele-
ments necessary for life, but the supernovae frequency remained dangerously
high there for several billion years. Poised between the crowded inner bulge and
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the barren outer Galaxy, a habitable zone emerged about 8 Gy [billion years] ago
(68% contour) that expanded with time as metallicity spread outward in the
galaxy and the supernova rate decreased. ... We find that ~ 75% of the stars that
could harbor complex life are older than the Sun and that their average age is ~
1 Gy older than the Sun. ... Other factors that may play an important role ...
include the frequency of grazing impacts with molecular clouds, the circularity
of stellar orbits and their proximity to the corotation circle, and the effect of
starbursts and an active Galactic nucleus in the early history of the most central
regions of the Milky Way.”

Closer to the galactic center, there would have been more supernovae events
than toward the outside. However damaging these supernovae events were to
any life that might have formed, they also produced the heavier chemical ele-
ments that are essential for life. The further out toward the galactic edges, the
fewer of these elements would have emerged, simply because there were fewer
supernovae events. This explains why there is an outer Goldilocks boundary
for life within our galaxy. Because over the course of time supernovae events
decreased while the numbers of heavy chemical elements increased throughout
the galaxy, the Goldilocks boundaries suitable for life expanded both toward
the galactic center and toward its outer edge.

Our galaxy has a rather flat circular structure with arms that extend far into
space. Clearly, the outer edges of the Milky Way are to be found near the ends
of those arms. Yet if one were to go up or down from the galactic plane where
we are situated (namely at about 20 light years from the galactic plane), one
would find that we are living relatively close to an outer edge of the Milky Way
also, probably no more than about 1,000 light years. This means that we are
surrounded by far fewer stars that could go supernova and extinguish us than
had we been living deep inside a globular, sphere-shaped galaxy. This makes
one wonder whether flat galaxies are more suitable for life than their globular
cousins.

Within the galactic habitable zone, the Goldilocks circumstances for the
emergence of complex life include a few more constraints. First of all, if the
central star of a solar system were too large, it would burn too fast. As a
result, it would not last for a sufficiently long period of time needed for
complex life to evolve on its planets. The central star should perhaps not be
too little either, because it might not provide enough energy to keep life
going. This would very much depend on the proximity of a life-bearing
planet to its central star, as well as on the possibility that life might use other
energy sources than those provided by its stellar companion. But if life
needed stellar energy for its continued existence, it appears inevitable that the
less electromagnetic radiation its central star produced, the closer to it these
life forms would have to be situated.® Furthermore, most stars evolve as
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twins, as double stars. Obviously, planetary orbits around double stars would
be rather unstable. As a consequence, the energy flows received from such
stars would vary considerably. This might make it difficult for complex life to
evolve, yet it is not thought to be impossible.” All things considered, however,
the chances of finding complex life appear to be considerably better near
single stars.

The Emergence of Our Cosmic Neighborhood

Already in 1755, philosopher Immanuel Kant thought that the sun and the
planets emerged from a rotating dust cloud that, under the action of gravity,
turned into a flattened ring. Most matter would have ended up in the middle
and formed the sun, while the leftover matter coalesced into planets, moons,
asteroids, comets and whatever else is circling the sun.'’ In other words, gravity
provided the energy flow that shaped our current solar system from a cloud of
loose, rotating matter.

This makes one wonder why there would have been such a rotating and
contracting dust cloud in the first place. The most generally accepted theory is
that at around 4.6 billion years ago, a supernova went off in this part of the
galactic habitable zone. This stellar explosion would have produced the radio-
active elements such as uranium that we observe on Earth today. At the same
time, the shockwave associated with this super blast would have swept an oth-
erwise loose dust cloud together and would thus have contributed to creating
Goldilocks circumstances for solar system formation. In other words, a spec-
tacular but short-lived energy flow through matter would have triggered the
emergence of our solar system. For lack of data, I found it impossible to cal-
culate a power density that would characterize this event."

While most chemical elements joined to form our sun, a small portion of
these elements coalesced into rings that were spaced out at more or less regular
distances. These rings consisted of a mix of both lighter and heavier chemical
elements. Over the course of time, the heavy elements accreted to form the
planetary cores, while the lighter chemical elements covered them with a layer
that was solid, fluid or gaseous, depending on the circumstances.

Close to the emerging sun, it became comparatively hot. As a result, the
lighter chemical elements were pushed away to the outer part of the solar
system, while the heavier chemical elements coalesced into emerging planetary
bodies. After about 100 million years, this led to the emergence of the four
rocky inner planets Mercury, Venus, Earth and Mars. More to the outside of
the solar system, it remained much cooler, which allowed the lighter chemical
elements also to be accreted into planets. This allowed the large gas giants
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Jupiter, Saturn, Uranus and Neptune to emerge (which, like the rocky inner
planets, also have a core consisting of heavier chemical elements).

After about 1 million years, the sun lit up with some sort of an explosion.
This so-called T Tauri wind blew away its outer gas shell and also ripped the
atmospheres off the emerging inner rocky planets. This gas and dust was blown
out of the planetary zone, although some of it was partially picked by the outer
gas planets, most notably Jupiter. All of this explains why the inner planets
mostly consist of heavier chemical elements while the outer planets are largely
composed of lighter materials.

Not all of these rings coalesced to form planets. The asteroid belt between
Mars and Jupiter consists of what is thought to be a failed process of planet
formation. It failed, because the enormous gravity exerted by Jupiter would
have torn apart any incipient planet that emerged in that area. Beyond the large
gassy planets, smaller bodies such as Pluto, now considered to be a dwarf planet,
circle the sun. They are surrounded by large clouds of matter and dust that also
never coalesced into larger bodies.

In fact, Pluto and similar other celestial bodies are now thought to belong
to the closest of these clouds, the so-called Kuiper belt, which is situated
between 30 to 50 astronomical units from the sun. The astronomical unit is the
average distance between Earth and the sun, about 150 million km. Farther
away, the more hypothetical Oort Cloud is thought to be located between
50,000 and 100,000 astronomical units from the sun. The farthest extension of
the Oort Cloud would thus be at a distance of about 1.5 light years away from
the sun, or perhaps even more. Because the nearest stars are located at about
four light years from the sun, our solar system may actually be exchanging
matter and energy with its closest neighbors on a regular basis, and thus, over
long periods of time, perhaps even with other celestial bodies on a galactic scale.

Most of the planetary complexity emerged during the early phase of solar-
system formation. The energy flow that made this happen was first of all the
so-called accretion heat resulting from the gravitational contraction that planets
experienced during their formation. This would have amounted to about
2 % 10% joule. This is the amount of heat needed to heat up all the water cur-
rently on our planet to about 6 million degrees Celsius (about half as warm as
the sun’s core).'” As each of the planets formed, the heavier material sank to
the center, while the lighter material floated toward the surface. In this way,
Earth’s metallic core was formed, which consists mostly of iron and some
nickel. It became surrounded by a mantle mostly composed of silicates, which
is covered by a thin surface crust of even lighter materials. The separation into
these different layers released the so-called differentiation heat. This was about
10" joule, which was thus more than a factor of 10 smaller than the accretion
heat.”” Over billions of years, most, if not all of the accretion and differentiation
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heat was radiated out into the universe. Yet it may be that even today, some of
this original heat still lingers within Earth.

While this heat was being dissipated, the heat released by the nuclear decay
of radioactive elements in both the core and the mantle began to drive Earth’s
internal complexity. This heat results from an unstable balance within large
nuclei such as uranium and thorium, which consist of a great many protons
and neutrons. These tiny particles are held together by the strong force, while
electromagnetism pushes them away from each other. In such large unstable
nuclei, the electromagnetic force dominates the strong force over the course of
time, which slowly but surely leads to the breaking up of these large nuclei into
smaller ones. This nuclear decay is accompanied with the release of energy. This
so-called radiogenic heat warms up the planet while it is dissipated toward its
surface, and from there into space. The resulting energy gradient produces large
convection cells in the upper mantle, which bring about the process of plate
tectonics, which makes large pieces of crust move. In doing so, plate tectonics
shapes Earth’s surface. The nuclear heat, which has decreased over time as a
result of the declining amounts of radioactive materials (which are not replen-
ished either), is thought to drive most of Earth’s internal complexity today.

After the formative phase of our solar system had come to an end, it may
have undergone some major changes. For instance, giant planets, most notably
Jupiter and Saturn, might have migrated inward as a result of friction with
neighboring dust clouds. This would have slowed down their speed, thus reduc-
ing the size of its orbit. As a result, the current orbits of giant planets may not
have been the areas where they originally evolved. This migration process
would also have influenced the circumstances of the inner planets, including
Earth.

During the first 600 million years of their existence, the inner planets, and
perhaps some of the outer planets as well, experienced a so-called cosmic bom-
bardment of leftover pieces from the original accretion of the solar system that
were attracted by the planets’ gravity. This was, in fact, the last phase of the
accretion process. The data that make astronomers think such a cosmic bom-
bardment took place are mostly derived from counting craters on our moon,
Mars and Mercury, which were combined with estimates of their age. On Earth,
by contrast, the combined processes of erosion and plate tectonics have erased
most, if not all of these traces. Slowly but surely, the cosmic bombardment
decreased in intensity. Yet even today, Earth is still being hit by space projectiles
of various sizes on a daily basis, mainly rocks, dust and water, totaling about
40,000 tons per year. It is thought that the early impacts of countless aqueous
comets provided most of the water that still exists on Earth."

Our home planet is accompanied by a single moon that is unusually large,
compared to moons circling other planets. This raises the question of its origin.
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Because the moon rocks that were brought back by Apollo astronauts mostly
consist of minerals that are thought to be very similar to mantle material from
Earth, scientists think that a passing object the size of Mars hit Earth with a
glancing blow. As a result of this collision, a considerable amount of mantle
material was torn out of Earth and subsequently formed the moon, while most
of the matter in this enormous cosmic cannon ball was absorbed by Earth.
Current computer models show this to be feasible. This would present another
example of matter and energy flows both destroying and creating forms of
complexity.

In sum, at about 4.6 billion years ago, the sun, the planets and all the other
still-existing celestial bodies of various kinds emerged through the process of
accretion under the influence of gravity, which provided the energy that shaped
our solar system. This would have taken about 100 million years to transpire.
Ever since that time, Goldilocks circumstances favoring planet formation have
not existed anymore within our solar system. Over the subsequent 900 million
years, most other celestial bodies within the planetary zone were eliminated by
falling into the already existing ones.

The complexity of both stars and planets during most of their existence is
rather low, compared to life, while their basic shapes are very predictable. In
the words of Philip and Phylis Morrison: ‘Astronomy is thus the regime of the
sphere; no such thing as a teacup the diameter of Jupiter is possible in our
world’" In other words, spheres and clusters of spheres rule in the physical
universe as a result of gravity. Because most matter in the universe rotates, the
resulting centrifugal force causes these spheres (or clusters of spheres) to flatten.
This explains why the sky is dominated by more or less flattened spheres or by
constellations of such spheres in various shapes. Only comparatively small
objects such as asteroids can attain more complex forms.

While circling the sun, all the planets tug at each other and, as a result,
produce nonlinear, and to some extent chaotic, processes. This issue was
already recognized by Sir Isaac Newton and has occupied the minds of astrono-
mers ever since.'® Yet before supercomputers and modern chaos theory
appeared, these perturbation calculations were too difficult to tackle mathe-
matically. These chaotic movements of the planets have had important effects
on Earth history, as we will see below.

The Solar System Habitable Zone

Within our solar system, a Goldilocks zone exists that favors life. Earlier, we
saw that the galactic habitable zone was defined as an area sufficiently removed
from the galactic center, so that life would not be destroyed by supernovae
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events, but not so far away that there would be insufficient numbers of heavy
chemical elements, the essential building blocks of life. Similarly, for at least 50
years scientists have been researching habitable zones (HZ) around stars such
as our sun. In 1993, astrophysicists Kasting, Whitmire and Reynolds expressed
the Goldilocks requirements of this zone as follows:"’

Our basic premise is that we are dealing with Earthlike planets with CO,/H,0/
N, atmospheres and that habitability requires the presence of liquid water on the
planet’s surface. The inner edge of the HZ is determined in our model by loss of
water via photolysis and hydrogen escape [the breakdown of water under the
influence of sunlight into its constituent chemical elements oxygen and hydro-
gen; the hydrogen escapes into space because it is too light to be kept in the
atmosphere by the planetary gravitational force]. The outer edge of the HZ is
determined by the formation of CO, clouds, which cool a planet’s surface by
increasing its albedo [degree of whiteness] and lowering the convective lapse rate
[slowdown of heat transfer by convection currents in the atmosphere]. Conserva-
tive estimates for these distances in our own Solar System are 0.95 and 1.37 AU
respectively [AU: astronomical unit = mean distance between Earth and the sun,
approximately 150 million km or 8 lightminutes]; the actual width of the present
HZ could be much greater. Between these two limits, climate stability is ensured
by a feedback mechanism in which atmospheric CO, concentrations vary inversely
with planetary surface temperatures. The width of the HZ is slightly greater for
planets that are larger than Earth and for planets which have higher N, partial
pressures. The HZ evolves outward in time because the Sun increases in luminos-
ity as it ages. A conservative estimate for the width of the 4.6-Gyr [billion year]
continuously habitable zone (CHZ) is 0.95 to 1.15AU.

In short, while Mercury, close to the sun, would have been too hot, the area
including possibly Venus, certainly Earth and probably also Mars would have
constituted the Goldilocks theater that favored the emergence of life, as shown
in Figure 4.1.

This very much depended on the size of the planets that found themselves
within this zone. If, for instance, Venus had been smaller and Mars had been
larger, both planets could have supported life more easily. Venus would have
had a thinner atmosphere and as a result would have been cooler (now it is far
too hot to support life). A larger planet Mars, by contrast, would have been
able to hold on to a thicker atmosphere, which would have enhanced a possible
greenhouse effect, thus keeping Mars warmer than it now is. Well outside this
habitable zone, some of the moons circling Jupiter and Saturn may also have
provided Goldilocks circumstances for simple life to thrive. Because we do not
know anything about possible life on these moons, this issue will not be con-
sidered here in any further detail."®
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Figure 4.1: The solar system habitable zone, orbits of planets not drawn to scale.
(Source: NASA.)

Major Characteristics of Earth

The complexity of a planet such as Earth is caused by at least four major factors:
(1) its own gravity, which keeps the planet together; (2) the energy generated
deep inside, mostly through the process of nuclear decay of heavy chemical
elements such as uranium; (3) the external energy received in the form of radia-
tion from its central star, which mostly influences its surface and (4) cosmic
gravitational effects, including collisions, exerted by other celestial bodies,
including its central star, other planets, its moon(s), meteorites, comets and
dispersed matter such as dust and water.

Today, Earth is characterized by important Goldilocks circumstances that
have been part of our planetary regime for most of its history. First of all, our
home planet is more or less the right size. If Earth had been smaller, its weak
gravity would not have been able to retain its atmosphere or liquid surface
water, both vital for life. Had Earth been a great deal larger, its resulting gravity
would have crushed most living things on land, while more likely than not, any
birds that had emerged would not have been able to take off. As a result of its
size, Earth’s interior is still hot. Even after 4.6 billion years, radioactive chemical
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elements still exist in Earth’s core and mantle that produce heat. This energy
causes movements in Earth’s mantle, which produces ceaseless change on its
surface, including earthquakes, volcanism, moving continents, mountain for-
mation and ocean floor spreading. As a result, over the course of time the
process of plate tectonics has been recycling most of Earth’s surface, including
waste produced by life, by subducting ocean floors (where such trash has been
accumulating) underneath continents, where this material is broken down."
In doing so, plate tectonics has been functioning as both a trash can and a
recycling regime for a considerable portion of the material entropy produced
by life.

In the second place, Earth has been orbiting the sun at more-or-less the right
distance for more than 4 billion years. As a result, the incoming solar radiation
has never been too weak to provide sufficient energy for life to flourish (in
which case all Earth’s surface water would have been frozen), nor so strong as
to destroy life (for instance, by boiling off all Earth’s water into space). In the
third place, Earth is endowed with a large moon, which stabilizes the rotation
of Earth’s axis. Without our moon, the angle of Earth’s axis would have changed
erratically. These movements would have produced considerable changes in
solar radiation across Earth’s surface. Although more simple life forms would
have been able to thrive in the oceans during such variations in solar radiation,
more complex life might have had a harder time surviving these changes.*

The particular characteristics of our home planet produce a large variety of
living conditions.*' Like all planets, Earth is a sphere. As a result, those portions
of its surface that face the sun (the tropics) receive most of the sunlight, while
the poles receive the least. Thus it is not surprising that the poles are generally
much colder than the equatorial regions. This temperature gradient between
the tropics and the poles produces a continuous flow of matter and energy from
the equatorial zone to the poles, mostly in the forms of warm air and ocean
currents, while cold wind and water currents return to the warmer areas.

Today Earth rotates around its axis every 24 hours. As a result, all regions
of our planet experience continuous fluctuations in solar radiation, most
notably day and night, of course, but also during the day. During Earth history,
this rotational velocity has been slowing down because both the sun and the
moon have been ceaselessly tugging at Earth, causing the ocean tides. The tides
cause friction, which slows down the Earth’s rotation. At the beginning of Earth
history, a day and night would have lasted only eight hours. The Earth’s rota-
tion gradually slowed down to the current 24 hours, thereby producing a long-
term Goldilocks gradient affecting all the terrestrial circumstances. It would
also have caused the moon to slowly but surely move away from Earth.”

The Earth’s magnetism is caused by its rotating iron core. This magnetic
field directs charged particles from space that might damage life toward the
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poles that, by coincidence perhaps, are the areas least likely to harbor life. As a
result, most life is shielded from the deleterious effects caused by such particles.
The history of the Earth’s magnetic field is not well known.” It appears to have
reversed its polarity very quickly at irregular times, with periods varying from
a few hundred thousand years to as much as tens of millions of years. The last
major change would have taken place about 780,000 years ago. Because over
the past centuries the Earth’s magnetic field has been decreasing, we may actu-
ally be approaching another such dramatic flip-over event. This may lead to
the temporary disappearance of terrestrial magnetism, which would allow
cosmic radiation to come down everywhere on Earth unhindered, where it may
cause harmful mutations in living beings. It may well be that earlier magnetic
reversals were accompanied by similar waves of genetic changes induced by
cosmic radiation, which may well have influenced biological evolution as a
whole.

Today, the Earth’s axis makes an angle of about 66.6 degrees with respect to
the plane within which our planet orbits the sun. This angle is thought to be a
remnant of the violent collision that tore the moon out of Earth. As a result of
this tilt, the amount of solar energy that reaches particular areas varies during
the year, which produces the seasons. These changes are more pronounced on
land than in the oceans. Because it takes more energy to heat up water than
land, it takes longer for oceans to warm up or to cool down. As a result, ocean
temperatures tend to fluctuate considerably less than land temperatures.

The Earth’s orbit around the sun fluctuates because other planets, most
notably the giant planet Jupiter, are tugging at our home planet. These gravi-
tational effects produce three major orbital regimes. In the first place, the
Earth’s orbit is shifting from a more elliptical to a more circular form and back
again over a period of about 100,000 years. This orbital regime is known as
‘eccentricity. The second one, the angle between the Earth’s axis and the per-
pendicular to the plane of its orbit around the sun, varies periodically between
21.5 and 24.5 degrees. This regime is called ‘axial tilt’ — it is officially known as
the ‘obliquity of the ecliptic’ — and has a period of about 41,000 years. It is
mostly caused by the gravitational pull of both the sun and Jupiter, while the
moon’s gravity exercises a stabilizing effect. The third important astronomical
regime is the precession of the Earth’s axis, the slow change of the orientation
of the axial tilt — which is spinning like a top — with a period of about 21,000
years. This effect is the result of both the sun’s and the moon’s gravity. These
three orbital regimes are jointly called the ‘Milankovi¢ cycles, in honor of the
Yugoslav mathematician who elaborated the idea that these astronomical
regimes would be related to climate change on Earth, because they change the
amount of sunlight that falls on specific areas.” It is not known for how long
these patterns have existed. In addition to being directly related to the ice ages,
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all these orbital regimes produce a great number of other intricate energy
effects, including changes in wind patterns, ocean currents, cloud cover and
rainfall.

The Earth’s ever-changing geography, the result of the joint effects of plate
tectonics and erosion, provides another important regime of Goldilocks cir-
cumstances. This included not only the division between land and oceans but
also its particular shape in three dimensions, ranging from deep sea trenches
to the tallest mountains.

Early Inner Planetary History

In the beginning, all the inner planets, including Earth, were hot. This was the
result of both the accretion heat that had not yet been dissipated into the uni-
verse and of high levels of radioactivity in their cores. The original atmospheres
of the inner planets were blown away by the ignition flare of the sun after it
began to shine. The subsequent release of gasses (usually called ‘outgassing’)
from the interior of the planets may have created secondary atmospheres.
However, it is now thought that aqueous comets raining down on the planets
provided most of the water, and perhaps most of the other gasses as well. On
Earth and Mars, and perhaps on Venus also, oceans would have formed as soon
as the temperature had dropped sufficiently. In addition to Earth, this may also
have created Goldilocks circumstances for life to emerge on Venus and Mars.
The inner planet Mercury, by contrast, would always have been too small and
too close to the sun — and therefore too hot — to have retained a secondary
atmosphere, let alone liquid water. Consequently, scientists think that life never
evolved on Mercury.

When the sun first lighted up, it would have shone about 25 per cent less
ferociously than today. Over billions of years, the sun’s output would gradually
have increased to what it is now, thereby producing a gradient in time that
affected the entire solar system. During the early period, the solar system habit-
able zone was therefore situated closer to the sun, perhaps even allowing the
emergence of simple life on Venus. Over the course of time, however, the heat
from inside Venus dropped while the radiation received from the sun increased.
This would have caused Venus, about the same size as Earth but situated closer
to the sun, to heat up, experience a runaway greenhouse effect and thus become
much too hot for life.

The planet Mars, by contrast, is considerably smaller than Earth. Because it
is situated farther away from the sun, Mars receives considerably less solar
radiation than Earth. After its initial atmosphere had been blown away, Mars
would also have acquired a secondary atmosphere. Yet Mars was not large
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enough to enable its gravity to retain its atmosphere very well. As a result, the
red planet lost most of its air and its surface liquid water and became a rather
cold place. This would have killed most life that might have emerged there.
Even so, it is thought possible that Goldilocks circumstances still exist favoring
the continued existence of simple life forms in certain areas on Mars.

Early Earth History

The earliest period of Earth history is called the ‘Hadean Era.’ It stretches from
about 4.5 billion years ago until the appearance of the oldest known rocks,
about 3.8 billion years ago. At the beginning, the accretion heat, cosmic bom-
bardment and radiogenic heat jointly produced a molten Earth. Yet over mil-
lions of years, Earth began to cool down, as the accretion heat was dissipated
into space, collisions became less frequent and the radiogenic heat began to
decrease.

At around 4 billion years ago, a solid rocky crust was beginning to form.
Because rock is a poor conductor of heat, the emerging crust began to insulate
the inner earth from space. As a result, more heat was retained, which made
the inner earth heat up. This led to a new dynamic steady state situation, in
which our planet evolved ways to get rid of this heat, most notably by volcan-
ism and, probably much later, also by plate tectonics. It is therefore not very
surprising that volcanism was rampant during the Hadean. At that time, the
Earth’s day and night would have been about 12 hours long due to a faster
rotation on its axis.

Initially, the entire crust would have been more or less similar in composi-
tion, while it was covered by an ocean. Only between 3 and 2 billion years ago,
when Earth had cooled down further, did a clear separation take place between
the lighter land masses and the heavier oceanic crust as a result of plate tecton-
ics. The landmasses consist of lighter materials, because they float on top of
their tectonic plates, while the heavier oceanic crust is constantly pushed under-
neath them. About 2 billion years ago, the process of plate tectonics as we know
it today would have been in full swing. The constantly moving plates hit, slid
alongside or moved away from each other, producing volcanism, earthquakes
and an ever-changing geography. Tectonic plates move on average about as fast
as the speed with which human finger nails grow. But there are considerable
differences. While the Atlantic Ocean is currently widening only between 10
and 20 millimeters every year as a result of sea floor spreading, the East Pacific
Rise in the South Pacific grows larger at more than 150 mm every year.”

According to the standard view, Earth’s initial secondary atmosphere would
have consisted mostly of carbon dioxide as well as some other gasses, including
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nitrogen, sulphur dioxide and water, while its pressure at sea level would have
been enormous, about 150 times today’s value.”® The early atmosphere would
not have contained any free oxygen. While Earth was cooling down and the
sun was still faint, the copious amounts of carbon dioxide in the atmosphere
would have caused a greenhouse effect. This would have kept the Earth’s
surface sufficiently warm, so that any surface water that existed remained
liquid.

The long-term development of the conditions on Earth’s surface may
perhaps best be described by saying that a rather uniform beginning was fol-
lowed by an ever more differentiated range of circumstances, thus producing
a great many regions, all with their own particular characteristics. Interestingly,
such a general description would characterize just as well universe history, life
history and human history. Nonetheless, the circumstances of Earth have
always remained within very specific boundaries. It never became so cold that
the entire planet would freeze over forever, or so hot that all the water evapo-
rated into space. Furthermore, no celestial impacts, including radiation from
supernovae, shook our home planet to the extent that all life was destroyed.
These specific Goldilocks circumstances on the face of Earth have allowed life
to survive and thrive for billions of years.

Life Is Very Special

The origin of life is still a major known unknown in science, notwithstanding
a great many scientific efforts to elucidate it. The biggest problem in seeking to
model the emergence of life is the fact that, more likely than not, this process
took millions of years. And that long period of time is very hard to simulate in
a laboratory.

It has often been argued that the emergence of life would have been very
unlikely, had it been based solely on chance encounters of atoms and molecules.
The process leading to life must, therefore, have been the result of several highly
constrained, or channeled, processes — most of which are as yet unknown. This
includes the fact that certain chemical bonds are much more likely to form than
others. In addition, Earth’s geology may well have provided sufficient building
blocks, energy flows and catalytic circumstances that led to life. But it could
also be that large amounts of molecules that would eventually constitute life
emerged elsewhere in our galaxy, while they rained down on our planet over
many millions of years, thus providing a fair share of the needed building
blocks.

Compared to galaxies, stars or planets, even the largest life forms are tiny.
Yet, as we saw in chapter two, life generates far greater power densities than
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lifeless objects. While our sun’s power density currently amounts to only about
2 x 107" watt/kg, modern plants, for instance, handle about 0.9 watt/kg, while
animals do even better, about 2 watt/kg. Clearly, in contrast to stars, life is able
to generate considerably higher power densities while at the same time main-
taining very moderate Goldilocks circumstances.

The emergence of life represented, therefore, the emergence of an entirely
new mechanism for achieving greater complexity. Unlike stars and galaxies, life
forms do not thrive because they use energy that originates from supplies of
matter and energy stored within themselves. By contrast, all living things need
to continuously tap matter and energy flows from their surroundings to main-
tain themselves and, if possible, reproduce. This is not a new insight. Already
in 1895, Austrian physicist Ludwig Boltzmann stated that all life is a struggle
for free energy.”” In addition, all the biochemical compounds produced by cells
are fulfilling functions for the survival of the organism. Such a higher level of
organization has never been observed in lifeless matter.

All of this is possible, first of all, thanks to the information stored in bio-
molecules. All life forms contain hereditary information, which controls their
own reproduction as well as the energy-generating and energy-consuming
processes, jointly known as ‘metabolism.’ All of this is taking place inside cells,
which can be seen as the building blocks of life. All organisms consist of cells.
Many life forms come in the form of single cells, while more complex organ-
isms, such as us, consist of a great many cells that cluster together. Cells are
little envelopes, within which all the important molecules are produced and
maintained that are needed for survival and reproduction. These include the
information-carrying molecules deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA). These molecules not only carry information but also translate it
into other molecular structures, while regulating a great many cellular
mechanisms.

To be sure, there are also viruses. Such organisms consist of information in
the form of DNA or RNA molecules, which are coated with proteins. Because
viruses lack any form of metabolism, they always have to rely on living cells for
their reproduction. In fact, viruses hijack these cellular mechanisms for their
own purposes. In doing so, viruses may have played a major role in evolution
by inserting their genetic information into that of other organisms, while they
also have been swapping and transferring genes across the boundaries of a great
many species to an extent that is only now being elucidated.”®

The question of how to define life has not yet been resolved satisfactorily.
Today, a great many definitions of life exist, which will not be discussed here.
However, by following the approach advocated in this book, it may be possible
to define life in a way that resolves many, if not all, of these issues. I therefore
propose to define life as follows:*
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A regime that contains a hereditary program for defining and directing molecular
mechanisms that actively extract matter and energy from the environment, with
the aid of which matter and energy is converted into building blocks for its own
maintenance and, if possible, reproduction.

Within cells, a great many bio-molecules are manufactured, the most impor-
tant of which are proteins. These are made by using information coded in DNA
or RNA. Proteins act in many different ways. Their most important function
is catalyzing chemical reactions that would otherwise not take place. Such
proteins are called ‘enzymes. These bio-molecules can speed up chemical reac-
tions by lowering the energy barriers that prevent these reactions from happen-
ing at the moderate temperatures and pressures that are characteristic of life.
In other words, the most important function of enzymes is to provide Gold-
ilocks circumstances that allow these reactions to take place as well as to regu-
late them. This is essentially what enzymes also do, for instance, in modern
detergents, namely break down organic molecules (stains) that are hard to
remove with more traditional soaps. But enzymes can not only break down
molecules but also synthesize them, while they can also regulate the speed of
chemical reactions. Inside cells, long and complicated chains of chemical reac-
tions take place with the aid of a great many different enzymes. In addition to
the cell’s own reproduction, these reactions include the extraction of matter
and energy from outside, the use of matter and energy for manufacturing the
molecules needed for survival, the secretion of waste materials and, in more
complicated cell structures, the processing of information within neural
networks.

In general terms, with the emergence of life both the number and the variety
of building blocks increased. The same happened with the connections and
interactions between and among the building blocks, while the sequences of
the building blocks also became ever more important. As a result, it seems fair
to say that with the onset of life, a new level of considerably greater complexity
had emerged.

To exist and multiply, life must actively tap matter and energy flows from
outside itself on a continuous basis. And because these resources are finite on
the good Earth, in the longer run this inevitably means a competition for
resources. This insight forms the basis of Charles Darwin and Alfred Russel
Wallace’s theory of biological evolution, which can be summarized as a com-
petition for matter and energy flows within two types of specific Goldilocks
circumstances. The first set of Goldilocks circumstances includes all the effects
that species have on each other by helping each another, by just being there,
by competing for resources, by preying on each another or by polluting the
environment. The second set of Goldilocks circumstances is provided by the
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surrounding inanimate nature which, in its turn, is influenced by both life and
lifeless nature. Over the course of time, this process has produced an increas-
ingly complex and ever-changing regime of Goldilocks circumstances on the
surface of Earth, within which those species survived which succeeded in har-
vesting sufficient matter and energy to exist and reproduce, while all the rest
went extinct.

As Erich Jantsch emphasized, the emergence of biological information coded
in molecules that are transferred over generations opened up the possibility of
learning processes. In Jantsch’s words:*

A new dimension of openness is introduced since via information the cumulative
experience of many generations may be handed on. Whereas a chemical dissipa-
tive structure [a structure using matter and energy flows to maintain itself] is
merely capable of ontogeny, of the evolution of its own individuality, and its
memory is limited to the experience accrued in the course of its existence, phy-
logeny (the history of an entire phylum) may now become effective. At first, the
ancestral tree is no tree, but a single thin line. The experience of earlier genera-
tions as well as the fluctuations and evolution are transferred vertically, which
here means along an axis of time. This time binding makes the development of
higher complexity possible than seems attainable by the ontogeny of material
systems.

In short, over the course of time, the learning process made possible by the
information stored in bio-molecules favored the emergence of far greater com-
plexity than the levels that had been attained previously by lifeless nature.

The Emergence of Life

It is thought that all life forms are descended from one single common ancestor.
Whereas today a great many different species inhabit almost every nook and
cranny of our planet, ranging from the tiniest viruses to the largest plants and
animals, all these life forms use very similar basic biochemical processes.” This
is interpreted as clear evidence in favor of a common origin of all these life
forms.

We do not know where, when and how life first emerged. Claims that life
dates back all the way to about 3.8 billion years ago have been challenged. But
there is firm evidence that it is at least 3.4 billion years old. Given the fact that
Earth formed about 4.6 billion years ago, there may, or may not, have been a
long period of physical and chemical evolution leading to the rise of early life.
In fact, we do not even know whether life first emerged on Earth or whether it
was transported to our planet from elsewhere by whatever celestial object hap-
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pened to dive into our atmosphere. If life did originate elsewhere in the uni-
verse, we do not know when, where or how this happened. Yet because early
life appears to have been remarkably well adapted to the circumstances of the
early Earth, it seems likely that life emerged spontaneously on our home planet.

If life emerged on Earth, we do not know whether this happened only once.
And if life entered Earth from outside, we do not know whether such foreign
invaders arrived only once either. Because all current life forms appear to share
one common ancestor, the almost inevitable conclusion is that any competing
life forms that either originated separately on Earth or arrived from space did
not survive into the present. In other words, the circumstances on Earth were
not good enough for such alternative life forms (if they ever existed) to survive
in the long run.

The emergence of life on our planet would have been preceded by a long
process of increasing inanimate complexity. This process is usually called
‘chemical evolution.” Under the influence of matter and energy flows, such as
sunlight, volcanic activity, lightning and perhaps radioactive decay, increasingly
complex molecules would have formed. Also, such molecules may have arrived
from outer space. At a certain point in time, a spontaneous process of self-
organization would have kicked in, leading to the emergence of life.

The presence of sufficient liquid water must have been an absolute require-
ment for the emergence and continued existence of life, because the matter and
energy flows needed for the sustenance of life could not have existed without
it. Until today, the availability of liquid water has posed very strict Goldilocks
boundaries for the survival of life and culture on our home planet. Moreover,
sufficiently large bodies of liquid water, such as oceans, must have had a damp-
ening effect on temperature fluctuations caused by fluctuating energy flows
from outside, because they can absorb a great deal of heat without a concomi-
tant large rise in temperature. Such a situation produces rather stable tempera-
tures and pressures, which would have helped early life to survive. This is not
a new insight at all. Already in 1871, Charles Darwin suggested that life might
have emerged in a ‘warm little pond’ under very specific conditions.*

Another reason for thinking that life originated in the oceans is based on the
fact that the overall salt concentration within living cells is very similar to that
of the modern oceans (which would have been similar in the ancient oceans).
If the salt concentration of the pioneer cells had been very different from the
surrounding water during their emergence, the resulting energy differentials
would have destroyed those early cells almost immediately. Over the course of
time, such energy differentials did develop, especially after life moved out of
the seas onto land. By that time, however, life had become much more robust
and was able to evolve protective means, which safeguarded cells in this initially
very hostile environment.
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The current most likely scenario for the start of life is called ‘RNA world.
It consists of the spontaneous formation of RNA molecules, which were able
to both carry information and catalyze important reactions, including their
own reproduction. Such assemblages of RNA molecules could have produced
the first viable living cells. Among the evidence supporting this hypothesis is
the fact that today RNA molecules are present in all life forms and in many
different sizes, where they fulfill a great many different functions. Furthermore,
one of its main building blocks, adenosine triphosphate (usually abbreviated
as ATP), is used by all cells as their major energy carrier.”

The oceans may have provided the matter and energy flows that allowed life
to get going, most notably through undersea volcanoes, of which there were
many, thanks to the fact that the insulating crust had caused Earth to warm up.
Even today, such black smokers can be found in many places in the oceans.
They are called ‘black smokers’ because they emit dark fumes. According to
Eric Chaisson, they provided more than sufficient energy to sustain early life,
approximately 50 x 10~* watt/kg. Modern black smokers, by contrast, generate
power densities in the order of only 10~ watt/kg, which is still sufficient to keep
the modern life forms going that are feeding on them.* In his book of 2005
Energy: Engine of Evolution, Dutch scientist Frank Niele calls this first energy
regime the ‘thermophilic (heat-loving) regime.”

US microbiologists Eugene Canaan and William Martin suggested in 2005
that early life may actually have formed within bubbly porous silicate structures
of mildly hot black smokers. Within great numbers of comparatively protected
little bubbles of this kind, which are about the same size as cells, RNA and other
molecules may have begun to interact. The porous walls of these bubbly silicate
structures may also have acted as catalysts, thus allowing the production of
more complex molecules.’® When such bubbles full of emergent life over-
flowed, they might have secreted little bubbles into the oceans that were perhaps
surrounded by a layer of proteins and lipids. Such a process may have contin-
ued for many millions of years without generating life. Yet even if it happened
successfully only once, such a tiny bubble could have become the first living
cell. A major reason for suggesting this mechanism came from the observation
that today, the three major taxa of evolution, namely archaebacteria, prokaryo-
tes and eukaryotes, all share major molecular mechanisms, while both their cell
membranes and their ways of copying DNA are different. The earliest life forms
might therefore have emerged without DNA or without specific cell mem-
branes, which would have evolved separately later.

The emergence of life implied the emergence of matter regimes that absorbed
energy flows to reach levels of greater complexity. Over the course of time, this
process must have changed from passive to active absorption. At a certain point
in time, early life evolved a mechanism that allowed it to actively extract matter
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and energy from its environment, which is what all life forms do today. This
was a major transition. Given the fact that maintaining greater complexity
requires considerable amounts of matter and energy, and thus a considerable,
and continuous, effort, one wonders why life did not give up and disappear as
a result. The inescapable conclusion is that during its emergence, life must have
evolved an in-built drive that was strong enough to keep itself alive. It is
unknown to me what the biochemical mechanism for this drive would consist
of.”” It is not clear as yet whether, given the right starting conditions, the emer-
gence of life was inevitable (like the emergence of galaxies, stars and planets),
or whether it was the result of an unlikely chance effect.

Like the heaviest chemical elements that emerged during supernova explo-
sions, which also absorbed energy during their formation, the more compli-
cated molecules that living cells began to construct could not have emerged
without absorbing energy, which is released again as soon as these molecules
break down. As a result of life’s ceaseless activities over billions of years, the
spontaneous accumulation of such energy-rich bio-molecules in favored places
has produced most, if not all, of the fossil fuels we are burning today.”

If life indeed emerged in the relatively well-protected environment of the
oceanic black smokers, it must have been adapted to these circumstances from
the very beginning. As a result, early life must have been extremely dependent
on the geothermal energy released from deep within Earth. Yet over the course
of time, life learned to extract energy from its environment in many ways, most
importantly from the electromagnetic radiation emitted by our central star.
The harvesting of sunlight liberated life from its bondage to the black smokers
and allowed it to populate the oceans, the land and the atmosphere. How life
pulled off this trick will be discussed in the next chapter.



5
LIFE ON EARTH

The Widening Range of Complexity

Life, Energy and Complexity

The history of life over the past 4 billion years can be summarized as biological
evolution in continuous interaction with its planetary and cosmic environ-
ment. In the beginning, there were only simple life forms. Yet over the course
of time, life differentiated into a wide spectrum of biological species. While
great numbers of simple microorganisms continued to exist, more complex life
forms also began to emerge. Although the history of life has been punctuated
by five large extinction events that caused a temporary sharp decrease of life’s
complexity, the long-term trend has been toward a variety of organisms that
ranged from very simple life forms to increasingly complex ones.'

In contrast to lifeless nature, the greater complexity of life involves the active
harvesting of matter and energy. This active harvesting costs energy also. In
consequence, striking a balance between the costs and benefits of complexity
began to play a role as soon as life emerged. For lifeless forms of complexity,
such as stars, planets and galaxies, such a balance does not play a role, because
they do not harvest matter and energy actively. The emergence of more complex
life forms, however, was strongly linked to such a cost-benefit balance, in which
the costs of achieving greater complexity were not greater than the benefits of
having it.

This process, in its turn, was driven to a considerable extent by competition
within and among species, which helped define what was advantageous for
survival and reproduction and what was not. For instance, the complex
animals that emerged about 540 million years ago were sufficiently able to
catch their prey and defend themselves, compared to their competitors.
Apparently, the cost of their new complexity was sufficiently balanced by the
benefit of having it.

Because of the overriding importance of obtaining sufficient matter and
energy to preserve its complexity, the story of life first of all deals with the ways
of obtaining these matter and energy flows as well as using them appropriately,
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while seeking not to become a matter and energy source for other organisms.
This point of view is not new at all and has been investigated already for many
decades. All of these analyses make implicit, and sometimes explicit, use of the
idea that energy flows through matter within certain Goldilocks boundaries
bring about various levels of greater complexity.’

In contrast to cosmic evolution, which has been slowing down after a very
energetic start, biological evolution has been speeding up. Life may have
emerged as long ago as 3.5 billion years BP (before present). It remained rather
simple until 2 billion years BP, when the first complex cells formed. It took
another 1.5 billion years before complex organisms began to proliferate, around
540 million years ago. Ever since that time, the number of biological genera
appears to have grown rapidly.’ A similar acceleration can be witnessed in
human history, during which both population numbers and technological skills
have increased exponentially.

The underlying reason of why both biological evolution and human history
have been speeding up can be found in the fact that both have been driven by
learning processes. These learning processes first of all concerned the harvesting
of enough matter and energy as well as the preservation of one’s own complex-
ity. An important part of this learning process was a continuous re-evaluation
of the cost-benefit balance of complexity under pressure from Darwin and
Wallace’s process of natural selection (or non-random elimination). This
process operates by eliminating both the unfavorable genetic make-up of a
species and its insufficient cultural skills. For what matters in biological evolu-
tion is simply whether a species is able to reproduce successfully, or not. In the
latter case, it is eliminated, while in the first case it survives.

Life forms are therefore sometimes called ‘complex adaptive systems.” This
term was coined by Murray Gell-Mann and coworkers at the Santa Fe Institute,
a US interdisciplinary research institute dedicated to the study of complexity.*
In contrast to inanimate nature, all life forms tend to adapt to the outside
world, while often also seeking to adapt the outside world to themselves. For
life, the adaptation to changing circumstances first of all takes place through
the process of non-random elimination.

As a result of these learning processes, both biological evolution and human
history are characterized by positive feedback mechanisms. Biological evolution
is based on genetic learning, which is ‘hardwired’ in specialized molecules,
while cultural learning takes place within brain and nerve cells, mostly in the
form of ‘software’ In the long run, these learning processes have a self-rein-
forcing character, as long as they favor the harvesting of sufficient matter and
energy needed for survival and reproduction and the preservation of one’s own
complexity. In consequence, both biological evolution and human history
exhibit similar exponential trends.



84 Life on Earth

As soon as biological information emerged, the possibility for biological
disinformation opened up also. Today, we witness at least two types, both of
which are related to matter and energy use. The first form consists of biologi-
cal species that are using the cellular metabolism of other species for their
own propagation. This is what viruses do. They inject their own genetic
information into host cells. This foreign information uses the cellular metab-
olism for creating new copies of itself, thereby exhausting the cell’s capacity
to keep its own complexity going. The second option consists of trying to
avoid the fate of becoming someone else’s matter and energy source by
changing one’s outward appearance. Organisms either mimic the shape and
colors of organisms that their predators do not particularly like or adopt
camouflage tactics.

Greater complexity also entails a greater risk of decline. As a result, more
complex life forms may not live very long. This may be the case for both indi-
viduals and entire species. Moreover, biological evolution as well as human
history have caused incisive changes in the natural environment. All of this has
stimulated the ever-continuing emergence of new species as well as the decline
of others. In this way, biological evolution and its planetary environment have
been interacting for as long as life has existed on Earth.’

To survive and thrive, all life forms need to extract matter and energy from
their surroundings on a continuous basis. While many biological species feed
on others, by necessity there are great numbers of organisms that extract their
matter and energy from the nonliving environment. These species, mostly
microorganisms and plants, provide all the matter and energy for the rest of
life. In other words, all complex adaptive regimes (life) are ultimately powered
by complex nonadaptive regimes (inanimate nature).

More complex organisms tend to generate larger power densities. In other
words, biological evolution shows a trend toward the use of increasing matter
and energy flows by a significant portion of life forms, which apparently became
intricate enough to handle the larger matter and energy flows without being
destroyed by them. This must mean that such organisms, including us, have
created Goldilocks circumstances within themselves that allowed them to
handle these greater matter and energy flows without being irreparably damaged
by them.’

Whereas more complex organisms tend to generate larger power densities
continuously, some microorganisms are able to generate very large energy flows
through matter for short periods of time.” For instance, when cultivated in
optimal conditions, the bacterium Azotobacter can reach power densities of up
to 10,000 watt/kg (humans on average make do with only 2 watt/kg). In these
circumstances, Azotobacter is trying to replicate itself as quickly as possible,
perhaps every 20 minutes or so. In doing so, it is not only maintaining its own
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complexity but also duplicating itself as quickly as possible. Because of the
limited resources available, such a phenomenally high energy metabolism can
only be maintained for brief intervals. During most of their existence, such
organisms have to make ends meet with the aid of a far more limited energy
supply. Apparently, these microorganisms are geared to harvesting energy as
fast as possible, while the getting is good.

Humans, by contrast, rely on a rather different survival strategy, which
includes attempts to secure a steady food supply as well as the creation of
food storage regimes, both inside their bodies and elsewhere in protected
places. In this respect humans are, of course, not unique. Many other animals,
including bees and squirrels, have developed similar storage regimes. In life-
less nature, by contrast, such matter and energy storage regimes have never
been observed. The storage of matter and energy for later use appears to be
a novel strategy, which is exclusively employed by complex adaptive regimes.
It may well be that as life became more complex, their storage regimes also
became more complex. Such a trend is apparent in human history, too.
These storage regimes can be interpreted as the creation of specific Gold-
ilocks circumstances facilitating the stabilization of irregular matter and
energy flows.

During biological evolution, there may have been a trend toward greater
energy efficiency, which means achieving more complexity with the same
resources. One would expect greater thermodynamic efficiency to evolve espe-
cially in situations in which resources were becoming scarce. Some evidence
exists in support of this hypothesis. Many bacteria, for instance, appear to
have evolved toward greater thermodynamic efficiencies as a result of compe-
tition. Yet although a great many studies have been performed on energy
efficiency by specific life forms, no one appears yet to have written a system-
atic analysis of energy efficiency during the history of life. The lack of such
an overview is surprising, given the fact that the study of thermodynamics had
evolved already in the nineteenth century. Clearly, here lies a challenge for
further research.®

As a result of the possible trend toward greater energy efficiency, organisms
may have found similar solutions. For instance, a study by Russian scientist
Anastassia Makarieva and co-workers published in 2008 compared the average
resting metabolic rates (power densities at rest) of about 3,000 different species.
Interestingly, these rates varied only fourfold, despite the fact that their body
weights differed about 20 orders of magnitude. The largest organism they
studied was the elephant (1 watt/kg), while the smallest was a bacterium (4 watt/
kg). Because most organisms’ metabolic rates were clustered between 1 and
10watt/kg of mass, the authors suggest that there may be an optimum meta-
bolic rate that lies within this range. Organisms that lie close to this value would
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be the fittest.” Remarkably, with their average power density of 2watt/kg,
humans would be right in the middle of this range (the middle being defined
as where most organisms cluster).

Achieving greater efficiency usually has a price tag attached to it, namely the
need for greater complexity. For instance, the current efforts to reduce auto-
mobile fuel consumption have led to the more complex design of hybrid vehi-
cles. A similar situation emerged when microorganisms learned to use oxygen
to more fully exploit the energy stored in bio-molecules. This required a more
elaborate biochemical metabolism (and thus higher costs)."” Apparently, the
greater complexity needed to achieve greater energy efficiency also costs energy,
and may thus put a limit on such efforts.

The level of complexity that can be reached very much depends on the type
of energy that can be harvested. In this respect, US historian Joseph Tainter
and coauthors make a distinction between two types of available energy, high-
gain and low-gain energy. While emphasizing that these are, in fact, the ends
of a continuum of available energy, high-gain energy is a concentrated energy
resource that can be harvested relatively easily, while a low-gain energy resource
is not very concentrated and thus requires more of an effort to be exploited. In
other words, for high-gain energy the return on investment is relatively high,
while the opposite is the case for low-gain energy.

The resulting general pattern is simple. As soon as living creatures gain
access to concentrated high-gain energy resources, they can achieve levels of
greater complexity. Yet such a situation usually does not last very long. After a
while, most organisms have to return to exploiting less concentrated, low-gain
energy, which costs more to harvest and, in its turn, constrains the level of
complexity that can be achieved. According to these authors, this pattern can
be found in both biological and human history."

The emergence of more complex life forms was not a quick and easy
process and, as a result, such changes occurred only occasionally. Like the
emergence of life itself, which would have happened only rarely, if not once,
the emergence of more complex life was an exceptional event. The bewilder-
ing variety of different complex species that have emerged during biological
evolution appears to contradict this common heritage, yet all these seemingly
very different organisms share only a few basic baupline, general structural
regimes, with the aid of which all species are constructed. This means that all
these very different complex life forms are descended from a very small
number of complex biological species (which, in their turn, share a last
common ancestor).

Through mutual interactions, the evolving geological processes and the
broadening range of living organisms jointly began to shape the surface of our
planet and, in doing so, produced ever-changing and ever more intricate Gold-
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ilocks circumstances on the face of Earth. Biologists call such circumstances
‘niches” when they are occupied by one single species, while the term ‘biome’
is used when these areas comprise larger regions within which many different
organisms are making a living.

The first scientist who systematically defined Goldilocks circumstances for
plants and animals was Alexander von Humboldt. His boundary conditions
include areas that share the same average temperature, air pressure or other
factors that allow specific species to thrive.'” Although very few people are aware
of von Humboldt’s pioneering work today, many of the Goldilocks circum-
stances he defined are still in use. They form, for instance, the basis of all
weather reports, while they are also widely employed in the current discussion
about climate change.

Whereas all life forms are surrounded by an ever-changing natural world,
inside their cells they have maintained relatively stable dynamic steady-state
regimes. Apparently, all life forms have learned to maintain Goldilocks circum-
stances within their cells, which are remarkably similar all throughout living
nature. While simple cells mostly have a spheroid shape, the cells of more
complex organisms have differentiated into a great many forms. Because cells
are relatively small, and because many of them live suspended in, or sur-
rounded by, water, they are not shaped by gravity but rather by the electro-
magnetic force. The molecules that make up the outer layers of cells attract
each other through their electrical charges and cause surface tension, which
tends to produce the smallest possible surface. And because the smallest surface
containing the largest possible body is a sphere, single cells tend to assume such
forms. Because gravity does not play a major role in shaping cells, their interiors
could become very complex. Yet as soon as cells began to agglomerate into
larger complexes, they became increasingly affected by gravity. As a result, the
largest plants and animals today are not found on land but in the oceans, where
buoyancy counteracts gravity.

Throughout biological evolution, all organisms that have survived for a
reasonable period of time have been seeking to improve their intake of matter
and energy, or at least not let it deteriorate.”” Such an attitude is helpful for
surviving the lean times when food is scarce. It may well be that as a result
of the process of non-random elimination, this attitude has to some extent
become hardwired in the genes. Yet if a species harvested far too much matter
and energy, it depleted its surrounding environment. This may have under-
mined its own existence, which may have led to its extinction. It may therefore
be the case that over the course of time, most, if not all, species were selected
to harvest a little more matter and energy than what they actually needed, but
not too much. If so, this makes one wonder whether humans are similarly
hardwired.
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Planetary Energy Flows and Life

The history of the major energy flows on the surface of planet Earth over the
past 4 billion years can be summarized as follows. Slowly but surely, the geo-
thermal energy flow from within Earth decreased. This came as a result of the
dissipation of the original accretion heat into the universe, while also the radio-
genic heat released by nuclear decay declined. The solar energy from outside,
by contrast, increased by about 25 per cent.

During the early period, geothermal heat would have reached the surface of
Earth almost everywhere with similar intensity. This means that there would
not have been any great differences between the equatorial regions and the
poles. Yet while the inner Earth began to cool down, solar radiation became
stronger. Because of the fact that our planet is a sphere, solar radiation is the
strongest in the tropics, while it is the weakest near the poles. As a consequence
of the decreasing heat flow from within and the increasing solar energy flow
from outside, the temperature gradients on the surface of Earth became larger,
which must have strengthened wind and water currents from the equator to
the poles and back. The cooling down of Earth also led to a differentiation of
the Earth’s crust into areas that were geologically active as well as regions that
were more stable.

The geothermal energy flows set in motion the process of plate tectonics:
large sections of the Earth’s crust that are continually moving as a result of
mantle convection. Atmospheric scientists Thomas Graedel and Paul Crutzen
summarized its history as follows:"*

Although the evidence is sketchy, it is currently believed that tectonics has pro-
ceeded in three stages. The first was in operation from about 3.8 to 2.6 Gyr BP
[1Gyr = 1 billion years], during which time the heat flow from radioactivity was
several times greater than its present value. This higher heat flow produced a less
dense, more buoyant lithosphere, with vigorous convection, little subduction,
and many relatively small plates that collided frequently. In the second tectonic
stage, occurring between about 2.6 and 1.3 Gyr BP, a gradual decrease in heat
flow resulted in the development of a few larger plates, but with too little differ-
ence between the densities and buoyancies of oceanic and continental crust to
provide substantial tectonic activity. Finally, during the most recent 1.3 Gyr, the
decrease in buoyancies of the oceanic crust relative to continental crust resulted
in a gradual transition to the processes of modern plate tectonics, with crust
subduction and regeneration.

As a result of plate tectonics, the land area has steadily become larger over
the course of time, while the oceans have decreased in size.” Yet even today,
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Figure 5.1: Earth as seen by the astronauts of Apollo 17. The effects of geothermal and
solar energy are clearly visible, including the shape of the continents and the location
of deserts, which contribute to define the Goldilocks circumstances for life. (Source:
NASA.)

the oceans form about 70 per cent of the Earth’s surface, thus leaving only about
30 per cent for all the land masses. Seen from space, our planet looks therefore
like a mostly wet globe, as shown in Figure 5.1. The growth of the continents
over the aeons must have improved the Goldilocks circumstances for land-
locked species.

The decreasing geothermal flow would have diminished both the numbers
and the activity of black smokers, thereby reducing the survival chances of the
oceanic life that depended on their matter and energy flows. At the same time,
life began to use the increasing energy flows from outside. This shift in the
energy extraction by life mirroring the changing energy balance on Earth’s
surface may have been coincidental. Whatever the case may turn out to be, it
is remarkable that life appears to have been following the energy flows during
its history.



90 Life on Earth

Specific numbers characterizing these changes in energy flows are very hard
to find, if they exist at all. As a result, I found it impossible to answer even very
basic questions. One would like to know, for instance, what the rates of change
have been over the past 4.5 billion years of both the Earth’s interior heat emis-
sion and the solar energy reaching the Earth’s surface. Were these linear proc-
esses, or did perhaps spurts and slow-downs occur from time to time? One
would also like to know what the curve looks like for the power densities char-
acterizing the Earth’s surface, beginning with a value unknown to me and
‘ending’ with 60 x 10~*watt/kg today. As a result, most of what follows here
cannot yet be expressed in numbers.

The Gaia Hypothesis

When life began to develop on Earth, inanimate and biological nature increas-
ingly influenced each another. The first pioneering studies of these interactions
were performed in the early twentieth century by Russian scientist Vladimir
Vernadsky. But only since the 1980s have biologists and geologists begun to
explore this idea systematically. In science, this approach is now known as
‘System Earth.'®

The impact of early life must have been rather limited. Yet as life developed,
it became increasingly influential. This happened in a series of waves. The first
wave took place perhaps as long as 2 billion years ago, when the first free oxygen
appeared in the atmosphere that was produced by life. The second wave
occurred around 540 million years ago, when complex life forms proliferated.
The third wave happened from about 400 million years ago, when complex life
moved onto land. Ever since that time, all geological processes on the surface
of the entire Earth were affected by life. It would, for instance, have facilitated
the erosion of rocks by ‘eating’ them, or by keeping loose soil together with the
aid of microbial mats."” These are just a few examples of the influence life has
exerted on the Earth’s surface. Surprisingly, perhaps, life may even have influ-
enced plate tectonics. Surface water, possibly kept on Earth by life, may have
lubricated the moving plates, thus making plate tectonics possible. Our planet’s
deeper interior, by contrast, would have remained the exclusive domain of
inanimate processes undisturbed by life.

In the 1980s, while considering some of these effects, British scientist James
Lovelock made a radical suggestion, namely that life not only influenced the
face of Earth but also created and maintained planetary Goldilocks circum-
stances that favored its own survival. Most notably, this included a temperature
regulation regime that allowed liquid water, vital for life, to have existed on the
Earth’s surface for more than 3 billion years, notwithstanding the fact that the
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sun’s energy output would have risen by 25 per cent during the same period.
Lovelock called the idea of life creating and maintaining the conditions needed
for its own survival the ‘Gaia hypothesis.’ Gaia is the name of the ancient Greek
earth goddess.

To evaluate the hypothesis that life may have contributed to water remaining
liquid, we first need to know how scientists explain the fact that there is still
water on the Earth’s surface after such a long period of cosmic exposure. First
of all, the Earth’s distance from the sun is just right. Had our planet been situ-
ated closer to our central star, all of its water would have evaporated into space
long ago. Earth also has the right size, which means that its gravity is strong
enough to retain surface water.

Water molecules circulate through the atmosphere as a result of evaporation.
As water molecules rise high up in the atmosphere, they may split up into their
constituent chemical elements, hydrogen and oxygen, under the influence of
sunlight. Whereas the much heavier oxygen either remains in the atmosphere
or is captured on the Earth’s surface, the hydrogen tends to escape into space,
because it is so light that Earth’s gravity cannot retain it. As long as there was
little or no free oxygen in the atmosphere that could capture hydrogen before
it escaped into the cosmos, this process would have continued unhindered.
However, after all the available materials on the Earth’s surface, mostly iron,
had combined with the free oxygen, it began to appear in the atmosphere in
sizable quantities. As soon as this happened, the free oxygen would have cap-
tured most of the free hydrogen by forming water molecules again, thus slowing
down the loss of hydrogen. Over the course of time, this process would have
helped to retain water on Earth, while it also contributed to the emergence of
oxygen in the atmosphere.

There is a second process, this time mediated by life, that produced an
oxygen-rich atmosphere, and thus helped to capture hydrogen atoms before
they escaped into space. With the aid of sunlight, certain life forms learned to
split up carbon dioxide molecules and combine the resulting carbon atoms with
water, thus forming a great variety of organic molecules, part of which became
buried in the Earth’s crust. The leftover oxygen was emitted as a waste product.
Like the oxygen produced by the dissociation of water molecules under the
influence of sunlight, the oxygen produced by life began to build up in the
atmosphere after the materials on the Earth’s surface had become saturated
with it.

Both processes led to the emergence of free oxygen in the atmosphere. As
yet it is not clear which process would have contributed more: the physical
process of the splitting up of water by sunlight or the dissociation of carbon
dioxide by life with the aid of sunlight and water. Nonetheless, all Earth sci-
entists agree that starting from about 2 billion years ago, life has greatly con-
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tributed to producing an oxygen-rich atmosphere and, in doing so, has helped
to retain water on the Earth’s surface. In addition, comets raining down on
Earth throughout its entire history may have added considerable amounts of
water, thus replenishing water that was lost as a result of hydrogen escaping
into space.

These mechanisms explain why there is still water on our home planet, but
they do not explain why most of the water is liquid instead of frozen or gaseous.
As Lovelock has pointed out, this question is urgent because over the past 4.5
billion years the solar radiation would have become about 25 per cent stronger.
Yet during this period, with ups and downs the Earth’s surface has actually
exhibited a cooling trend. According to Lovelock’s hypothesis, this was caused
by the fact that life has changed the conditions on the Earth’s surface in ways
that brought about the cooling process, first of all by sharply reducing the
earlier high levels of carbon dioxide in the atmosphere. This lowered the green-
house effect that this gas causes, which led to the cooling of Earth during the
period when the sun’s energy output was increasing. In the second place, life
may, for instance, have stimulated increased cloud cover and more rainfall,
both leading to global cooling.'

The idea that life could produce Goldilocks circumstances of the Earth’s
surface for its own benefit may not seem very plausible, for how would all
these different life forms have been able to jointly create such a planetary
regime with the aid of Darwinian evolution, a process that supposedly acts
on individuals? As I see it, the answer may be surprisingly simple. This might
have happened as a result of the non-random elimination of all those species
that had spoilt their own Goldilocks circumstances. In other words, those
organisms that made their own niche unlivable would automatically have
eliminated themselves. The same process would have favored the survival of
all those organisms that improved their living conditions or at least kept
them sufficiently favorable. The improvement of Goldilocks circumstances
for one species might, of course, have led to the deterioration of such cir-
cumstances for other species. If such a situation negatively impacted the
species that caused these changes, it would, of course, have been eliminated
also. But if not, such a process would automatically have led to positive feed-
back mechanisms that created Goldilocks circumstances for all the surviving
species.

There is some evidence for feedback mechanisms creating or maintaining
Goldilocks circumstances that operate well beyond the range of specific species.
In 2006, for instance, Russian scientists Anastassia Makarieva and Victor Gor-
shkov proposed the so-called biotic pump theory. The central idea is that
natural forests evaporate a great deal of water, which subsequently condenses
in the air above the forests and becomes thinner. This lower pressure ‘sucks in’
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moist air from the ocean that produces the needed rain. In this way, forests
contribute to creating or maintaining their own watery Goldilocks circum-
stances. In another example, Russian paleontologist Alexander Markow sug-
gested in 2009 that a more diverse ecosystem is more likely to contain biological
genera that live for longer periods of time. The greater biodiversity tends to
stabilize such an ecosystem, which, as a result, offers better conditions for long-
term survival. This works as long as no new organisms appear that suddenly
reduce the biodiversity by eating it.

If Lovelock’s Gaia hypothesis is correct, the development of Gaia must have
been a dynamic process with many trials and errors, which will continue as
long as there is life on this planet. It is therefore not surprising, as US biologist
David Ramp has emphasized, that today more than 99 per cent of all species
have gone extinct. This would have happened, because all those species did not
survive the onslaught of the ever-changing circumstances.'” To be sure, the five
large mass extinctions also wiped out enormous amounts of species. Yet in the
long run and with ups and downs, this process must have produced a popula-
tion of organisms that did not undermine their own Goldilocks circumstances
too much during short periods of time, while they perhaps even improved
them. Such a population of good Goldilockians is, of course, never stable.
Newcomers armed with powerful innovations may upset these balances time
and again, thus producing new extinctions.

Seen in this way, a self-regulating Gaia would be the inevitable result of
Darwinian evolution. The remarkable similarity between life creating Gold-
ilocks conditions within its cells and Gaia doing a similar thing on a planetary
scale may not be coincidental. It may turn out to be that all successful long-
living species need to have a built-in tendency to create long-term Goldilocks
circumstances for themselves. All of this makes one wonder what humanity is
currently doing to Earth. Not very surprisingly, this is one of Lovelock’s major
concerns.”” We will return to this issue at the end of our story.

While the gentle but persistent actions of life have profoundly changed
geological processes on the Earth’s surface, the powerful forces of geology have,
of course, also deeply influenced both biological evolution and human history.
For instance, the process of plate tectonics produced changes in ocean currents,
which subsequently influenced the global climate. Mountain formation led to
increasing geographic differences on land, thus facilitating a greater biodiver-
sity, while it also altered wind and rain patterns, thereby creating a wide range
of microclimates. The fault lines separating tectonic plates are often places
where rare minerals can be found, which were brought to the surface through
the process of plate tectonics. Almost needless to say, the uneven distribution
of such resources, most notably gold and silver, has decisively influenced
human history.
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The Emergence of Energy Harvesting
from Outside

During the earliest phase of biological history, all organisms consisted of single
cells that fed on whatever matter and energy flows happened to reach them.
The modern representatives of such cells are known as ‘prokaryotes, cells
without nuclei. At a certain point in evolution, however, some single cells began
to cooperate by clinging together, thus forming larger structures. In this way,
the famous stromatolites formed, which consist of large conglomerates of cells
that live in shallow sea water. The fossilized remains of ancient stromatolites
date back to about 3.4 billion years ago, while some of their close family
members are still alive today in Shark Bay on the west coast of Australia. Appar-
ently, the strategy of clinging together has allowed the stromatolites to live in
areas with Goldilocks circumstances for billions of years. Until today, clinging
together is a strategy pursued by many organisms, ranging from bacteria to
humans, usually for defending themselves against other life forms.*'

The microorganisms that jointly formed the ancient stromatolites were
perhaps similar to the modern cyanobacteria that make up today’s stromato-
lites. If so, these ancient microbes were able to capture sunlight and use it for
constructing new forms of complexity. This process is known as ‘photosynthe-
sis” This would mean that around 3.4 billion years ago, some organisms had
freed themselves from their dependence on geothermal matter and energy from
within Earth and had started harvesting solar energy from outside. Dutch sci-
entist Frank Niele calls this new way of obtaining energy the ‘phototrophic
(light feeding) regime.”

This was a major step in biological evolution. Because this new strategy came
at the expense of creating new forms of complexity within themselves that were
able to harvest sunlight, there must have been some advantages in doing so.
First of all, the process of photosynthesis allowed stromatolites to position
themselves on the interface between the atmosphere, the land and the ocean,
thus harvesting the steepest available energy gradients. This freed them from
their dependence on the black smokers, which, by that time, would have been
diminishing both in numbers and in activity. At the same time, one may suspect
that all the organisms that depended on black smokers would have multiplied,
thus leading to an increasingly severe competition for matter and energy. As a
result, there would have been a survival premium for any organism that evolved
ways to exploit new matter and energy flows.

The innovation of harvesting energy flows in the form of photosynthesis led
to what biologists call a ‘speciation event, which was followed by an adaptive
radiation: the appearance of a range of new species that subsequently occupy
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new niches. This is a very general evolutionary mechanism that can, of course,
only take place when the innovation helps the organism to harvest matter and
energy in better ways and thus preserve its complexity. According to Dutch
paleontologist John de Vos, this mechanism operates not only in biological
evolution but also in human history.” Thanks to the innovation of photosyn-
thesis, such microorganisms multiplied in numbers while differentiating into
an increasing range of species.

As a result of the unceasing activities of these new life forms, increasing
amounts of oxygen were dumped into the atmosphere. At the same time, the
levels of free carbon dioxide in the atmosphere went down, because life began
to convert this gas increasingly into organic substances as part of the same
process of photosynthesis. For a long time, the atmospheric oxygen rapidly
combined with soluble iron in the oceans to form insoluble iron compounds,
many of which still exist in the form of large bands of iron oxides. These bands
currently provide our major sources of iron. After most of the soluble iron had
become bonded, there were no other chemicals left on the surface of Earth that
could bind oxygen in large quantities. Since that time, about 2 billion years ago,
sizable amounts of oxygen began to accumulate in the atmosphere or were
dissolved in the oceans. In addition, the naturally occurring process of the dis-
sociation of water high in the atmosphere under the influence of sunlight also
contributed to the rise of free oxygen. Remarkably, during the same period, the
process of plate tectonics began to create clearly demarcated landmasses and
oceans for the first time in Earth’s history. This may have been a coincidence.

Thanks to the energetic activities of the ancient cyanobacteria, a piggy bank
of solar energy began to accumulate on Earth. The solar-powered metabolism
of living organisms became namely so effective in creating biomass that it left
substantial energy deposits in the Earth’s crust in the form of the oldest petro-
leum reserves, which are known as ‘Proterozoic oil deposits.” The Proterozoic
is the geological period that stretched between 2.5 billion years and 550 million
years ago. These oil fields, the oldest of which would date back to about 1.3
billion years ago, can be found in many places, including Canada, the Middle
East, Russia and Australia.**

For many organisms, the rise of free oxygen in the atmosphere and the
oceans was a disaster, because oxygen was a poison for them. Such life forms
either went extinct or found refuge in places such as the deep seas or far under-
ground, where the oxygen concentration was low enough for them to survive.
For other organisms, however, this growing supply of free energy provided new
Goldilocks circumstances. They began to use the oxygen for the internal com-
bustion of organic substances. The improved efficiency of internal combustion
with the aid of free oxygen is impressive. This so-called aerobic respiration
releases about 16 times as much energy as combustion without oxygen (anaero-
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bic respiration). As a result, the innovation of aerobic respiration provided
these organisms with an enormous advantage. This led to a large adaptive
radiation all across the Earth’s surface. It was in this way that the process of
photosynthesis began to power most of life. The price these organisms had to
pay was a greater molecular complexity, which may have made them more
vulnerable.

The rise of an oxygen-rich atmosphere favored the emergence of larger and
more complex cells. About 2 billion years ago, the first cells emerged that began
to specialize in certain functions, such as photosynthesis or energy metabolism,
while they subsequently fused into larger cells. In this way, new and larger cells
emerged, which consisted of a greater variety of more complex building blocks
and connections, thus making possible greater overall complexity. This devel-
opment can be described as the emergence of an intra-cellular division of labor.

These so-called eukaryotic cells (cells with a clear nucleus) began to contain
a great deal more genetic information in their nucleus. Specific organelles called
‘mitochondria’ specialized in energy metabolism; while in some cells organelles
called ‘chloroplasts’ devoted themselves to capturing sunlight and using it for
manufacturing biochemical compounds. The chloroplasts would have been
descended from cyanobacteria that fused with eukaryotic cells and subsequently
lost their autonomous functions. A similar fusion would have taken place with
the ancestors of mitochondria, which, in all likelihood, were single cells that
specialized in aerobic respiration.

Like the older cyanobacteria, all the new eukaryotic cells that contained
chloroplasts no longer depended on the matter and energy flows from inside
Earth. They could instead capture solar radiation and use it for producing bio-
molecules. In doing so, these organisms became dependent on a different set
of Goldilocks circumstances. They needed to stay close enough to the surface
of the oceans to capture enough sunlight, but not so close that the sunlight
would destroy them. The innovation of photosynthesis led to adaptive radia-
tions of both prokaryotic and eukaryotic cells into a growing number of species
that were able to use different wavelengths of sunlight under a number of dif-
ferent conditions.

At a certain point in time, eukaryotic cells learned to pool their genetic
resources during reproduction. This was the beginning of sexual reproduction
as we know it today. A major advantage of this reproductive mechanism is that
it allows faster genetic change, which, in its turn, facilitates survival during
periods of rapid environmental change, including shifting competition for
resources by other living species. No one knows when the first forms of sexual
reproduction emerged. This monumental event in biological history would
have taken place more than 600 million years ago, well before the spurt toward
greater complexity described in the next section.”
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The Emergence of the Biological Food Web

Between 575 and 540 million years ago — a period of a mere 35 million years
— life suddenly became more complex. A wide range of large multicellular
organisms emerged that were endowed with an amazing variety of organs. This
was the beginning of complex life as we know it today. All these organisms
consisted of groups of eukaryotic cells that specialized in performing functions
for the entire organism, such as mouths, digestive tracts, brains, eyes and legs
or fins.*

Apparently, for such organisms the cost of maintaining greater complexity
was rewarded by better chances for survival and reproduction. Seen in this light,
the emergence of complexity was a survival strategy for some species, but not
for all, in which the benefits of harvesting sufficient matter and energy as well
as the construction of Goldilocks circumstances in the form of sufficient means
of defense against others outweighed the expense of creating and maintaining
all these new forms of complexity.

As soon as more complex organisms had emerged, there was usually no way
back. Only rarely have life forms become less complex. And if that happened,
such species did so within very special Goldilocks circumstances, such as dark
caves, in which eyes, for instance, were less useful, and were lost as a result. But
there are no cases known to me of complex organisms that spontaneously dis-
sociated into their constituent cells, which subsequently lived and reproduced
independently.

A situation of constrained development along a certain path with no way
back is known as ‘path dependency’ This phenomenon is not unique for
complex life. To the contrary, the concept of path dependency can be applied
all throughout big history. As we saw earlier, stars, planets and galaxies can be
interpreted as cosmic structures that develop along certain lines, because they
are constrained by external and internal circumstances, such as their mass, size
and neighbors. One can even argue that the history of the universe as a whole
is constrained by a path dependency that is defined by the specific values of the
natural constants, which allow only certain types of complexity to emerge. Had
the force of gravity been much stronger, for example, or electromagnetism
much weaker, the cosmos would have looked very different.

Let us return to the emergence of complex life. Complex life forms cannot
spontaneously fall apart anymore and continue to live as independent single
cells, because by joining forces while forming a complex organism, all these
cells became specialized and mutually dependent. The emergence of complex
life can, therefore, be described as the emergence of an inter-cellular division
of labor. Because prokaryotic cells have never been observed to form such
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complex organisms, the intra-cellular division of labor of eukaryotic cells must
have been an absolute precondition for the emergence of the inter-cellular
division of labor. The emergence of complex organisms became possible thanks
to the emergence of free oxygen in the atmosphere and the water. This oxygen
could be transported to cells that were not in direct contact with the outside
world and would otherwise not have survived. In doing so, such cells could
make use of the more efficient aerobic metabolism.

The fact that the genomes of eukaryotic cells are considerably larger than
those of their prokaryotic cousins may well have played an important role in
the development of multicellular life. The more DNA a cell contains, the more
information it has at its disposal that can code for greater complexity. And the
more complex cells become, the more information they need to keep them-
selves organized. Whereas in principle each eukaryotic cell contains the entire
genetic program of its overall organism, complex life forms use only a limited
part of this genetic information for constructing the specialized cells, while
making sure that only those genes are activated that are needed for making that
particular type of cell. In doing so, interlinked groups of eukaryotic cells could
become ever more specialized, and thus ever more versatile.

There were two major spurts in biological evolution that led to greater
multicellular complexity. The first spurt is known as the ‘Ediacaran, which is
named after the Ediacara Hills of South Australia, where the oldest such fossils
were found. The Ediacaran organisms all had soft bodies, while bones or shells
were entirely lacking. This period lasted between 575 and 542 million years
ago. The second spurt took place about 540 million years ago and consisted
of the emergence of a range of complex organisms with bones and hard shells.
This period is known as the ‘Cambrian explosion of life forms, because of
the rapidity of its emergence. It is named after Wales (Cumbria), where these
fossils were first discovered. The Cambrian fossils represent all the baupline,
structural designs, which exist in modern complex organisms, plus a number
of designs that did not make it into the present. It is not clear how the Edi-
acaran and Cambrian species are related. It appears as if during the Cambrian
explosion most of the larger Ediacaran species had already gone extinct, while
some of the smaller Ediacaran organisms may have evolved into Cambrian
species.”’

The selective pressure that drove these two spurts consisted of the new
opportunities it offered for improving the harvesting and use of matter and
energy. As a consequence, both the Ediacaran and the Cambrian developments
led to a widening range of new life forms with increasingly intricate shapes. Yet
at the same time, a great many organisms, mostly prokaryotes, but also some
eukaryotes, remained small and comparatively simple. Apparently, within their
specific Goldilocks niches they were able to keep harvesting sufficient amounts
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of matter and energy. As a result of these developments, the tree of life dif-
ferentiated into a widening range of simple and more complex organisms.

Seen from a big history perspective, here we witness a major difference
between physical and biological regimes. Whereas all complex life forms exhibit
a clear differentiation of form and function within themselves, physical regimes,
such as stars, planets or galaxies, can undergo a differentiation of form but not
of function. To say, for instance, that individual stars fulfill the function of
keeping the entire galaxy together does not make any sense to me. Yet for
complex life forms, it makes perfect sense to wonder which functions organs
such as hands fulfill for keeping the entire organism going.

As part of these developments, the first plants and animals emerged. All the
major differences between plants and animals are related to the ways in which
they harvest matter and energy, which produced their specific path dependen-
cies. Virtually all plants are autotrophic (self-feeding) organisms, because they
are able to extract their needed energy from sunlight and the required matter
from their inanimate environment. With a few exceptions, plants do not eat
other organisms. Specific plant organs, usually leaves, are actively extracting
solar energy. The leaves tend to position themselves in ways that are the most
favorable for capturing the right amount of sunlight, while their photosynthetic
mechanisms are continuously fine-tuned. Other plant organs dig into the soil
or float around in water to extract the required matter, while the roots also
provide structural stability. For many plants, especially landlocked species, a
structure was needed for connecting the solar-energy-capturing organs and the
matter-gathering organs. As a result of these basic requirements, almost all
plants share very similar baupline. Because plants do not need to move and
catch prey, they lack intricate brains. They would find it hard to move anyway,
because capturing solar energy usually requires large surfaces. And because
solar radiation is an energy source that consists only of photons and not of
matter, plants produce comparatively little material entropy. In doing so,
modern plants became able to handle power densities of about 0.09 watt/kg.

Animals, by contrast, extract their energy and matter from other life forms,
from either plants or other animals. In doing so, animals harvest concentrated
forms of high-gain chemical energy stored in bio-molecules. They do so at the
price of maintaining expensive brains, muscles and digestive tracts, which
jointly produce considerable amounts of material entropy. Animals use the
captured energy for themselves in a constructive way, while they became
increasingly destructive for the unlucky species that were eaten. Because animals
needed to find plants or catch other animals, they developed ways of purpose-
fully moving around, including eyes, brains and legs or fins. They also needed
weapons to defeat their prey, as well as suitable digestive tracts to extract the
desired matter and energy. As a result, many animals needed ever better offen-
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sive and defensive strategies. Also plants began to defend themselves against
predators, for instance by producing toxins. All of this signaled the beginning
of a biological arms race, the end of which is not yet in sight. In addition to
plants and animals, fungi, microorganisms and viruses emerged. Fungi live off
dead plant and animal remains, while predatory microorganisms and viruses
began to extract their matter and energy from other living organisms, plants,
animals and other microorganisms.

All these developments can be summarized as the emergence of an increas-
ingly complex food web, within which growing numbers of organisms
became dependent on others for harvesting matter and energy flows. Whereas
plants and microorganisms harvested their matter and energy from inani-
mate nature, the animals and microorganisms that preyed on them jointly
created an ever more complex structure of eating and being eaten. As a result
of this development, life learned to use the solar energy captured by plants
and microorganisms ever more efficiently. The emergence of this complex
food web entailed an entirely new and ever more varied regime of Goldilocks
circumstances, within which an increasing variety of matter and energy flows
were exploited.

Over the course of time, the food web became a food pyramid. At the
bottom, there are a great many different plants and microorganisms, which are
eaten by considerably smaller numbers of animals, which, in their turn, are
eaten by relatively few predators. At each step, a great deal of high-quality
energy is converted into low-quality energy, which represents an increase in
entropy. Some of this high-quality energy is concentrated in the form of chemi-
cal compounds, such as fats and meat, that may not always contain more energy
per weight, but are a great deal easier to digest than most of the carbohydrates
produced by plants. Because such high-quality energy sources are scarce, higher
up the food pyramid fewer animals can make a living. The tiny single-cell
microorganisms that tap matter and energy flows from all a great many differ-
ent organisms, by contrast, usually operate in large numbers.

As a result of their greater complexity, one would expect the power densities
of animals to be higher than those of plants. And, sure enough, the power
densities of modern animals are in the order of 2watt/kg, while plants only
reach 0.09 watt/kg on average. It would be interesting to investigate this subject
in more detail in terms of a historical process. Although a great deal of work
has been done on quantifying matter and energy flows as well as energy conver-
sions within specific portions of the food web, a historical analysis of the food
web in terms of energy flows during all of biological evolution appears to be
still lacking.

By producing more complexity, life also generated more waste (entropy).
Whereas low-level heat could be radiated out into the universe, the rest of life’s
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material garbage in the form of excrements of various kinds as well as dead
bodies, remained on Earth. The physical processes of chemical oxidation, sedi-
mentation and plate tectonics all facilitated the recycling of a considerable
portion of this waste. But most of it was taken care of by scavenging life forms,
for whom the material entropy produced by other organisms could still be used
as food. In doing so, life and Earth jointly created their own waste disposal
regime. This regime must have been an absolute precondition for the continued
existence of life on this planet, because without it, life would have choked in
its own waste products a long time ago.

One may wonder whether life possibly emerged elsewhere in the universe,
only to find itself being poisoned by its own waste. As I see it, the emergence
of a biological waste-recycling regime is an integral part of the Gaia hypothesis,
namely life creating and maintaining Goldilocks circumstances needed for its
survival. Here, we see again a major difference between life and lifeless nature.
Although the universe as a whole functions as a gigantic entropy trash can,
galaxies, stars or lifeless planets have never evolved any garbage solutions of
their own.

The Emergence of Multicellular Organisms

It appears as if the Ediacaran adaptive radiation event and the Cambrian explo-
sion of life forms were both caused by sudden changes of Goldilocks circum-
stances. Only 5 million years before the Ediacaran era began, the Earth’s surface
emerged from a deep freeze that had lasted about 60 million years. This intensely
cold period is known as ‘Snowball Earth, because during that time most of our
planet’s surface would have been frozen over. Although during Snowball Earth
no life would have existed yet on land, the cold would have severely restricted
even the opportunities for oceanic life. After the big thaw began for unknown
reasons, an enormous niche would suddenly have opened up for the lucky
survivors. This led to the innovation of the intercellular division of labor and
its subsequent adaptive radiation.”®

In fact, Snowball Earth would have consisted of at least two, and perhaps as
many as four, waves of cold periods interspersed with warmer times. According
to atmospheric scientists Thomas Graedel and Paul Crutzen:*

[T]he earliest verifiable glacial epoch (but not necessarily the earliest glacial epoch
that occurred) is at about 2700-2300 Myr BP. [Myr = million years BP] The
glaciation appears to have been extensive, although the supporting record is quite
fragmentary. Its cause is uncertain; it may have been a consequence of rather low
solar luminosity, of the presence of significant landmasses to reflect radiation,
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and of low concentrations of greenhouse gases, although these speculations are
not supported by evidence.

Following the glaciation (at about the junction of the Archean and Proterozoic
time periods), Earth was apparently warm and devoid of permanent snow or ice
for 1000 Myr or so. The second known glaciation occurred at about 950 Myr BP,
and two others followed at about 820-730 Myr BP and 640-580 Myr BP. The late
Precambrian was a major period of mountain building on Earth, and the glacia-
tions may have been related to tectonic motions and continental disruption.

It thus appears that between 3 and 2 billion years ago, when the landmasses
began to form and free oxygen appeared in the atmosphere, the first cold period
set in. This makes one wonder about the possible role of the atmospheric
oxygen, and thus also of life, in cooling the planet. The rise of free oxygen as a
result of photosynthesis must have gone hand in hand with a decrease of atmos-
pheric carbon dioxide, which was converted into bio-molecules, thus lowering
a possible greenhouse effect that these molecules caused. Furthermore, free
oxygen may have combined with atmospheric methane (a very powerful green-
house gas) to produce carbon dioxide (which is a far less powerful greenhouse
gas) and water. This may also have lowered the surface temperatures. Moreo-
ver, the emerging ozone layer in the stratosphere that formed out of free oxygen
in the atmosphere under the influence of sunlight began to protect life in
shallow sea water. This allowed such organisms to live closer to the surface and
thus harvest more sunlight, which, in its turn, would have led to the production
of more oxygen. And last but perhaps not least, it cannot be excluded that the
emergence of eukaryotic life might also have contributed to this climatic
change, for instance by producing more oxygen.”

US scientist Alex Pavlov and colleagues suggested in 2005 that there may
also have been a cosmic cause for Snowball Earth, namely interstellar hydrogen
gas and dust floating around in the Milky Way in large quantities.”’ During the
230 million years that it takes for our solar system to complete a single orbit
around the galactic center, Earth would have encountered eight of these clouds.
The influx of such materials would have blocked as much sunlight as the out-
pourings from three volcanic eruptions a year, but it would have lasted a great
deal longer. The overall effect would have been Snowball Earth.

Clearly, the last word has not yet been spoken about the question of why
Earth turned into a snowball during this period. But equally clearly, all the
authors look for answers in terms of energy flows and Goldilocks circum-
stances. The same is the case for the question of why Earth did not remain
frozen. Some scientists suggest that a temporary increase of volcanism would
have heated up the Earth’s surface. Alternatively, the process of plate tectonics
would have moved the continents to places that favored a warmer Earth. What-
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ever the case may have been, the end of Snowball Earth would have led to a
sudden rise of oxygen in the oceans as a result of increasing biological activity,
thereby providing abundant fuel for multicellular innovations. This would
explain why both the Ediacaran and Cambrian adaptive radiations occurred.

For as far as we know, these processes were unique in biological evolution.
After the Cambrian explosion of life forms had taken place, the circumstances
never became Goldilockian anymore for new baupline to emerge, because such
new creatures would have been eaten immediately by the already established
animals before they could have evolved any suitable defense mechanisms.
Apparently, the Cambrian survivors enjoyed what can be called an ‘unbeatable
head start” As we will see below, the emergence of an unbeatable head start is
a more general phenomenon in both biological and human evolution. This
mechanism may also explain why all known life forms appear to have been
descended from one single ancestor.”

The Emergence of Brains and Consciousness

The emergence of animals with brains and consciousness was a monumental
transition in big history, which eventually led to animals able to contemplate
the history of everything. In general, brains opened up the possibility of creat-
ing images of the world, and of oneself, within a three-dimensional structure
of intensely interconnected neuron cells. Brains also allow those species that
have them to analyze situations, make plans, as well as reach decisions on the
preferred course of action. Furthermore, by steering organs such as tails, fins
or limbs, species equipped with brains are able to make bodies move intention-
ally and achieve results that are completely out of reach for organisms that do
not possess such data-processing organs. And last but not least, with the aid of
memory such species are able to learn from their experiences and try to do
things in novel ways.

The emergence of brains and consciousness is still poorly understood, even
though many studies have been devoted to this issue.” In 2005, however, Dutch
biochemist Karel van Dam came up with a surprisingly simple model that may
help to explain these things.”* His model begins with the generally accepted idea
that at a certain point in time, single cells emerged equipped with a sensor that
was able to detect food or danger. These cells also sported one or more little
tails, with the aid of which they could either swim away from, or move toward,
the detected source, depending on whether they liked it. As soon as sensor and
tail became interconnected, a novel mechanism was in place for the microor-
ganisms that possessed such organs to undergo a specific process of non-
random elimination, for there must have been a survival premium for organisms
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that were able to do such things better. Furthermore, such microorganisms
were able to learn (defined as the modification of behavior based on experi-
ence) by storing information of past events and using it for determined action.
US biologist Daniel Koshland Jr. formulated this in 1980 as follows:*

Bacteria do not have a long-term memory because they have no need for a long
memory span. The average bacterium lives for several hours. It has no occasion
to remember the contents of yesterday’s newspaper or the names of its children.
Since it is stripped for survival in an incredibly competitive world, it carries no
unnecessary genes. Its memory time, however, is clearly optimized by evolution.
It is short, because it must remember only its recent past, and it is not too short
because it needs accuracy to assess chemical gradients.

Now what would happen, van Dam wondered, if such microorganisms
evolved two sensors that were both connected to one tail, especially if these two
sensors gave off different signals about where to go? One would expect that a
more elaborate connection would emerge between the sensors and the tail able
to make decisions about what action to take. To do so effectively, an image
would need to be created of the situation as perceived by the sensors, with the
aid of which such decisions could be taken. As soon as that had happened,
living things were able to form a more detached image of the surrounding
world for the first time in biological history. It was more detached, because
there would have been some time for reflection on what course of action to
take between the incoming stimulus and the subsequent reaction. This image
would have been the first form of consciousness. Ever since that time, any
change in such an image-forming regime that improved the harvesting of
matter and energy favored the long-term survival of that species.”® This would
have included the storing of data in a rudimentary memory bank, as well as
better control over organs that made the organism move into the desired
direction.

According to Karel van Dam, multicellular organisms may have developed
along similar lines. A few cells that served as sensors would have become con-
nected to other cells that were able to process information and send commands
to a tail. As soon as such a situation was in place, multicellular complexes would
have evolved brains, map making and consciousness, as well as controlled
behavior — ultimately leading to organisms such as you and me. As long as such
images and their effects on the organism’s emerging behavior improved its
survival and reproductive chances, there must have been a positive reward on
achieving reasonably reality-congruent images of the outside world.

Over the course of time, living organisms evolved an ever-widening range
of sensors, with the aid of which they learned to navigate almost every nook
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and cranny on the surface of Earth. Yet only human beings have been able to
develop instruments that not only enhanced their own sensors but also unlocked
portions of the electromagnetic spectrum, most notably infrared and ultraviolet
radiation from the lowest to the highest frequencies, that had not been acces-
sible before to any other species.

The Increase and Expansion of
Biological Complexity

Ever since the Cambrian explosion of life forms, the rise and demise of count-
less complex species could be witnessed, all of which were surrounded by a
great many simple organisms. Most, if not all of these organisms were inter-
linked within an intricate food web. Although during this period a great many
smaller innovations emerged that were followed by adaptive radiations, only a
few major innovations led to fundamentally new organisms. The story of bio-
logical evolution is therefore extremely complex in its details, yet rather simple
from a general point of view.”

Biological evolution has proceeded with a great many ups and downs. Most
notably, there have been five major extinction events, some of which wiped out
up to 90 per cent of all species, only to make room for new ones. The reasons
for these mass extinctions are not yet well understood. Current explanations
range from internal causes, including the collapse of food chains, to external
causes such as sudden strong volcanic activity, plate tectonics producing ever-
changing shapes of continents and oceans, the impacts of meteorites and even
the effects of nearby supernovae. Whatever may have caused the mass extinc-
tions, over the course of time life has always bounced back into a similar regime
consisting of a spectrum of organisms ranging from the very simple to the very
complex, from microorganisms to plants and animals, while the overall trend
has been toward more complex plants and animals.

After the Cambrian explosion of life forms took place, more complex organ-
isms have never emerged anymore out of microorganisms. Apparently, ever
since that time selective pressures have been operating that kept small organ-
isms simple. For many already complex plants and animals, by contrast,
increasing complexity has been a good survival strategy, even though it was
more expensive to maintain it.*®

Over the past 500 million years, the process of plate tectonics has been
slowing down while volcanic activity gradually became less intense. The move-
ments of the tectonic plates exhibited certain regularities. Driven by energy
emanating from the Earth’s interior, all of the landmasses have joined at least
three times, thus forming one large supercontinent and one large ocean, only
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to subsequently break up again.” The oldest known supercontinent is called
‘Rodinia’’ It existed between approximately 1.1 billion and 750 million years
ago. Between 600 and 540 million years ago, the supercontinent of Pannotia
existed, which was followed by the most recent supercontinent of Pangea. This
enormous landmass existed in continuous form between 250 and 170 million
years ago.*

For landlocked organisms living on such moving panels, this had far-
reaching consequences. During the eras in which all the continents had joined,
they could move around freely and interbreed for as long as they belonged to
the same species. Yet as soon as the supercontinent broke into pieces again,
many of them found themselves increasingly isolated, which led to the emer-
gence of new species and even new genera. The formation of one large landmass
would have been unfavorable for marine species living in shallow sea water,
because these areas had dramatically decreased in size during such a supercon-
tinental period. The process of plate tectonics also exerted incisive effects on
other aspects of the geography including the climate, all of which must have
influenced biological evolution.

Over billions of years, the solar output increased. Yet the Earth’s climate did
not heat up accordingly, but appears to have fluctuated as a result of the com-
bined effects of plate tectonics, the Milankovi¢ cycles and the effects of life. The
orbit of our solar system around the galactic center may also have led to more
or less regular cosmic influences on Earth’s climate, while the occasional
impacts of large celestial bodies on our home planet and the possible explosions
of nearby supernovae might also have changed the surface of our home planet.
Furthermore, as a result of tidal friction Earth’s rotation slowed down, which
led to longer days and nights. All the animals that had developed biological
clocks that were fine-tuned to this planetary rhythm must have felt a pressure
to adapt. Seen from a general point of view, time and again, the story of life is
the story of energy flows through matter within specific Goldilocks circum-
stances leading to the emergence and decline of countless forms of
complexity.

Conquest of the Land

Until about 400 million years ago, all complex organisms by necessity lived in
the oceans, which protected them against the strong ultraviolet solar radiation.
The growing amounts of free oxygen in the atmosphere led, however, to the
emergence of an ozone layer in the stratosphere that began to protect life
against ultraviolet radiation. It is unclear when the stratospheric ozone layer
would have become sufficiently thick to protect any adventurous land invaders.
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Around 400 million years ago, some plants had left the cradle of their protective
oceanic surroundings and began to colonize the entire planet. They were
soon followed by animals. More likely than not, however, these intrepid species
had been preceded by a great many microorganisms for an unknown period
of time. These tiny life forms may have left only a few traces in the geological
record, if any.

This was not an easy transition. According to US biologists James Gould and
William Keeton:*'

Most of the problems of living on land relate to the need for copious amounts
of water. Water is much more important for plants than for other organisms. For
example, plants depend on obtaining raw materials — light, carbon dioxide gas,
fixed nitrogen, minerals, and so on — which are normally very dilute. As a result,
plants have evolved an enormous surface-to-volume ratio, which maximizes the
area available to gather light and nutrients.

As a result, plants evaporate enormous amounts of water that need to be
replenished. Although very important, the availability of water was only one of
the problems organisms had to contend with when they began to live on land.
Most notably, they needed to protect themselves against the (still) harmful
effects of sunlight while trying to find sufficient amounts of matter and energy
to keep their complexity going. For similar reasons, animals found this transi-
tion difficult also. As a result, both land plants and animals had to evolve space
suits that could guarantee Goldilocks circumstances not only for themselves
but also for their tender progeny. While plants evolved hard seeds for this
purpose, animals began to lay eggs with hard shells, which provided watery
Goldilocks circumstances for the unborn on land. It was only much later that
the innovation evolved of keeping embryos within one’s own body, which
made hard-shelled eggs superfluous.

Because these innovations were expensive in terms of matter and energy,
there must have been a payoff too. First of all, the amount of solar radiation
that can be captured on land is larger than in the oceans. As a result, the new
landlubbers could harvest more energy than their aquatic cousins. In the second
place, by going on land organisms could escape the presumably fierce competi-
tion in the water. As a result of these advantages, life spread almost all over the
Earth’s surface, limited only by lack of water and temperatures that were either
too low or too high.

The emergence of an oxygen-rich atmosphere allowed fires to burn for the
first time in Earth’s history. But for as long as there was no life on land, there
was nothing that could catch fire (some occasional dried-up lakes filled with
dead biomass perhaps excepted). In other words, fires could only begin to burn
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after sufficient amounts of combustible biomass had accumulated in dry places.
Over the subsequent 400 million years, fires have changed according to the
circumstances. During the Carboniferous and the Permian periods (between
360 and 248 million years ago), the percentage of free oxygen in the atmosphere
would have gone up to as high as 35 per cent, making possible giant life forms,
and probably also giant fires. The oxygen content could not go up any further,
because that would have led to spontaneous combustion. This negative feed-
back loop led to a process of spontaneous self-regulation, which limited the
percentage of free oxygen in the atmosphere. After that exuberant period had
come to an end, the oxygen percentage would have stabilized at around 21 per
cent for the past 150 million years.*

During the Devonian and Carboniferous (408-290 million years ago), a
great deal of dead biomass accumulated. At that time, massive warm swamps
existed in which forests grew. When the plants and trees died, they were buried
in the acidic waters and were subsequently often covered with sediments. This
produced the coal fields that would later fuel the industrial revolution. After
the Carboniferous had come to an end, however, far fewer such large-scale
accumulations of biomass took place. Usually, this decline is attributed to the
far colder conditions caused by the emergence of the supercontinent Pangea,
which created unfavorable conditions for the existence of large, warm forest
swamps. Yet I wonder whether this change was perhaps also related to the
emergence of animals in the subsequent Permian (290-248 million years ago)
that could eat plants more effectively, because they had developed specialized
digestive tracts.”’ Before that time, animals and microorganisms had only been
able to digest plants that had already died. The enormous petroleum reserves
of the Middle East, by contrast, were presumably formed around 150 million
years ago from the bodies of marine organisms that thrived in warm shallow
seas.**

Further Increasing Complexity

Although life kept evolving during the subsequent 300 million years, these
developments can hardly be called spectacular compared to the Cambrian
explosion of life forms. On the Earth’s surface, the Goldilocks circumstances
kept fluctuating, while perhaps exhibiting a long-term cooling trend. The
general pattern of biological evolution, however, did not change. A widening
range of species was punctuated over time by some larger, as well as a great
many smaller, extinction events.

Yet within this general pattern, smaller innovations often led to adaptive
radiations. For instance, the emergence of nectar-producing flowers made the
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sexual exchange of genes possible at a lower cost, because this did not depend
anymore on producing large amounts of wind-born pollen, only a small amount
of which would reach other plants. It depended instead on far smaller amounts
of pollen that were selectively transported from plant to plant by specific insects,
which profited from the nectar the plants offered in return. Apparently it was
cheaper, and more effective, for plants to produce nectar than large amounts
of pollen. Similarly, the emergence of fruits attracted animals, which, by eating
them, helped to spread the seeds more efficiently via their digestive tracts. All
these developments produced a great many interdependencies between flora
and fauna. Such innovations leading to adaptive radiations took place all across
Earth, thus producing an ever-changing population of life forms.

During this period, a good many plants and animals learned to create, or
adapt to, local and regional Goldilocks circumstances in ways that favored their
own survival. Some plants, for instance, occur in such great numbers that
predators find it almost impossible to completely overwhelm them. Alexander
von Humboldt, and in his wake Charles Darwin, called such species therefore
‘social plants.”* The reader may recall that the strategy of hanging together to
improve one’s survival chances was earlier employed by the cyanobacteria while
joining to form stromatolites. Some animals followed a similar strategy by
forming large herds. This stimulated processes of natural selection in which the
weakest, most vulnerable, individuals were nonrandomly eliminated. Large
assemblies of plants, animals and microorganisms jointly created entire biomes
such as savannas, forests, tundras and coral reefs, all characterized by specific
Goldilocks circumstances. Plants also created Goldilocks circumstances for
themselves, for instance by dropping leaves, thereby producing humus in the
soil that favored their continued existence. Also many animals, including
insects, learned to actively construct Goldilocks circumstances. A few familiar
examples include birds building nests, rabbits digging holes and ants and bees
constructing their complex dwellings.

During this process, the brains of some animals became larger and more
complex. Because brains are very expensive energy-wise, there must have been
an advantage to possess them, namely the ability to harvest matter and energy
more effectively while avoiding becoming someone else’s food. In other words,
brainy animals would have become better at both finding food and defending
themselves.

The types of food that animals eat determine their development to a con-
siderable extent. Animals that consume plants have access to food that is often
comparatively easy to find. Yet it is often relatively low in energy content and
hard to digest. As a result, large browsers have to eat large amounts of such
food. Finding these resources may not be very difficult, but such animals
usually need to move around and follow the plants for an all-year-round
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exploitation. For their defense, they rely on numbers and on speed, as well as
on weapons such as horns and hooves. This is a major reason why such animals
live in herds. As a result, they needed brains that helped them perform all these
tasks, including the development of a social order.

Predators, by contrast, eat high-quality food in terms of easily digestible
matter and energy. This type of food may be difficult to catch. In consequence,
predators needed high speed, strength, excellent body coordination and effec-
tive weapons such as sharp teeth. Because their food is hard to catch, large
predators often prefer to operate alone or in small groups. They usually do not
need any additional defensive weapons, because their weapons of attack also
help them to ward off threats from other animals. All of this posed limits on
the possibilities for predators to become social animals.

Around 200 million years ago, warm-blooded animals would have emerged
that were able to maintain their own body temperature. In doing so, they could
maintain the speed of their own biochemical reactions at a steady rate, also
when the temperature of the environment varied. This came at the expense of
a considerably higher energy consumption. Warm-bloodedness was especially
important for animals with larger brains, because a complex nervous system
requires a rather constant body temperature.* It is not certain when the char-
acteristic of warm bloodedness emerged. Some biologists even think that a few
dinosaurs, of whom there were a great many at the time, were already warm
blooded, and that over the course of time both birds and mammals were
descended from them.

Between 200 and 63 million years ago, the dinosaurs reigned supreme, after
which the impact of an asteroid would have ended their dominance on the face
of Earth by causing a ‘nuclear winter. Large volcanic eruptions that took place
more or less simultaneously in India, which produced large outflows of lava
now known as the ‘Deccan traps, may also have contributed to the dinosaurs’
demise by causing a similar global effect. In fact, one may wonder whether the
famous asteroid impact on the edge of what is now the peninsula of Yucatin
may have made the Farth’s mantle tremble so hard that it triggered volcanic
eruptions on the other side of Earth. Whatever the case may have been, because
the surviving early mammals were warm blooded, they may have been better
able to survive the ensuing colder circumstances than cold-blooded animals.”

Thanks to these new Goldilocks circumstances, which mammals maintained
within themselves, warm-blooded animals with relatively large brains subse-
quently spread to many parts of the world with widely varying circumstances.
In doing so, some of these animals developed even larger brains. In the next
two chapters we will see how one such species succeeded in placing itself on
top of the food pyramid and came to dominate the world.
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EARLY HUMAN HISTORY

The Emergence of the Greatest
Known Complexity

Introduction

An account of human history written with the Earthrise view in mind offers a
perspective on our common past that is different from the established narra-
tives. Most academic histories start somewhere between 6,000 and 5,000 years
ago, when the oldest known written records were produced. The preliterate
period, called ‘prehistory, is considered to be the domain of archaeologists and
palaeo-anthropologists. However, just like the long early phase of biological
evolution, during which many important developments took place, the long
early phase of human history, which began around 4 million years ago, also
showed major developments, most notably the change from the genetic and
behavioral make up of ape-like creatures into patterns that are characteristic of
modern humans. This chapter will deal with these changes, while the past
10,000 years of human history will be considered in chapter seven.'

The history of our species has been profoundly influenced by the prevailing
natural circumstances, which include the ever-changing configurations of the
landmasses and the oceans; climatic change; the availability of fresh water; the
habitats of specific plants, animals and microorganisms; the nature of the land,
including soils, mineral resources, mountains or flat lands, rivers, the proximity
of seas and oceans, earthquakes and volcanic eruptions and last, but probably
not least, meteorite impacts and perhaps even supernovae events. All these
characteristics, and perhaps a good many more, may exhibit more or less
regular patterns. Whereas many of these aspects have not always been beneficial
to human complexity, none of them has undermined it completely until today.

Over the course of time, humans have learned to create, manipulate and
exploit a great many natural circumstances to their own benefit. In doing so,
they have created ever more intricate regimes of Goldilocks circumstances,
which have, so far, ensured human survival and reproduction. As a result,
human history represents a fundamentally new phase in biological evolution.
For during the entire history of life, no other organism has existed that has
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changed the face of Earth in such profound ways within such a short period of
time. Humans have been able to do so thanks to their unprecedented ability to
process, store and transmit enormous amounts of information. This process is
known as ‘culture’ Whereas many animals exhibit forms of cultural learning,
only humans have used it to such a large extent for shaping both their own
history and the surrounding natural environment. For this reason, humans
may well be the most complex adaptive species to have emerged on our planet.

What Makes Humans Different

The biological basis for the human ability to create unprecedented amounts of
complexity is to be found in the fact that we are the most brain-endowed
animals that have inhabited this planet so far. It is probably no coincidence
that animals possessing the characteristics of both plant-eaters and predators
developed the biggest and most complex brains per body weight and came to
dominate the world. The major difference between ourselves and our closest
cousins, the chimpanzees, is the fact that in relation to body size, our brains
are about three times as large as those of the great apes, while our brains also
appear to be more intricate. The development of the human brain may have
been stimulated by a great many unrelated geological and biological changes,
yet the general evolutionary trend was toward a species with a larger and more
complex brain.

Our brain consists of enormous numbers of cells that are interconnected in
such intricate ways that scientists still do not know the details of how they work
together. Far more than any other animal brain, human brains facilitate map-
making and communication, as well as the coordination and adaptation of
behavior. As a result, large and complex brains allow humans to become a great
deal better at harvesting matter and energy, as well as at creating unprecedented
forms of complexity, including changing the prevailing circumstances into
forms that were perceived to be more favorable.?

The disadvantage of having a large brain is that it guzzles up a great deal of
energy. On average, the power density of the human brain amounts to a whop-
ping 15 watt/kg, while the overall power density of human bodies is only about
2watt/kg.” As US neuro-scientists Pierre Magistretti, Luc Pellerin and Jean-Luc
Martin formulated it:*

Although the brain represents only 2% of the body weight, it receives 15% of the
cardiac output, 20% of total body oxygen consumption, and 25% of total body
glucose utilization. With a global blood flow of 57 ml/100 g min, the brain extracts
approximately 50% of oxygen and 10% of glucose from the arterial blood.
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This prodigious energy consumption must have had a significant advantage.
If not, large brains would have been eliminated nonrandomly a long time ago.
Yet, while their brains became larger, humans multiplied, notwithstanding the
fact that our species never possessed major biological weapons such as horns,
hooves or venom. Apparently, until today the amounts of matter and energy
that humans have been able to harvest thanks to their larger and more complex
brains have outweighed the increased consumption of resources by their brains.

The major strength of brains is that they run complex software that can in
principle be adapted quickly, according to the circumstances. This makes
brainy animals far more flexible and adaptive, and thus far more effective, than
other organisms. In contrast to the dominant mechanism for adaptation in
biological evolution, in which change comes as a result of genetic variation,
humans do it by changing their image of the surrounding world — called culture
—and by adjusting their behavior accordingly. In other words, thanks to culture
humans do not have to wait for the emergence of spontaneous genetic change
that may help the lucky individuals survive the changing circumstances, while
all the others go extinct. Humans only need to change their behavior, not their
genes.

To be effective, cultural software must be shared with other people, includ-
ing the next generation. Any increasing effectiveness of brains must, therefore,
have gone hand in hand with improvements in communication. A few years
ago, David Christian introduced the term ‘collective learning’ for character-
izing this process. In Christian’s view, collective learning operates for humans
similarly to the ways natural selection (non-random elimination) has func-
tioned in biological history, while the speed of cultural learning depends criti-
cally on both the number of interconnected people and the number of
connections.’

Collective learning is not a uniquely human characteristic. Many other
animals, including monkeys and apes, exhibit forms of cultural learning. The
quality of this learning is still being assessed by researchers. Long-term histori-
cal developments in collective learning among other animals are virtually
unknown for lack of evidence.® Yet it appears as if humans have undergone
much more complex cultural learning processes. This may be related to the fact
that while a great many young animals tend to copy the behavior of adults,
grown-up animals have never been observed to actively teach the next genera-
tion in other species. Apparently, among humans the transmission of collective
knowledge to the next generation is achieved more effectively.

In biological evolution, the emergence of the genetic language stored in the
genome opened up the possibility of genetic disinformation. Likewise in human
history, the improving quality of symbolic languages made possible the emer-
gence of ever more powerful forms of symbolic disinformation. This would
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have made trust in each another, or the lack of it, a major theme in human
history, especially if it concerned important aspects of life such as the preserva-
tion of one’s personal complexity, the harvesting of sufficient matter and energy
and the creation or maintenance of Goldilocks circumstances.

Over the course of time, the processes of cultural learning must inevitably
have led to a process I will call ‘cultural forgetting.” Not every form of knowl-
edge that was once shared among groups of people has reached the present day.
To the contrary, over the acons, an unfathomable amount of collective knowl-
edge has been lost. Had this not been the case, it would have been easier to
reconstruct human history, because we would have virtually endless amounts
of details at our disposal. Our major problem would then have been not to
become overwhelmed by the available data.

During most of early human history, culture was probably mostly stored in
human brains. As long as humans could not write or produce other abstract
material symbols with the aid of which knowledge could be summarized, stored
and conveyed effectively, there were severe limits on the amount of information
people could accumulate as well as on its reliability, while there would have
been a high premium on keeping information as simple as possible. It is there-
fore not surprising that in maps, mental or otherwise, major characteristics are
emphasized at the expense of the details. The better brains became at doing so,
the more effective they would be.

As soon as people began to produce tools and, much later, art, some infor-
mation was stored in external objects on how to make them and what they
might mean. But such information was always ambiguous, because its inter-
pretation very much depended on the presence of people able to explain how
such tools were made and what they were used for. As a result, we are still
guessing at what early tools were used for as well as what early art forms might
have meant for the people who produced them, even when such drawings, often
animals, are very recognizable.

It was only when people began to write, and even more so when printing
was invented, that ideas no longer needed to be stored in brains, but could
instead be recorded elsewhere relatively faithfully. This freed up storage space
within brains, while it made exchanges of information a great deal easier. These
developments led, therefore, to an explosion of collective learning, especially
when people became more numerous and better interconnected. More recently,
the technology of computer data storage and exchange have caused similar
explosions in collective learning. All these evolutionary steps have allowed
humans to become better at harvesting matter and energy, as well as at con-
structing complexity and Goldilocks circumstances. Furthermore, as a result of
the improving ways of recording and storing information, the process of cul-
tural forgetting has declined, although it has not disappeared.
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Energy and Complexity

Over the course of time, humans have constructed unprecedented amounts of
complexity, ranging from very simple tools to large computerized factories. In
this sense, humans are not entirely unique. A great many animals also create
forms of constructed complexity. Birds build nests, for instance, while beavers
make dams, rabbits dig holes, bees construct hives, ants build nests and spiders
weave webs. This type of behavior is known in biology as ‘niche construction.”
Those species that engage in niche construction subsequently become adapted
to those circumstances, especially if these conditions continue to exist over
many generations. A major difference between the ways in which humans and
other animals construct complexity is that animals only very rarely, if at all, use
elaborate tools for making things. Humans learned to make and use tools
thanks to the fact that their upright stride freed their hands which, in its turn,
made possible an unprecedented coordination between their stereoscopic eyes,
evolving brains and ever more dexterous hands.

Not only are humans unique in the sense that they began to use an ever-
widening tool set, we are also the only species on this planet that has con-
structed forms of complexity that use external energy sources: most notably
a great many machines, but also sailing vessels, for instance. This was a fun-
damental new development, for which there were no precedents in big
history. This capacity may first have emerged between 1.5 and 0.5 million
years ago, when humans began to control fire. From at least 50,000 years ago,
some of the energy stored in air and water flows was used for navigation and,
much later, also for powering the first machines. Around 10,000 years ago,
humans learned to cultivate plants and tame animals and thus control these
important matter and energy flows. Very soon, they also learned to use
animal muscle power. About 250 years ago, fossil fuels began to be used on
a large scale for powering machines of many different kinds, thereby creating
the virtually unlimited amounts of constructed complexity that we are famil-
iar with today.

For as long as humans and animals used only their own muscle power for
constructing forms of complexity, the required energy flowed through their
own bodies. Yet this energy was not used to create or maintain more body
complexity. Instead, it was used for the construction of a great many types of
external complexity. Seen from a general point of view, the production of
external complexity can be seen as so many attempts at creating Goldilocks
circumstances that favor the maintenance of one’s personal complexity.

During human history, the direct energy used for maintaining bodily com-
plexity may have fluctuated between 2 and 5 watt/kg. A more limited consump-
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tion on a structural basis would have led to the decline, if not demise of human
body complexity, because 2 watt/kg is the minimum amount of energy needed
to maintain our own complexity. A much larger intake than 5watt/kg would
have had a similar effect, because it would destroy our bodies also after a certain
amount of time. The energy used for constructing, maintaining or destroying
complexity, by contrast, has ranged from very little during early human history
to the enormous amounts consumed today. For lack of reliable data, it is dif-
ficult, if not impossible, to estimate the power densities of complexity created
by humans during their history. Even a crude attempt at determining such
values would constitute an entire research program very much along the lines
pioneered by von Humboldt.

During human history, the efficiency with which energy and other resources
have been used may have exhibited certain trends. Using large amounts of
energy does not necessarily lead to the creation or maintenance of a great deal
of complexity. For instance, early steam engines, internal combustion engines
and jet engines were not very efficient. Yet over the course of time, their effi-
ciencies increased. It may be that, with large ups and downs, human history as
a whole can be similarly characterized as a process of increasing energy effi-
ciency. More likely than not, the efficiency of using natural resources became
a major consideration as soon as they were perceived to be scarce.

Many scholars have interpreted culture in terms of collective efforts at
solving problems of daily life.® All of these problems involve energy. US geolo-
gist M. King Hubbert, who gained worldwide fame for his controversial, yet
correct, prediction in 1956 of peak oil production in the United States at
around 1970, formulated this as follows:’

Since energy is an essential ingredient in all terrestrial activity, organic and inor-
ganic, it follows that the evolution of human culture must also be a history of
man’s increasing ability to control and manipulate energy.

Such an approach to human history may not be popular among historians
and social scientists. Certainly, human behavior is far more complex and varied
than just harnessing matter and energy. Yet it cannot be denied that like all
other life forms, humans are unable to escape the consequences of the second
law of thermodynamics. If we want to prevent our bodily complexity as well as
all the complexity that we have created from descending into chaos, we must
keep harvesting matter and energy flows on a regular basis. This is the bottom
line of human history. I will therefore argue that during most, if not all, of
human history, the quest for sufficient matter and energy to survive and repro-
duce within certain Goldilocks circumstances has been the overriding theme.
Whatever other plans human beings may have sought to execute during their
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history, if these plans did not take into account their ceaseless struggle against
entropy, they were doomed to fail."

All human actions have inevitably produced waste, in other words, entropy.
While the low-level radiation produced by human activity was easily radiated
out into space, a legacy of material disorder began to accumulate on the surface
of Earth over the course of human history. This may have started very modestly
with, for instance, leftover rubbish resulting from the production of flint tools.
Yet increasing human activities must have gone hand in hand with the growth
of material entropy in the natural environment produced by human action.

The Emergence of Early Humans

Depending on what one would call early humans, it may be fair to say that
human history began about 4 million years ago. During the first 2 million years,
humans had to adapt themselves to the ever-changing environment to survive,
while their abilities to adapt the landscape to their own benefit were limited.
Yet from about 2 million years ago until the present day, humans have increas-
ingly learned to harvest matter and energy more effectively, as well as to adapt
ever greater portions of the surrounding natural environment to their own
desires. In doing so, humans have often sought to change the prevailing cir-
cumstances into situations that resembled the Goldilocks circumstances within
which they had first emerged. This general strategy has allowed our species to
spread around the world and do all the things humans do today.

The first early humans emerged on the savannas of East Africa. This land-
scape was, and still is, characterized by a rather mild climate. All year round,
the temperatures would have ranged between 20 and 30 degrees Celsius. This
did not differ a great deal from the average human body temperature, yet it was
low enough to allow the early humans to get rid of their excess heat. As a result,
our earliest ancestors would not have needed protection against high or low
temperatures in the form of body hair, which they may have lost as a result. Also
the air pressure on the East African savannas is rather mild, on average about
900 hectopascal. As a result, there was enough oxygen in the air for a great many
physical efforts, such as running over longer distances. British geographer I. G.
Simmons characterized the living areas of early humans as follows:"

On a large scale, they share all the characteristics of a savanna environment, with
open as well as wooded vegetation and alternating wet and dry seasons. At more
local scales it appears that most of the sites were at the interface between open
and closed vegetation, whether along a lakeshore or a stream or a sinkhole;
further, the sites were located amongst complex mosaics of environmental types,
thus enhancing the variety of resources which were available.
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In this situation, the ancient folk would have needed an average power
density of about 2watt/kg, because that was enough to keep their bodies
going."”

According to the modern scientific view, our species owes its emergence to
circumstances that were uniquely characteristic of East Africa, while they did
not occur in any other place where great apes lived. During this period, for
reasons not yet well understood, the African continent was becoming drier and
colder. This climatological change had profound effects on the African flora
and fauna. The tropical forests were retreating on both the eastern and western
sides of Central Africa and were being replaced by savannas. As a result, the
forest-dwelling species found themselves increasingly under pressure to adapt
to a new life on grasslands interspersed with trees.

Among many larger species, including early humans, as well as antelopes
and other herbivores, this led to the development of stiffer legs. While elastic
legs are better for moving around in forests, stiffer legs are superior for living
on grasslands, because they allow individuals to run faster and cover longer
distances. During this period, many species that found themselves on the savan-
nas developed stiffer legs and underwent adaptive radiations. Yet only among
early humans did this lead to bipedalism: an upright way of walking. During
the subsequent period of adaptive radiation, a whole range of early humans
emerged."

These developments were part of an even longer-term climate change. About
55 million years ago during the Eocene period, the climate and vegetation
would have been warm all across Earth, despite vast differences in latitude and
longitude. Subsequently, a long-term irregular cooling trend set in, causing
both an increasing aridity and a thinning vegetation in Africa. This long-term
climatic gradient over time was partially caused by plate tectonics. The African
plate kept moving north, where it met the Eurasian plate. This collision shut
down the connection between the Atlantic Ocean and the Indian Ocean, and
caused a massive rearrangement of matter and energy flows all across the
Earth’s surface. Other geographic changes also took place, such as the collision
of the Indian subcontinent with the rest of Asia, which led to the formation of
the Himalayas. All these developments combined would have contributed to
the long-term cooling and drying trend."*

As a result, the Goldilocks circumstances for life on the Earth’s surface dif-
ferentiated into a regime of increasingly diverse climatic zones. Warm and wet
areas became increasingly restricted to the tropics, deserts shifted location,
temperate zones emerged and even areas began to emerge that were covered
by ice all-year round. These changing geographic circumstances led to increas-
ing matter and energy flows from the tropics to the poles in the form of wind
and water currents. These conditions also favored, for instance, the emergence
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of large grasslands, on which increasing numbers of large grazers and their
predators made a living. This long-term ecological change in both space and
time eventually produced the Goldilocks circumstances within which early
humans emerged.

Plate tectonics may have played an additional role in driving early human
evolution. During the period in which climate change led to a shift from wood-
lands to savannas, plate tectonics produced an East-West divide in Africa as a
result of the splitting-up of its continental plate into two pieces. The resulting
fault line linking the Nile, Rift and Zambezi valleys began to form an ecological
barrier, separating East Africa from Central Africa. This development will even-
tually lead to the breakup of the African continent. Although a great many
species could cross this ‘barrier’ and thus remained part of single gene pool,
other organisms could not.

According to Dutch ethologist Adriaan Kortlandt, this ecological barrier
prevented early hominids (or apes) on both sides of the great divide from
interbreeding, because they could not swim and thus were unable to cross the
rivers that emerged in these valleys. When the ecological circumstances began
to vary o