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Catalyst of the self-organization paradigm



Consequently: he who wants to have right without wrong,
Order without disorder,

Does not understand the principles

Of heaven and earth.

He does not know how

Things hang together.

Chuang Tzu, Great and Small



Contents

Foreword xiii
Acknowledgements xvii

Introduction and Summary: The Birth of a Paradigm from a

Metafluctuation 1
A time of self-renewal 1
The self-renewal of science 3
Summary of contents 9

PART I

SELF-ORGANIZATION: THE DYNAMICS OF NATURAL

SYSTEMS 19

1. Macroscopic Order 21
Overcoming reductionism 21
Three levels of inquiry in physics 24
Symmetry-breaking as a source of order 27

2. Dissipative Structures: Autopoiesis 29
Spontaneous structuration 29
A hierarchy of characteristic system aspects 32
Characteristics of dissipative structures 35
Self-reference and environment 36

3. Order through Fluctuation: System Evolution 42
Evolutionary feedback 42
The role of fluctuations: the micro-aspect 44
Macroscopic indeterminacy 47
Novelty and confirmation 50
System dynamics and history 53

4. Modelling Self-organizing Systems 55

Homologous dynamics of natural systems 55

Vil



Catastrophe theory as alternative
Physical-chemical systems
Biological systems
Sociobiological systems
Ecological systems

Sociocultural systems

PART II

CO-EVOLUTION OF MACRO- AND MICROCOSMOS:
A HISTORY OF REALITY IN SYMMETRY BREAKS

5. Cosmic Prelude
Evolution as a symmetry-breaking process
The asymmetrical origin of matter
Symmetry break between physical forces: The unfurling of the
space-time continuum for the unfolding of evolution
Interlude: Structuration by condensation
Self-organization of cosmic structures
Matter transfer and cosmic “‘phylogeny”
The arrow of cosmic time

6. Biochemical and Biospherical Co-evolution

Energy flow as a trigger for chemical evolution

Prebiotic self-organization: Dissipative structures and hyper-
cycles

Linear self-reproduction—the vertical aspect of genetic com-
munication

Horizontal genetic communication—the stage of prokaryotic cells

The build-up of an oxygen-rich atmosphere—life itself creates
the conditions for its further evolution

Gaia—the planetary self-organizing system of bio- and atmo-
sphere

7. The Inventions of the Microevolution of Life

Emergence of the eukaryotic cell from symbiosis
Sexuality

Heterotrophy—life feeds on life

The urge toward multicellularity

The difficult balance between novelty and confirmation

8. Sociobiology and Ecology: Organism and Environment
A clarification concerning the terminology
Optimal utilization of energy

vili

57
59
59
62
64
69

75

77
77
79

82
85
87
92
94
97

97

99

102
106

110

115

121

121
125
127
128
131

135

135
136



Macrodynamics of life

The feedback loop between organism and environment—
epigenetics and macroevolution

Epigenetics and microevolution

Manipulation of history in long-range evolutionary strategies

Man as a product of epigenetic evolution

Sociobiological evolution in the direction of individuation

9. Sociocultural Evolution
The dynamic unfurling of biological communication
Neurons, the specialists of fast communication
Mind as dynamic principle
The evolution of the “triune brain”
Autopoietic levels of mentation
Language
The sociocultural re-creation of the world
Complementarity of subjectivity and objectivity
Evolutionary opening by creative mind

PART III

SELF-TRANSCENDENCE: TOWARD A SYSTEM THEORY
OF EVOLUTION

10. The Circular Processes of Life
Cyclical ~ organization—the system logic of dissipative
self-organization
A hierarchical typology of self-organizing systems
Autopoietic, self-regenerative systems
Systems with growth dynamics
Co-evolution of cyclical system organization

11. Communication and Morphogenesis

A generalized scheme of types of communication

The development of memory

Epigenealogical process—dissipative and conservative principles
in interaction

Symbiosis

Communication in the major phases of the co-evolution of
macro- and microcosmos

The cosmic connection

x

139

143
147
150
153
155

157

157
158
162
165
169
172
174
177
179

183
185

185
186
188
191
194

197

197
200

201
202

207
211



12. The Evolution of Evolutionary Processes
System dynamics in macroscopic and microscopic perspective
The emergence of complexity
Metaevolution in symmetry breaks
Hierarchical securing of openness

13. Time- and Space-binding

Mutual correspondence of space and time in communication
The fine-structure of time

The steps of time- and space-binding in evolution
Interpretation: the evolutionary “purpose”

14. Dynamics of a Multilevel Reality

Multilevel autopoiesis
Hierarchically co-ordinated dynamics
Not control hierarchy, but stratified autonomy

PART IV

CREATIVITY: SELF-ORGANIZATION AND THE HUMAN
WORLD

15. Evolution—Revolution
Gradual change, manipulation or evolutionary fluctuation?
Metastability of institutions
From quantum jumps to “gliding” evolution?
Cultural pluralism and autonomy of the systems of human life
16. Ethics, Morality and System Management
Multilevel ethics
Time- and space-binding in planning
Opening up “at the top”
Process planning instead of structural planning
The complementarity of values
17. Energy, Economy and Technology

Time-binding in the exploitation of energy sources
Energy-intensive economy
Economy, environment and consciousness

18. The Creative Process

Self-organization, art and the experience of art
Open science
On the revolving stage of consciousness

X

217

217
218
222

227

231

231
232
234
236

239

239
243
247

251

253
253
255
256
259

263

263
266
267
271
272

275

275
278
282

286

286
290
291



19. Dimensions of Openness

Intensity, autonomy and meaning—the dynamic measures of
evolutionary progress

Immediacy of existence

The suspension of historical time

EPILOGUE

Meaning
Literature References
Name Index

Subject Index

297

297
300
302

307
312
322
327



Foreword

A non-technical book about evolution might, at first sight, be taken for a popu-
larization of some of the fascinating recent insights and concepts which science
has brought to this broad theme. However, the purpose of this book transcends
the simple task of providing an up-to-date version of recent advances in science.
My ambition with this book is far greater. It aims at a new synthesis, at letting
appear the contours of an emergent unifying paradigm which sheds unexpected
light on the all-embracing phenomenon of evolution. This new paradigm is the
paradigm of self-organization. With it, an age-old vision is finding its scientific
foundations.

In current theory, evolution is usually considered under the aspects of adapta-
tion and survival. The dire stereotypes of the ‘“survival of the species’ and of
evolution as a ““game in which the only reward is to stay in the game” exert
their fateful influence even on the images we hold of ourselves and of human
life in general. Such a “heroic pessimism” is further enhanced by theories
which view the origin of life as a mere accident, so unlikely that it perhaps
occurred only once in the whole universe.

But life is more than survival and the environment to which it adapts, itself
evolves and adapts. To grasp this co-evolution in a non-dualistic perspective
required the development of a paradigm capable of dealing with self-transcen-
dence, the reaching out beyond the boundaries of one’s own existence, the joy of
creation. The emergent paradigm of self-organization permits the elaboration of
a vision based on the interconnectedness of natural dynamics at all levels of
evolving micro- and macrosystems. From such an interconnectedness of the
human world with overall evolution springs a new sense of meaning. The
ultimate aim of the book is thus a profoundly humanistic one.

An “ecosystem” of new scientific concepts, most of them not older than a
decade, substantiates such a unified, but non-reductionist view of self-
organizing evolution. The most fascinating aspect in the development of these
concepts is the dynamics with which they seem to organize themselves into the
more comprehensive paradigm—which, thereby, furnishes its own proof. The
ambition of the present book is to act as a catalyst in this self-organization.

My richest source of inspiration was my friendship with Ilya Prigogine of the
Free University of Brussels and the University of Texas in Austin. The best

Xili



Xiv Foreword

part of the self-organization paradigm is his life’s work. I owe him and his
collaborators not only innumerable philosophical and scientific discussions, but
also unpublished material. The news that Ilya had been awarded the Nobel
Prize in Chemistry came while I was at work on this book. It came on a
morning at which the skies above Berkeley were white, filled with self-
organizing structures. Everywhere in Northern California tiny balloon spiders
had hatched at the same time, climbed to the tips of grass blades and woven
small silky balloons there. As if responding to a signal, they had all simul-
taneously let go and sailed away in the wind which blew them together until
they formed lofty colonies, sometimes 500 feet long, heroically sailing toward
the founding of a new home—if they did not fall into the water. It was self-trans-
cendence, the reaching-out of evolution, made visible.

However, this book owes much to my contacts with many people. For dis-
cussions, correspondence and the exchange of publications I should like to
thank, above all, the following persons, listed in alphabetical order: Ralph
Abraham (University of California, Santa Cruz), Richard Adams (University of
Texas, Austin), Peter Allen (Free University of Brussels), Agnes Babloyantz
(Free University of Brussels), Gregory Bateson (University of California, Santa
Cruz), Fritjof Capra (University of California, Berkeley), Manfred Eigen (Max
Planck Institute of Biophysical Chemistry, Gottingen), Ingemar Falkehag
(Westvaco, Charleston, S.C.), Paul Feyerabend (University of California,
Berkeley), Roland Fischer (Esporles, Mallorca), Heinz von Foerster (Pescadero,
California), Walter Freeman (University of California, Berkeley), Herbert
Guenther (University of Saskatchewan), Wolf Hilbertz (University of Texas,
Austin), Brian Josephson (Cambridge University), Antonio Lima-de-Faria
(University of Lund, Sweden), Lars Lofgren (University of Lund, Sweden),
Paul MacLean (National Institutes of Health, Bethesda, Maryland), Lynn
Margulis (Boston University), Magoroh Maruyama (Wright Institute,
Berkeley, California), Mael Marvin (Temple University, Philadelphia),
Humberto Maturana (University of Santiago de Chile), Dennis McKenna
(Honolulu), Terence McKenna (Freestone, California), Les Metcalfe (London
Graduate School of Business Studies), Lloyd Motz (Columbia University, New
York), Yuval Ne’eman (University of Tel-Aviv), Walter Pankow (Zurich), Karl
Pribram (Stanford University, Stanford, California), Rupert Riedl (University
of Vienna), Walter Schurian (University of Miinster, Germany), Peter Schuster
(University of Vienna), Paolo Soleri (Arcosanti, Arizona), Isabelle Stengers
(Free University of Brussels), Francisco Varela (New York University), Sir
Geoffrey Vickers (Goring-on-Thames, England), Conrad Waddington
(Edinburgh University, died in September 1975), Christine von Weizsicker
(Kassel), Ernst von Weizsicker (University of Kassel), Arthur Winfree (Purdue
University, Lafayette, Indiana), Milan Zeleny (Copenhagen School of
Economics).



Foreword Xxv

The manuscript was critically read, partially or in zoro, by Manfred Eigen,
Paul Feyerabend, Walter Freeman, Lynn Margulis, Ilya Prigogine, Walter
Schurian and Isabelle Stengers, as well as by the editor of this series, Ervin
Laszlo (UNITAR, New York). I owe them valuable corrections and
suggestions. The remaining errors are my own.

Special thanks are due to Gen Tsaconas of the University of California in
Berkeley for editing the English text in the same meticulous way which she had
already previously applied to three of my former books. She considers the
present book the best.

When, not long ago, the Rastor Institute of Helsinki invited me to a lecture, it
offered me a stipend instead of a honorarium. Work on this book benefited from
it as well as from a visiting professorship at the University of Kassel in the
Summer Semester of 1977.

Finally, I wish to thank the Center for Research in Management of the
University of California, Berkeley—and especially its acting chairman, C.
West Churchman—for the invitation to present the material of this book in
the prestigious framework of the Gaither Lecture Series in Systems Science.
The response of the audience seemed to bear out my hope that this new
science will reach out and touch human life at many levels.

Berkeley (California), Summer, 1979 ERICH JANTSCH
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Introduction and Summary:
The Birth of a Paradigm from a
Metafluctuation

In girum imus nocte et consumimur igni
(We circle in the night and are consumed by the fire)

Old Latin palindrome

A time of self-renewal

The relatively short period between the middle of the 1960s and the
beginning of the 1970s occupies a special position in the history of our
century. It was a period in which traditional social and political structures
were questioned, in which protests against restrictions of human life, which
first were hardly taken seriously, became powerful processes shaping an urge
to find new structures. What all these processes had in common was a
profound concern for self-determination and self-organization, for openness
and plasticity of structures and for their freedom to evolve.

The demand for freedom of speech was only the spark which ignited the
Berkeley campus in 1964/65. It was followed by a movement which spread
like brushfire and which quickly embraced all essential concerns of human
and social life around the world. The protest against the rigidity of the
university and its alienation from reality widened to include the demand for a
redesign of social reality. Ruling governments were put against the wall,
especially in France and Czechoslovakia in the historic year 1968. At the same
time, the Chinese cultural revolution broke up rigidifying structures; Mao
Tse-Tung was the only statesman to welcome this dynamics of self-
organization.

The storm blew over, the structures apparently had resisted—but the world
was no longer the same. The mental and spiritual structures had changed;
new values shaped new guiding images. International big power politics
became increasingly despised and had to accept decisive defeats, not just in

1



2 The Self-organizing Universe

Vietnam. The dictatorships in Greece, Portugal and Spain disappeared over-
night. Even Watergate seems to have been the outcome of a moral renewal.
The question of civil rights started an avalanche in America which would
soon reach Africa and even the Middle East and eventually started an inter-
national discussion on human rights. The Helsinki conference unexpectedly
became a boomerang for the dictatorships of Eastern Europe. But also ithe
frozen structures of world trade, favouring one-sidedly the highly industrial-
ized nations, were for the first time partly broken up in the oil crisis of the
year 1973—and in this area there can be the least doubt that more profound
changes are in the offing.

The political and economic aspects of those turbulent years remain the
most visible in their consequences, but they are not the only ones weighing
heavily. Of even greater importance is the intensification of human conscious-
ness which is leading to a redesign of the individual relationships of humans
with their environment—an environment of fellow humans as well as of
nature. If political and economic changes represented macroscopic aspects of
the systems of human life, the relationships with the environment refer to
microscopic aspects; both must go together. The rising consciousness of an
indivisible unity with nature—and even of human existence as an integral
aspect of nature—has transformed the esotoric notion of an ecosystem into an
immensely practical notion. Today, concepts of environmental protection
rank nationally and internationally on an equal footing with those economic
concepts with which they often do not go together very well. Together with
the recognition of the limits of non-renewable resources, they are even about
to force deep changes in the conventional economic processes, especially in
the direction of a recycling economy instead of linear one-way (throw-away)
processes. Besides the protection of nature against the consequences of
technology, there is also a new spirit of consumer protection, brought about in
America almost single-handedly by Ralph Nader.

Perhaps the most significant change in the consciousness of large parts of
the population is the recognition that the development of technology is not an
aspect of blind progress which must not be hindered, but a product of the
human mind. The greatest technological triumph of the period in question
was not the moonlanding, planned and carried out with incredible
precision, but the withdrawal of the project for an American civil supersonic
plane under the pressure of public opinion.

This new attitude toward technology was the most significant success of
that explicit concern with the future which started to fascinate many people in
this period. The foundations for a conscious and open design of our own
future were laid by Bertrand de Jouvenel (1967) with his notion of
“futuribles’’—a multiplicity of possible futures—and Dennis Gabor (1963)
with his concept of normative forecasting—‘Inventing the Future!” With



The Birth of a Paradigm from a Metafluctuation 3

these concepts, the linearity of goalsetting was broken, although it is still
powerfully present in economic thinking, and especially in econometric
models. Whereas conventional economic policy is based on the permanency
of economic and social structures and counts with macroscopic averages, a
process-oriented attitude toward the future acknowledges the power of
individual imagination, of visions which are capable to stir up resonances in
many people and change the structures of reality.

Not only have the external relationships in the human world changed since
the 1960s towards an increasing awareness of being connected with the envi-
ronment in space and time, but so have the internal relationships of man with
himself. The keen occupation with the phenomenon of human consciousness
per se, the rising interest in a ‘“humanistic’’ (that is, a non-reductionist)
psychology, the techniques of a “holistic”’ medicine partly imported from
other cultures—for example, acupuncture—the interest in non-dualistic Far-
Eastern philosophies and exercises such as meditation and yoga, all this is but
another important aspect of the metafluctuation which touched a large part
of mankind at the beginning of the last third of this century. At least in
Berkeley, where this book is written, there can be little doubt about that.
Here, the many branchings of the metafluctuation may still be studied even
after the big wave has run out of energy. Here, history is indivisible.

The self-renewal of science

Viewed from the outside, science seems to have weathered the turbulence of
the recent past without any significant change. The trend toward interdisci-
plinary teaching and research, toward more relevance and closeness to reality,
has subsided; special university centres and programmes which have sprung
up in response to student pressure have been abolished and the power of the
disciplinary departments has been strengthened. Reductionism reigns
supreme.

This academic reductionism is not only an abstract thought-shrinking
process, but also a phenomenon of social significance and this became clear to
me when Peter Brook’s stage version of an anthropological report, “The Ik”,
came to Berkeley. The British anthropologist Colin Turnbull (1972) had
found in the mountains of Uganda a small tribe of perhaps a thousand people
that was not able to cope with its enforced transplantation from the original
hunting grounds to create a new basis of existence. In this situation of hunger
and despair, according to Turnbull’s model, human relations were reduced to
the grossest type of egoism. Mothers chased their children from the fireplace,
dying old people were thrown out of the house to avoid the obligation of a
funeral meal, robbery and murder became practically the only strategy for
survival. Everybody stood against everybody. In a discussion with faculty and
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students of the university, Turnbull emphasized his conviction that, in this
kind of behaviour, he has discovered the ‘‘true human nature’’ which comes to
light when the luxury of culture is shed. He even sees in the Ik the precursors
to a general evolutionary trend. For this argument he let not only speak his
own “conversion’ to the ideology of absolute egoism and the satisfaction of
physical needs, but also the fact that criminal prisoners in British jails fopnd
the play, and especially Turnbull’s vision in the following discussions, of great
interest. To advance from the scum to the avant-garde of evolution warrants
some pride in one’s crimes. The top of the absurd, however, was contributed
to this scholarly discussion by an old professor. Deeply moved, he professed
that Turnbull’s vision had come as a revelation to him, the fulfilment of a life-
long dream, since it now became clear that reductionist science, reducing
human life to “‘objective’’ survival functions, had always been the spearhead
of evolution. The parallel between science, robbery and murder hung in the
air uncontradicted and the discovery of a new, deep insight made the partici-
pants shudder in awe. Instead of horror I saw shiny eyes and open mouths. . . .

And yet, in science also, a tremendous restructuring is underway. Areas
which, for a long time, had been open to speculation only, especially
cosmology, find empirical foundations. The discovery of the background
radiation in 1965 (it had already been predicted in 1948) created for the first
time an opportunity for the direct study of an effect originating in the hot,
early beginning of the universe. Also in 1965 the first of four objects was dis-
covered of which astronomers are reasonably sure that they are ‘“‘black holes”.
They permit the direct study of the “death’ phase of a star.

Equally, in 1965, micropaleontological laboratory methods were developed
which permitted the discovery of microfossils in very old sedimentary rock.
What has been speculation so far, namely the history of the earliest forms of
life on earth, became accessible to direct observation. The oldest of the
microfossils identified since then are 3500 million years old and date back to a
time when our planet had reached less than a quarter of its present age.

The scope of space and time which is accessible to observation has widened
immensely. The largest theoretically observable spatial dimension is limited
by the so-called event horizon; it is determined by the velocity of light and is
at present about 1.5x10% metres.* Indeed, so-called quasars (objects with
extremely intense radiation) have been observed which come close to this dis-
tance. They run away from us at 90 per cent of the velocity of light (the latter
is 300,000 kilometres per second) and their light originated at a time when the
universe had only reached one-eighth of its present age. The smallest observable

*The notation of very large or very small numbers by means of powers of 10 is of immense
practical value. 102 simply means a number with a one and 26 zeroes behind it. 1071 means the
reciprocal of 10" that is, 0,00 . . . 01, with the one appearing at the seventeenth place after the
comma. 1026is 1043 times as big as 10-17, since 26—(—17) = 26+17 = 43.
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length is of the order of 1077 metres, corresponding to the dimensions of
subatomic particles. The largest observable time span, thanks to the already
mentioned background radiation, is the age of the universum which is
approximately 5x 10" seconds. The smallest time span at present corresponds
to the average life span of extrernély unstable subatomic particles, about
3x107% seconds; they hardly have the character of a particle any longer and
are often referred to as “‘resonances’’. The spatial span of human observation
reaches over 43 powers of 10, the temporal span over 41 powers of 10. The
astonishing similarity of these numbers makes one think of the hypothesis of
the British Nobel laureate P. A. M. Dirac, which stipulates a correlation
between macro- and microcosmos by dimensionless numbers of the order 10,
In this tremendously extended space-time-continuum, interconnections and
patterns emerge which are primarily of a dynamic nature and which give for
the first time a scientific basis to the idea of an overall, open evolution which
is interconnected at many irreducible levels.

However, it is not so much the extremes which touch our lives most
directly, but the realm of direct human experience without the means of
instruments. In this realm, we find the phenomena of biological, social and
cultural life. The magnificent wealth of forms which we encounter here has so
far been mainly the subject of empirical research. Forms were observed,
classified and ordered and the particular was put into a more general context.
Structures were classified according to average features distilled from a large
number of single observations. This structure-oriented attitude assumed an
additional time dimension with Darwin’s theory of natural selection and the
evolution of biological species.

Emphasis on structure, adaptation and dynamic equilibrium (steady-state
flow) characterized the earlier development of cybernetics and General System
Theory. These interdependent fields of study, actively developed since the
1940s, arrived at a profound understanding of how given structures may be
stabilized and maintained indefinitely. This is of primary concern in techno-
logy and it was in this area that cybernetics and a specialized system theory
triumphed in the control of complex machinery. In biological and social
systems, however, this type of control—also called negative feedback—is only
one side of the coin. No living structure can be permanently stabilized. The
other side of the coin concerns positive feedback, or destabilization and the
development of new forms. To arrive at a full synthesis of both aspects remained a
dream for the founders of the forementioned theories, Norbert Wiener and
Ludwig von Bertalanffy (1968). Their intuitively correct formulations, sub-
stantiated and carried further by Ervin Laszlo (1972) and others, are finding a
firm scientific basis in our days. In the 1950s, the advent of molecular biology
opened up the possibility of creating the basis for a theoretical biology. But
molecular biology became hampered by a reductionist attitude and failed to
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connect with the phenomena of macroscopic order. The structure of DNA
and the genes does not contain the life of the organism which develops by
using this information.

Biological and social systems need an understanding of phenomena such as
self-organization and self-regulation, coherent behaviour over time with
structural change, individuality, communication with the environment and
symbiosis, morphogenesis and space- and time-binding in evolution. A first
step in this direction is being made by a new understanding of the dynamics
of natural systems which in the 1920s, has been preceded by the process
philosophy of Alfred North Whitehead (1969) and the concept of holism in
evolution elaborated by the South African statesman Jan Smuts (1926).

In a concise way, this new understanding may be characterized as process-
oriented, in contrast to the emphasis on “solid” system components and
structures composed of them. These two perspectives are in their conse-
quences asymmetrical: whereas a given spatial structure, such as a machine,
determines to a large extent the processes which it can accommodate, the
interplay of processes may lead to the open evolution of structures. Emphasis
is then on the becoming—and even the being appears in dynamic systems as an
aspect of becoming. The notion of system itself is no longer tied to a specific
spatial or spatio-temporal structure nor to a changing configuration of
particular components, nor to sets of internal or external relations. Rather, a
system now appears as a set of coherent, evolving, interactive processes which
temporarily manifest in globally stable structures that have nothing to do with
the equilibrium and the solidity of technological structures. Caterpillar and
butterfly, for example, are two temporarily stabilized structures in the
coherent evolution of one and the same system. In the year 1947 Conrad
Waddington had already introduced the notion of the epigenetic process, the
selective and synchronized utilization of structurally coded genetic informa-
tion by the processes of life in interdependence with the relations to the
environment. It is of central importance in a process-oriented view of biology.

The decisive breakthrough occurred in 1967 with the theory and subsequent
empirical confirmation of so-called dissipative structures in chemical reaction
systems, and with the discovery of a new ordering principle underlying them.
This new ordering principle, called order through fluctuation, appears beyond
the thermodynamic branch in open systems far from equilibrium and
incorporating certain autocatalytic steps. The development of this theory is
the triumph of Ilya Prigogine and his collaborators in Brussels and Austin,
Texas. This work has been recently presented in a comprehensive monograph
(Nicolis and Prigogine, 1977).

At about the same time, work at the Biological Computer Laboratory at the
University of Illinois, which functioned from 1956 to 1976 under its founder
Heinz von Foerster, and paid particular attention to self-organization, led to a.
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new formulation of the properties of living systems. A core notion, auto-
potesis, was introduced in 1973 by the Chilean biologists Humberto Maturana
and Francisco Varela and further developed together with Ricardo Uribe
(Varela, Maturana and Uribe, 1974; Maturana and Varela, 1975). Autopoiesis
refers to the characteristic of living systems to continuously renew themselves
and to regulate this process in such a way that the integrity of their structure
is maintained. Whereas a machine is geared to the output of a specific
product, a biological cell is primarily concerned with renewing itself. Up-
grading (anabolic) and downgrading (catabolic) processes run simultaneously.
Not only the evolution of a system, but also its existence in a specific structure
becomes dissolved into processes. In the domain of the living, there is little
that is solid and rigid. An autopoietic structure results from the interaction of
many processes. Self-reference also becomes a key notion for a new process
view of brain functions (Pribram, 1971) and of human consciousness (Fischer,
1975/76).

Another important new start was made in explaining the origin of life on
earth. Jacques Monod (1971) had insisted on random molecular combination
which lets life appear as a highly unlikely result, perhaps unique in the whole
universe; Hans Kuhn (1973) had modified this view:by proposing random re-
production by way of stereospecificity. The more exciting new view
recognizes a decisive role of autocatalytic reinforcement and acceleration of
processes, whose initiation may still be thought of as random. The same basic
principles of self-organization which permit the formation of dissipative
structures, and the same non-linear non-equilibrium thermodynamics, appear
now as plausible, important factors in the formation of biopolymers from
monomers (Prigogine, Nicolis and Babloyantz, 1972) and in the synthesis of
complex nucleic acids and proteins in self-reproducing hypercycles (Eigen,
1971; Eigen and Schuster, 1977/78). Instead of viewing chance and necessity
strictly in sequence, as Monod had done—the utterly improbable chance of a
self-reproducing molecular combination being “hit” is followed by the
absolute necessity of survival—chance and necessity now appear as comple-
mentary principles. Eigen and Winkler (1975) see this complementarity at
work in random processes which are caught in the web of “‘rules of the game”,
or natural laws, resulting in natural selection in the sense of an undifferen-
tiated Darwinism. The one-sided application of the Darwinian principle of
natural selection frequently leads to the image of “blind” evolution,
producing all kinds of nonsense and filtering out the sense by testing its
products against the environment. As if this environment would not itself be
subject to evolution! Evolution, at least in the domain of the living, is essen-
tially a learning process. A more subtle view of self-organization dynamics
recognizes the degrees of freedom available to the system for the self-deter-
mination of its own evolution and for the finding of its temporary optimal
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stability under given starting conditions (Nicolis and Prigogine, 1977; Eigen
and Schuster, 1977/78). Evolution is open not only with respect to its
products, but also to the rules of the game it develops. The result of this open-
ness is the self-transcendence of evolution in a ‘“‘metaevolution”’; the evolution
of evolutionary mechanisms and principles.

Intuitive attempts to apply the same basic principles of self-organizatiop,
which are found at the levels of simple chemical and precellular systems, also
to higher levels of evolution, have resulted in astonishingly realistic
descriptions of the dynamics of ecological, sociobiological and sociocultural
systems (Eigen and Winkler, 1975; Jantsch, 1975; Prigogine, 1976; Nicolis
and Prigogine, 1977; Haken, 1977). Besides ‘vertical” aspects of evolution
(coherence in time), ‘‘horizontal’ aspects (coherence in space) also move now
into the foreground of interest, including phenomena such as communication,
symbiosis and co-evolution. Even the system of the biosphere plus atmo-
sphere now appears as a self-organizing and self-regulating system (Margulis
and Lovelock, 1974). The directedness of evolution now may be understood
post hoc as the result of the interplay of chance and necessity (Riedl, 1976);
necessity is introduced by the systems constraints which are themselves the
result of evolution. Biological, sociobiological and sociocultural evolution
now appear as linked by homologous principles (i.e. principles related through
their common origins) and not just by analogous (formally similar) principles.
This should not come as a surprise since the whole universe evolved from the
same origin.

This new type of science which orients itself primarily at models of life, and
not mechanical models, spurs change not only in science. It is thematically
and epistemologically related to those events which I have identified as
aspects of the metafluctuation which rocked the world. The basic themes are
always the same. They may be summarized by notions such as self-determina-
tion, self-organization and self-renewal; by the recognition of a systemic inter-
connectedness over space and time of all natural dynamics; by the logical
supremacy of processes over spatial structures; by the role of fluctuations
which render the law of large numbers invalid and give a chance to the
individual and its creative imagination; by the openness and creativity of an
evolution which is neither in its emerging and decaying structures, nor in the
end result, predetermined. Science is about to recognize these principles as
general laws of the dynamics of nature. Applied to humans and their systems
of life, they appear therefore as principles of a profoundly natural way of life.
The dualistic split into nature and culture may now be overcome. In the
reaching out, in the self-transcendence of natural processes, there is a joy
which is the joy of life. In the connectedness with other processes within an
overall evolution, there is a meaning which is the meaning of life. We are not
the helpless subjects of evolution—we are evolution. As science, like so many
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other aspects of human life, is touched by the metafluctuation, it overcomes
the alienation from human life and contributes to the joy and meaning of life.
To convey something of this new role of science is the foremost concern of
this volume.

Central to my argument is the thesis of connectedness. It cannot be grasped
in a static way, but emerges from the self-organization dynamics at many
levels of evolution. At each level, self-organization processes are poised on

_their “‘starting marks’’ to take over from random developments, if the proper

conditions become established, and to accelerate or make possible in the first
place the emergence of complex order. These starting conditions are perhaps
relatively narrowly limited, as we suspect from our futile search for life in the
solar system. But once they are given—in a particular phase of cosmic
evolution, in which galaxies and stars came into being, or in the early phases
of life on earth—these conditions become themselves subject to evolution.
Evolution differentiates by means of a co-evolution of macroscopic and
microscopic systems. That microscopic systems are just subsystems of the
macroscopic ones, that the latter appear as ‘“‘environment’ of the former is a
view which stems from a static understanding which tempts to formulate
world order in dualistic terms. Life itself, in particular, creates the macro-
scopic conditions for its further evolution—or, viewed from the other side, the
biosphere creates its own microscopic life. Micro- and macrocosmos are both
aspects of the same, unified and unifying evolution. Life appears no longer as
a phenomenon unfolding 7» the universe—the universe itself becomes in-
creasingly alive.

Summary of contents

The central aspects of the emerging paradigm of self-organization are:
primo, a specific macroscopic dynamics of process systems; secundo,
continuous exchange and thereby co-evolution with the environment, and
tertio, self-transcendence, the evolution of evolutionary processes. The first
three parts of the book bring these three aspects consecutively into sharp
focus. The last part formulates under the central aspect of creativity some of
the conclusions which may be drawn for the human world.

Part I, Self-organization: The Dynamics of Natural Systems, deals with the
typical self-organization dynamics of coherent systems which evolve through
a sequence of structures and maintain their integrity as a system. Biological
and social systems are of this kind. The simplest level at which this kind of
dynamics may be studied is the level of dissipative structures which form in
self-organizing and self-renewing chemical reaction systems.

Chapter 1, “Macroscopic Order”’, sketches the shift from static structure-
oriented to dynamic process-oriented thinking in Western science. Classical
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dynamics considered the notion of isolated particles. Thermodynamics marks
the transition to process thinking by introducing irreversibility, or the time
directedness of processes. Time symmetry is broken, the past is separated
from the future and the macroscopic world becomes historic. Finally, with
non-linear non-equilibrium thermodynamics, spatial symmetry is also broken
and a new level of macroscopic order is addressed. This is the level of cp-
operative phenomena, leading to the spontaneous formation and evolution of
structures. The laws of physics are accentuated in a particular way by this
macroscopic order. Where so far merely random processes have been assumed
to exist, a new ordering principle comes into play, called ‘‘order through
fluctuation”’.

Chapter 2, “Dissipative Structures: Autopoiesis’, discusses the basic
conditions for the dynamic existence of non-equilibrium structures. These
basic conditions—partial openness toward the environment, a macroscopic
system state far from equilibrium, and autocatalytic self-reinforcement of
certain steps in the process chain—reappear also at other levels of self-
organizing systems. Equilibrium is the equivalent of stagnation and death. A
high degree of non-equilibrium which maintains the self-organizing processes
is in turn maintained by continuous exchange of matter and energy with the
environment, in other words by metabolism. The dynamics of such a globally
stable, but never resting structure has been called autopoiesis (self-production
or self-renewal). An autopoietic system is in the first line not concerned with
the production of any output, but with its own self-renewal in the same
process structure. Autopoiesis is an expression of the fundamental comple-
mentarity of structure and function, that flexibility and plasticity due to
dynamic relations, through which self-organization becomes possible. An
autopoietic system is characterized by a certain autonomy wvis-g-vis the
environment which may be understood as a primitive form of consciousness
corresponding to the level of existence of the system. For example, the size of
a dissipative structure is independent of its environment, as long as the latter
is big enough to permit the formation of the structure.

Chapter 3, “Order through Fluctuation: System Evolution’, discusses the
evolution of non-equilibrium systems through a sequence of autopoietic struc-
tures. The preconditions are the same as for autopoiesis, namely, openness,
high non-equilibrium and autocatalysis. The essential feature is the internal
reinforcement of fluctuations (by autocatalysis) which eventually drive the
system over an instability threshold into a new structure. In the transition, it
is not the macroscopic averages which play their usual role, but the internal
amplification and the breakthrough of fluctuations which started very small.
In other words, the principle of creative individuality wins over the collective
principle in this innovative phase. The collective will always try- to damp
the fluctuation and depending on the coupling of the subsystems, the life of
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the old structure may thereby be considerably prolonged. In the phase in
which a new structure comes into being, the principle of maximum entropy
production holds—no expenses are spared if the issue is the build-up of a new
structure. However, it is not predetermined which structure will come into
being. At each level of autopoietic existence, a new version of macroscopic
indeterminacy comes into play. The future evolution of such a system cannot
be predicted in an absolute way; it resembles a decision tree with truly free
decision at each branching point. However, already at the level of chemical
dissipative structures, such a system keeps the memory of its evolutionary
path. If it is forced back, it retreats by the same way it has come through a
sequence of autopoietic structures. The principle of order through fluctuation
which underlies all coherent evolution also requires a new information theory
which is based on the complementarity of novelty and confirmation in
pragmatic (i.e. effective) information. The kind of information theory which
has become so useful in communication technology holds only for informa-
tion which consists almost totally of confirmation. In the domain of self-
_organizing systems, information is also capable of organizing itself; new
knowledge arises.

" Finally, Chapter 4, “Modelling Self-organizing Systems”, gives a brief
overview over the relatively successful attempts to apply the theory of dissipa-
tive structures and the principle of order through fluctuation to phenomena of
self-organization in many areas. These first attempts have led to remarkable
results in such fields as prebiotic evolution, the functioning of bioorganisms,
neurophysiology, ecology (population dynamics) and sociobiology. Most
recently, the first approaches have been made to the modelling of phenomena
in the systems of human life, such as the growth and evolution of cities. For a
qualitative description of the evolution of mental structures, such as scientific
paradigmas, value systems, world views and religions, the same principles of
autopoiesis and order through fluctuation have become valuable. This broad
applicability of a theory which has first been rigorously formulated in
physical chemistry does not imply a physical interpretation of biological and
sociocultural phenomena, but is based on a fundamental homology (true
relatedness) of the self-organizing dynamics at many levels. This homology
makes it possible to view evolution as a holistic phenomenon dynamically
linking many levels. Such a view is elaborated in the second and third parts of
this volume.

Part II of the book, Co-evolution: A History of Reality in Symmetry Breaks,
retells in five chapters the history of evolution, starting from the ‘‘big bang”,
from a particular angle of view which has rarely been employed before. This
angle of view is the co-evolution of macro- and microworld, the mutual setting
of the conditions for simultaneous differentiation and complexification along
microscopic and macroscopic branches of evolution. In cosmic evolution,
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such a view is not new. Nobody imagines that the structures in the universe
were built up one-sidely from the bottom up, from particles and atoms to
stars, galaxies and clusters of galaxies. But in the realm of biological evolution
on earth the logic usually evoked is the “build-up of higher life’” in micro-
evolution, neglecting the macroevolutionary branch. A systems approach em-
phasizing the co-evolution of both branches leads to significant new insights. ;
It makes it also possible to distinguish sociocultural evolution which
dominates the human sphere from sociobiological and ecological evolution,
while simultaneously stressing their interconnectedness.

Chapter 5, ‘“Cosmic Prelude”, sketches essentially the so-called
cosmological standard model, while pointing to the symmetry breaks which
mark the various stages of evolution. The first of these symmetry breaks
concern the four physical forces; namely, gravity, electromagnetic, strong and
weak nuclear forces. With the break of their original symmetry, space and
time for evolution become unfurled. Gravity acts in macroscopic dimensions,
the nuclear forces in microscopic dimensions and the electromagnetic forces
in an intermediary domain. In a dense and hot universe, nuclear forces come
into play first. But after the production of hydrogen and helium nuclei and
with the cooling of the expanding universe, the cosmic microevolution tem-
porarily loses its momentum. Eventually, however, the configuration of
microscopic parameters shifts in such a way that the gas pressure breaks down
abruptly and brings gravity into play at the macroscopic branch of evolution.
Gravity is primarily responsible for the production of the so-called
mesogranularity of the universe which includes clusters of clusters of galaxies,
clusters of galaxies, galaxies, stellar clusters and, finally, stars. In the stars, the
co-evolution of macro- and microcosmos becomes visible in a particularly
dramatic way. Gravity creates the conditions for a dense and hot environment
which, again, brings the nuclear forces into play which continue the syntheses
of heavy nuclei along the microevolutionary chain. The energy liberated in
these processes of microevolution determines in turn the ontogeny of the star,
its irreversible individual evolution. Another symmetry break in the starting
phase of the universe concerns the excess of matter over antimatter by about
10°° (one-thousandth of a millionth). This very slight excess is responsible for
the formation of a matter world. The results of cosmic co-evolution, matter in
various states of organization, is transferred across time and space in a kind of
unordered phylogeny. Our planet earth, and we ourselves, consist to a large
degree of matter which does not stem from our young sun (which is still busy
with transforming hydrogen into helium), but from the outer layers and the
rest from explosions of distant stars which do not exist any longer. The sun
has organized this alien matter by means of gravity and its nuclear processes
provide the energy for life on earth.

Chapter 6, ‘“Biochemical and Biospherical Co-evolution”, sketches the
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beginnings of life on earth. After the formation of organic molecules, the next
step was probably the formation of dissipative, metabolizing structures which
may be assumed to have played a decisive role in the formation of biopoly-
mers and in further stages of precellular evolution. The emergence of the
capability for self-reproduction may be explained by the hypercycle model
which includes the principles of dissipative structures as well as of symbiosis
at a molecular level. With this step, biological microevolution starts to work
with information transfer instead of matter transfer, with blueprints for the
organization of matter that made possible the high degree of differentiation
evident in life. Single-cell life on earth started very early, probably already
before the formation of a firm crust some 4000 million years ago. The co-
evolution of micro- and macroworld becomes visible already in this early
phase. The prokaryotes, nucleus-free single cells which represented the only
life form in this phase were reponsible for a thorough transformation for 2000
million years, first of the surface of the earth by oxidation, and then of the
atmosphere by enriching it with free oxygen. This transformation of the
macrosystem created the prerequisites for the development of more complex
life forms along the microevolutionary branch. But it also turned the bio- and
atmosphere into a world-wide self-regulating, autopoietic system which has
stabilized itself since 1500 million years and has ensured the maintenance of
the conditions for complex life on earth. Such, at least, is the claim of the Gaia
hypothesis, which has been named after the Greek earth goddess. Up to our
days, the prokaryotes manage the Gaia system as tiny autocatalytic units. A
part of them has joined to form the more complex eukaryotic cells, or cells
with a nucleus. As organelles within these cells, the former prokaryotes still
maintain a certain autonomy.

Chapter 7, ““The Inventions of the Microevolution of Life”’, starts with a pre-
sentation of this still controversial endosymbiotic theory of the origin of the
eukaryotic cell. The eukaryotes developed sexuality and with it the possibility
of the systematic generation of maximum genetic variety. This invention was
followed by heterotrophy, the capability to live off other bioorganisms or the
material they leave after their death. This led to the emergence of complex
and multilevel ecosystems which favoured the formation and explosive
spreading of multicellular organisms. It seems that these multicellular
organisms also have an endosymbiotic origin in the social binding of
eukaryotic cells.

Chapter 8, “Sociobiology and Ecology: Organism and Environment”,
pursues the theme of co-evolution of the macro- and microsystems of life
which has gained new aspects and process mechanisms through the inven-
tions of microevolution. The emergence of eukaryotic cells marks the
beginning of epigenetic development, the flexible and selective utilization of
genetic information in line with the individual design of relations with the

.
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environment. With heterotrophy and the optimal exploitation of primary
solar energy in ecosystems, the macrodynamics of life gains momentum. At
the micro- and macrobranches of evolution we find now organisms and
ecosystems, quite complex autopoietic systems the co-evolution of which now
brings primarily new horizontal processes into play—after genetic informa-
tion transfer has emphasized vertical processes. Each vertical, genetic de-
velopment is being ‘“‘processed” in a dense web of horizontal processes. This
leads to a further enrichment of genetic evolution by epigenetic dimensions.
Finally, epigenetic development overtakes genetic development in importance
as well as in speed. The horizontal, cybernetic processes in societies and eco-
systems become increasingly important for the evolution of groups and
species. The morphological properties are not decisive, but rather the
dynamic qualities, especially in young ecosystems. The advantage is with the
system which advances fastest. Vertically transferred genetic information is
supplemented at an equal footing by horizontally transferred metabolic
information—both within complex organisms and within systems constituted
by these organisms.

Finally, in Chapter 9, “Sociocultural Evolution”, a .third type of
communication appears side by side with slowly acting genetic and faster
acting metabolic communication. This is the very fast-acting neural commu-
nication based on a central nervous system and especially the brain. The
characteristic time factor shortens from many generations through minutes to
seconds and fractions of a second. In this way, symbolic expression becomes
possible, first in the form of self-representation of the organism and later as
symbolic reconstruction of the external reality and its active design. The
concept of an evolving ““‘triune brain’’ permits us to follow the stepwise eman-
cipation of mental concepts of images from an external reality. Mental
concepts, ideas and visions become autopoietic levels in their own right.
Whereas genetic information transfer made the past effective in the present
and epigenetic development brought the systemic nature of the present into
play, mental anticipation now pulls the future into the present and reverses
the direction of causality. Mind in this view is no longer the opposite of
matter, but rather it is the quality of self-organization of the dynamic
processes characterizing the system and its relationship with the environment.
Mind co-ordinates the space-time structure of matter. Besides the neural
mind, there is the more slowly acting metabolic mind which dominates in
ecosystems and in single-cell organisms. Whereas the material production and
distribution processes of the human world represent such a metabolic mind,
the electronic age has provided the prerequisites for the emergence of a faster
acting and perhaps to a higher degree self-organizing ‘“collective brain”. So
far the ecology of individually conceived, ready-made ideas has dominated in
the emergence of culture. But it may be expected that the fluctuations of



The Birth of a Paradigm from a Metafluctuation 15

higher individual consciousness will continue to play an important role in the
future.

Part III of the book, Self-transcendence: Toward a System Theory of
Evolution, summarizes the principles which underlie the history of evolution
as told in Part II. A few possible approaches are developed which, in their
thorough elaboration, may contribute to a future General Dynamic System
Theory.

Chapter 10, “The Circular Processes of Life”, discusses the characteristic
cyclical organization of self-organizing dissipative systems. A generalized
scheme sets the generation characteristics of transformatory and catalytic re-
action cycles, as well as catalytic hypercycles, in relation to their degeneration
and diffusion characteristics. In this way, hierarchical levels are obtained
which reach from equilibrium through autopoiesis to exponential and
hyperbolic growth. Hypercycles, which link autocatalytic units in cyclical
organization, play an important role in many natural phenomena of self-orga-
nization, spanning a wide spectrum from chemical and biological evolution to
ecological and economic systems and systems of population growth. The
cyclical organization of a system may itself evolve if autocatalytic participants
mutate or new processes become introduced. The co-evolution of participants
in a hypercycle leads to the notion of an ultracycle which generally underlies
every learning process.

Chapter 11, “Communication and Morphogenesis”, attempts a synopsis of
the three major phases in the co-evolution of macro- and micro-
cosmos—cosmic, chemical/biological/sociobiological/ecological and socio-
cultural evolution. These phases may be characterized by the ways in which
different types of communication act and interact. An essential new distinc-
tion emerges in the characterization of sociobiological and sociocultural
evolution. The former is based on metabolic processes in which the collective
dominates, whereas in the latter these relations appear turned upside down.
With the evolution of self-reflexive mind, man carries the social and cultural
dimensions, the mental structures of the macroworld, within himself. He
imagines, plans and turns into reality not only a new world of technological
equilibrium systems, but also the autopoietic structures of his own social and
cultural world. One may say, man enters into co-evolution with himself. In
the self-organization of the human world, therefore, sociobiological as well as
sociocultural processes are of importance. The latter dominate as long as they
are able to unfold freely. With increasing speed of communication in
extended and even world-wide systems of human living, they may be expected
to dominate even more.

Chapter 12, “The Evolution of Evolutionary Processes”, follows the inter-
connected branches of biological and sociocultural evolution from dissipative
structures all the way to self-reflexive mind. This part of evolution is charac-
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terized by the transfer and utilization of information in the sense of stored
past experience. Of particular importance here is the selective and synchro-
nized retrieval of conservatively stored (e.g. genetic) information by dissipa-
tive processes; that is to say, by life processes corresponding to a particular
semantic context, or context of meaning. Another important element is the
holistic system memory which already appears in chemical dissipative
structures. It makes it possible for the system to link backward to its own
origin and thereby experience its own total evolution which provides
guidance for the partial self-determination of the future evolutionary path. If,
at the same time the output of an autopoietic structure serves as input for
another level of autopoietic existence, self-transcendence, the reaching out
beyond the dynamics of the system proper, becomes possible. In this way, the
evolution of complex life forms and mental capacities may be described as the
evolution of evolutionary processes, or metaevolution, which links a con-
tinuous chain of autopoietic levels.

Chapter 13, “Time- and Space-binding”, develops the idea that one impor-
tant result of evolution may be seen in the increasing intensification of
autopoietic life in the present by means of including the experience of the past
and anticipations of the future. Biological evolution makes the experience of
an entire phylum, starting from the formation of the first biomolecules,
effective in the present. The emancipation of a mental reality, our inner
world, from external reality makes visions of the future and plans effective in
the present. In a certain sense, the whole universe concentrates to an
increasing extent in the individual. The individual, in turn, increasingly
assumes an integral responsibility for the universe in which it lives.

Chapter 14, “Dynamics of a Multilevel Reality”’, presents the results of
evolution, and in particular man, as a multilevel reality in which the evolu-
tionary chain of autopoietic levels of existence appear in hierarchic order.
However, it is essential that this hierarchy is not a control hierarchy in which
information streams upward and orders are handed from the top down. Each
level maintains a certain autonomy and lives its proper existence in horizontal
relations with its specific environment. The organelles within our cells, the
descendants of the ancient prokaryotes, go about their business of energy
exchange in a highly autonomous way and maintain their horizontal relation-
ships within the framework of the world-wide Gaia system. There are many
levels of self-organizing systems of cell populations, such as neuronal systems
generating the rhythm of motor activities or managing perception and
apperception of an environmental situation. Cancer may be understood as the
dynamic régime of a cell population. Each of these self-organizing cell
systems is co-ordinated from a higher level from which it is inhibited or
activated, or both alternately. The mind of an individual presents those levels
of co-ordination which refer to the organism as a whole. But man is no
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“higher” than other organisms in the sense that he stands at a higher level.
Rather, he lives simultaneously at more levels than life forms that appeared
earlier in evolution. We contain the entire evolution within us, but it is
orchestrated to a fuller and richer extent than in less complex life forms.

Part IV, Creativity: Self-organization and the Human World, limits its ambi-
tion to elaborating in five short chapters some of the essential perspectives
which emerge for the human world in the light of modern process thinking.
The chances for true creativity are seen in overcoming a dualism which
separates the created from the creator.

Chapter 15, “Evolution—Revolution”’, points to a profound dilemma in
which the human world finds itself thanks to order through fluctuation. With
increasingly flexible coupling of the subsystems, due to communication and
transport technology, the metastability of political, social and economic
structures is enhanced. But this also means an increasing danger that the
fluctuations get bigger and bigger and may become disastrous. We have our-
selves prepared some fluctuations of potentially destructive force, such as the
arsenal of nuclear weapons. The simple scheme of occasional, massive re-
structuration in clearly defined quantum jumps of social and cultural
organization seems to become modified at our level of complexity which
includes the capabilities for self-reflexion and anticipation. A monolithic idea
of culture dissolves into a cultural pluralism which may permit smoother or
“gliding™, transitions. A prerequisite for such non-destructive transitions
would be the dismantling of social control hierarchies and strengthened
autonomy of the subsystems.

Chapter 16, “Ethics, Morality and System Management”’, discusses the
possibilities for providing these prerequisites. Ethics is but a behavioural code
in tune with evolution and morality is the live experience of such a tuning-in.
In a multilevel reality, ethics, too, is multilevel. Such a multilevel ethics is
very complex in the human world because here the individual shares integral
responsibility for society and culture which ultimately are his own creations.
The task is to combine individual ethics with an ethics of whole systems and a
general ethics of overall evolution. A multilevel systems approach seems to
point to the possibility of matching flexible long-range planning and evolu-
tionary dynamics to a good extent.

Chapter 17, “Energy, Economy and Technology”, starts with a discussion
of present energy technology viewed as the utilization of energy storages
stemming from removed phases of evolution that are ever farther removed in
the past. This kind of energy utilization is thus an incident of time-binding.
Since in the sociocultural phase of evolution, man re-creates the world not
only in mental, but also in physical constructs, time- and space-binding are
extended to the physical world. In contrast to this, there is the possibility of
an autopoiesis which is based on circular processes, in particular on the
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tapping of the solar energy flux and on a recycling economy. Perhaps there
will be an interpenetration of autopoiesis and evolution in the near future of
mankind. Evolution, or the opening up of new “‘niches”, seems possible in an
internal as well as an external sense—with the latter perhaps referring to space
colonization. But an internal evolution of human consciousness appears indis-
pensable in any case. ¢

Chapter 18, “The Creative Process”, deals in more detail with the self-
organizing systems which emerge in the inner reality of man and act in the
outer reality. Artists who are at the same time theoreticians of their own art
are beginning to discover the self-organizing dynamics of their works of art, a
dynamics which follows the same rules of openness, non-equilibrium and
autocatalysis as hold for physical self-organization. The same may be said of
the evolving structures of science. The creative process may perhaps be best
described by using a model which its author calls the “revolving stage of con-
sciousness”. This revolving stage offers two equally valid ways to higher,
visionary levels of consciousness, namely, ecstasis and meditation. But the
creative process does not only consist of the perception of a vision, but also in
giving it a valid form. Therefore, it depends on a multilevel, richly orches-
trated consciousness, a dynamic régime in which many levels vibrate.

Chapter 19, “Dimensions of Openness”, summarizes the implications of
time- and space-binding in the present phase of human evolution. Time-
binding results in overcoming historical time. In self-reflexion, we may
experience evolution directly in terms of a genealogical tree as well as a root
system. But only in the image of a rhizome which finds its most perfect
expression in a dissipative structure, the totality of evolution may be
experienced in the present. However, such an experience is no longer a
sequence, but forms associative patterns. In this way, meaningful
connections, dispersed over space and time, become visible.

In an Epilogue: Meaning, finally, the central theme of the dynamic con-

— nectedness of man with an unfolding universe is re-evoked. In a world which
is creating itself, the idea of a divinity does not remain outside, but is
embedded in the totality of self-organization dynamics at all levels and in all
dimensions. This self-organization dynamics has been identified in an earlier

L chapter with mind. God, then, is not the creator, but the mind of the universe.



PART |

Self-organization:
The Dynamics of Natural Systems

Time is a river which sweeps me along,
but | am the river; it is a tiger which
destroys me, but | am the tiger; it is a fire
which consumes me, but | am the fire.

Jorge Luis Borges

Self-organization is the dynamic principle underlying the emergence of a rich
world of forms manifest in biological, ecological, social and cultural
structures. But self-organization does not only start with what we usually call
life. It characterizes one of the two basic classes of structures which may be
distinguished in physical reality, namely, the dissipative structures which are
fundamentally different from the equilibrium structures. Thus, self-
organization dynamics becomes the link between the realms of the animate
and the inanimate. Life no longer appears as a thin superstructure over a
lifeless physical reality, but as an inherent principle of the dynamics of the
universe. In dissipative structures of chemical reaction systems we are given
the opportunity to study self-organization in its simplest, “purest’” form. The
same conditions which also reappear at more complex levels—openness, high
non-equilibrium and internal reinforcement of fluctuations—may be
recognized here in great clarity and simplicity. This is the reason why this
book starts with a concise discussion of the theory of dissipative structures, as
it has been developed primarily by Ilya Prigogine and his school of thought.
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1. Macroscopic Order

Were there not this unborn, unoriginated,
uncreated, unformed, there would be no
escape from the world of the born,
originated, created, formed.

Gautama Buddha

Overcoming reductionism

From every-day experience we know what happens if we open a water tap.
At first, the water jet is smooth, perfectly round and transparent; the physicist
calls this laminar flow. But if we open the tap further and thereby increase the
water pressure, this image changes abruptly at a certain point. The water jet
forms strands and presents itself in a dynamic structure which somehow
conveys the impression of being ‘“muscular”. This is the typical appearance of
turbulent flow which remains unchanged for a while and, if the tap is opened
even wider, changes over abruptly to other, similar structures. The beautiful
regularity of the laminar jet, which almost seemed to stand still, is destroyed
and disorder seems to rule.

But appearances betray truth. It is precisely in turbulent flow that a higher
degree of order rules. Whereas in laminar flow the movement of the indivi-
dual water molecules follow a random statistical law, turbulent flow groups
them together in powerful streams which, in their overall effect, permit an
increase of throughflow. The frequently cited ‘“limits to growth’ are
overcome by the evolution of the dynamic structure; they reappear as the
widened limits of a new structure. In nature, processes often have more than
one structure available for their unfolding. In our example, the increase in
water pressure and throughflow leads to the instability of the laminar flow
structure and the appearance of a turbulent structure, which in turn evolves
through a sequence of turbulent structures. What we are calling here struc-
ture is nothing solid, composed of the same components, but a dynamic
régime which puts ever new water molecules through the same strands. It is a
process structure.
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Another example from the field of hydrodynamics demonstrates the spon-
taneous appearance of macroscopic order perhaps even more impressively. If
we heat a big, shallow pan—bigger than usually found in kitchens—uniformly
from below, regular hexagonal cells, the so-called Bénard cells, appear. At first,
the temperature in the layer of liquid is practically uniform, or in other
words, the system is in its thermodynamic equilibrium. In this state, the heat
from the bottom of the pan spreads through 4eat conduction, a mechanism in
which the molecules get into thermal vibrations and transfer a part of this
thermal energy in collisions with their neighbour molecules without moving
from their place. But if the bottom of the pan becomes hotter and the tem-
perature gradient in the liquid layer steeper, thermal non-equilibrium
increases. At a certain gradient, conwection starts, or in other words, heat
transfer by movement of molecules. At first, smaller convection streams are
suppressed by the environment. Beyond a critical temperature gradient, how-
ever, the fluctuations become reinforced rather than suppressed and the
dynamic régime abruptly switches from conduction to convection. Macro-
scopic molecular streams form which include more than 10* molecules—a
degree of order which cannot be explained by the familiar thermodynamic
principles. A new macroscopic order emerges which may also be understood
as a macroscopic fluctuation, stabilized by energy exchange with the environ-
ment. This order becomes manifest in the Bénard cells (Fig. 1). From the
perspective of the molecules, this phenomenon of structuration corresponds
to a higher level of co-operation. As will be discussed later, the high non-
equilibrium is of decisive importance here.

Fig. 1. An example of a hydrodynamic dissipative structure. The Bénard instability occurs
beyond a critical temperature gradient, if a layer of liquid is heated from below. Co-operative
behaviour in the form of macroscopic convection streams becomes dominant. Viewed from above, a
pattern of regular hexagonal cells develops.
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Macroscopic order plays an important and even dominant role in our every-
day experience. This even holds for the realm of the inanimate. From water
vortices and sand dunes all the way to stars and galaxies we recognize struc-
tures expressing macroscopic order principles. The rich world of forms has
always exerted a certain aesthetic lure which sometimes has led to deeper
thought and systematic exploration. In particular, the photographic studies of
the Swiss physician Hans Jenny, who died in 1973, and known under the term
“‘cymatics” (Jenny, 1967 and 1972) have become the precursor of empirical
research interested in macroscopic order. More recently, Ralph Abraham
(1976) is continuing these studies with his ‘“macroscope’ built at the
University of California at Santa Cruz. In the macroscope, a varying energy
throughput is produced in a viscous layer of a liquid by means of acoustical
vibrations. A process structure appears which evolves with higher frequency
through a sequence of instabilities and new structures.

However, physics has so far restricted itself to the study of a few specific
phenomena only, which may be surprising in view of the wide open area of
interesting research. General theoretical approaches developed in the 1940s
and triggered by interest in biological phenomena, resultgd in the broad
frameworks of General System Theory (Bertalanffy, 1968) and cybernetics (by
Norbert Wiener and others). Both approaches succeeded in acquiring a good
understanding of the stabilization of given structures which becomes very
fruitful in the domain of technology. But the original vision of achieving an
understanding of macroscopic order across the boundaries between the
animate and the inanimate world remained vague and inconclusive.

For biology and the social sciences, the macroscopic dynamics of coherent
systems—systems whose structure does not remain rigid, but evolves in a
coherent way—became ever more important and urgent. Organisms of all
kinds and ecosystems are coherent systems, as are also cities, communities
and the institutions of societies. But the consideration of macroscopic
dynamics ran into the resistance of the ruling reductionism of Western science
whose aim it is to reduce all phenomena to one level of explanation—a level
which physics hopes to find in the microscopic, in the basic structure of
matter. It is not without irony that the Heisenberg indeterminacy relation—
the recognition that it is impossible to observe simultaneously with high
precision position as well as velocity of a particle—has first been formulated at
the subatomic, microscopic level. In physics, it is of importance there because
the impact of the observer on the observed phenomenon can no longer be
neglected. For such an observation in the microscopic domain, the com-
parison has been made with the watch-maker who tries to repair a delicate
wrist watch with a huge, heavy hammer.

But in the domain of life and to an even higher degree in the domains of
social and psychological relations, the inclusion of the observer is even much
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more evident. With every action, every thought—and also with every observa-
tion and theory—we interfere with the object of our study. It appears as
strange, therefore, that many physicists today search for the interface between
the physical and the psychic, and even for the free will, exclusively in the
microscopic realm of quantum mechanics. The complementarity between the
concepts of the independent movement of individual particles and the holjstic
behaviour of the entire system of the atomic nucleus, as first formulated by
Niels Bohr, has always been evident in the macroscopic realms of biological
and social relationships. But to really see it, a new basic attitude was needed
toward the phenomena which matter to us in our life.

The traditional reductionism of Western physics is not only based on a
belief in the “‘simplicity of the microscopic’ (as Prigogine puts it), but also on
a static view which is primarily interested in spatial structure. A rigid
structrre may be easily disassembled into its pieces and reassembled again. In
many cases, such a structure may be understood in terms of combinations of a
few basic elements. Macroscopic properties, such as weight, stability, or
strength, may be explained by the properties of components and their
configuration.

In a true system, however, not all macroscopic properties follow from the
properties of components and their combinations. Macroscopic properties
often do not result from static structures, but from dynamic interactions
playing both within the system and between the system and its environment.
An organism is not defined by the sum of the properties of its cells. In
chemical reaction systems, certain molecules which do not participate in the
reaction may act as catalysts and thereby influence the overall dynamic system
in a decisive way. A human being falling in love—perhaps only once in a
lifetime—changes the life of the community of which he or she is part. Such
considerations already hint at the fact that a systemic view of necessity leads
to a dynamic perspective. Quite generally, a system becomes observable and
definable as a system through its interactions. The hydrodynamic structures
used as an example at the beginning of this chapter do not even consist of
durable components, but are essentially process structures.

Three levels of inquiry in physics

Such a systematic and dynamic view helps to overcome the ruling
reductionism in physics (not to speak of the domain of the living). Following a
suggestion by Ilya Prigogine, we have to distinguish in physics at least
between three levels of inquiry and description which are irreducible to each
other.

Classical or Newtonian dynamics, the development of which is linked to
names such as Laplace and Hamilton, makes statements in terms of
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mechanics, such as position or velocity of particles. It reduces the world to
trajectories, or space-time lines, of single material points. The movement of a
particle from point A to point B is perfectly reversible. The impulse for the
movement has to be provided from outside; there is no self-organization. The
particles crossing the world on their lonely tracks, do not interact with each
other. Thus, classical dynamics becomes the idealized case of ‘“‘pure’” motion
of a particle or a wave packet, a mere thought model which nevertheless is
useful for many considerations. But the ‘‘dirty” reality includes encounters,
collisions, exchanges, mutual stimulation, challenges and coercions of many
kinds. The collective with all its complexity can hardly be denied anywhere.

With the development of thermodynamics in the nineteenth century, a
macroscopic view was introduced which considers whole populations of
particles. Thermodynamics makes statements in terms such as temperature
and pressure which represent the average effects of movements of a large
number of molecules. This level of description addresses processes, or in
other words, the order of change in the macroscopic values. The order of the
processes themselves, or the evolution of the systems characterized by them,
found its first valid formulation around 1850 in the well-known second law of
thermodynamics (Clausius, basing on Carnot): The so-called entropy of an
isolated system can only increase until the system has reached its thermo-
dynamic equilibrium. It may suffice here to introduce the complex term
entropy as a measure for that part of the total energy which is not freely
available and cannot be used in the form of directed energy flow or work.* In
other words, entropy is a measure for the quality of the energy in the system.
In contrast to the mechanical description, irreversibility or the directedness of
processes is introduced as characteristic of this new level of description. Any
future macroscopic state of the isolated system can only have equal or higher
entropy, any past state only equal or lower entropy. The reverse is impossible.
All irreversible processes produce entropy. More than a century ago, Ludwig
Boltzmann interpreted the increase in entropy as increasing disorganization,
as evolution toward the “‘most probable’ state of maximum disorder. If the
world had appeared as a stationary machine in the mechanical view, it now
seemed to be doomed to the ‘heat death’, a notion which influenced pro-

*This is usually written in the following way: E = F+TS, where E is the total energy, F the
freely available energy, T the absolute temperature in degrees Kelvin (corresponding to degrees
Celsius plus 273.15) and S the entropy. Entropy shows its effect, for example, in the limitations
of converting heat in a power plant or in a thermal machine, such as a car engine. According to
Carnot, the ideal conversion efficiency of heat into work, without friction or other losses, is
given by (T,— T))/ T;, with T, as the lower and T, as the upper temperature in the total process. If
the thermal medium is heated to 600°K and the reject heat cooled away at normal environment
temperature (300°K), the maximum efficiency for the conversion of heat into work is
(600—300)/600 = 0.50. Modern power plants reach a conversion of 42 to 44 per cent; the rest
goes as “‘thermal pollution” to water or air in the environment.
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foundly the pessimistic philosophy and art of the turn of the century up to our
days.

Classical thermodynamics deals with equilibrium systems or systems near
equilibrium. An isolated system without environment shows a particular type
of self-organization (or, to be precise, self-disorganization). It will evolve in
the direction of its equilibrium state and remain there. The more general and
realistic case is a partially open system which exhibits similar behaviour. This
is generally the case for systems not far from equilibrium. For all such
systems, the Boltzmann ordering principle holds which stipulates irreversible
evolution toward equilibrium.

With irreversibility, the notions of process and history enter. Time is given
a direction from the past into the future. The system evolves through a
sequence of thermodynamic states which may be ordered along the scale of a
single macroscopic parameter, entropy. In a microscopic view, the system
gains the experience of innumerable encounters and exchanges between
system components (molecules), but in a macroscopic view all that changes is
the relation between free energy and entropy in the total system. Although the
time scale is not given in an absolute way, but depends on the internal system
processes, the path and the goal of the macroscopic system evolution are un-
ambiguously predetermined. Within the experience of a system of this kind,
the equilibrium state determines the origin of the system as well as its death.
It constitutes the only point of self-reference of the system.

In thermodynamics, irreversibility often leads to the destruction of
structures. But this does not hold in an absolute sense. At low temperatures,
and if binding forces act at the same time, the approach to the equilibrium
state may also give rise to structures. Crystals, snow flakes and biological
membranes are such equilibrium structures with higher entropy than their
corresponding liquid state from which they emerged. The emergence of form
at increasing entropy also plays a role in condensation models of the universe
(as will be discussed in Chapter 5). But there is also another way in which new
structures may form, a way which is of central interest in this book. This is
the spontaneous formation of structures in open systems which exchange
energy and matter with their environment. Such systems constitute the other
basic class of physical systems, namely, non-equilibrium systems of a parti-
cular kind.

With such considerations, a third level of inquiry and description is opened
up, which may be called the level of coherent, evolving systems or (to
anticipate what will be explained in a moment) the level of dissipative struc-
tures. Open systems have the possibility of continuously importing free
energy from the environment and to export entropy. This means that entropy,
in contrast to isolated systems, does not have to accumulate in the system and
increase there. Entropy can also remain at the same level or even decrease in
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the system. The “‘accounting” includes the environment. The second law of
thermodynamics becomes extended for open systems and the entropy change
dS in a specific time interval is split into an internal component d,S (entropy
production due to irreversible processes within the system) and an external
component d,S (entropy flow due to exchange with the environment):
dS = d,S+d;S, where the internal component 4, can only be positive or zero
(as in the case of the isolated system), but never negative (dS=0). The
external entropy flow d4,S, in contrast, can be both positive and negative.
Therefore, the total entropy may also decrease, or be stationary (dS = 0). In
the latter case, we have d.S = -d,S=0. The internal production of entropy
and the entropy export to the environment are in balance. Since, for the
equilibrium state, both components would approach zero, it already becomes
clear that an open state of order may be maintained only in a state of non-
equilibrium. There has to be exchange with the environment and the system
renews itself continuously. Being and becoming fall together at this level.

Dissipative structures constitute the simplest case of spontaneous self-
organization in open evolution. They will be discussed in much detail below.
However, it is important to recognize that even without the phenomena of
life, the description of a dynamic reality requires at least three levels of
inquiry. The reduction to one level, the ancient dream of physics, is no longer
possible.

Symmetry-breaking as a source of order

The three levels of inquiry are irreducible to each other because the
transitions between them are characterized by symmetry breaks (Prigogine,
1973). For the transition from the mechanical to the thermodynamic level this
is evident. Irreversibility implies a break of the time symmetry between past
and future, a symmetry which is still conserved in the equations for the
evolution of a classical mechanical system. At the thermodynamic level, the
Fourier equation for the macroscopic phenomenon of thermal conduction
expresses the irreversibility by stating that a non-uniform temperature dis-
tribution will change toward a more uniform distribution in the future. The
direction of time cannot be reversed. Never will a non-uniform distribution
result from a more uniform one if the system is left alone. If we pour hot
water from one side and cold water from the other into a bowl, the result will
be lukewarm water; but lukewarm water can never separate by itself into hot
and cold water.

The symmetry break between past and future, or between the “before’ and
the “‘after”, results in temporal order, or causality in a strict sense. Since a
process which is described at the thermodynamic level can only run in the
direction of uniformity and equilibrium, any non-uniform initial condition
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(such as the non-uniform temperature distribution in our example) is intro-
duced as random fluctuation. There is no ordering principle at this level
which would be able to account for it.

But such a new ordering principle is obviously needed to account for the
self-organizing of evolving systems at the third level of inquiry. It requires
instability of the thermodynamic order which leads to a break in time and
space symmetry. Physicists used to believe that non-equilibrium states do not
contain any interesting physical information. Thermodynamic non-
equilibrium was treated as a temporary disturbance of equilibrium, rather
than as a source of something new. But it was precisely Ilya Prigogine’s con-
viction, pursued over three decades, that non-equilibrium may be a source of
order, of organization, that became the foundation for a non-linear thermo-
dynamics of irreversible processes now permitting the description of
phenomena of spontaneous structuration. The new ordering principle, which
has been clearly recognized only since 1967, has been called order through
Sfluctuation. It describes the evolution of a system to a totally new dynamic
régime. This dynamic régime represents a spatial and temporal order which
would contradict the second law of thermodynamics if it were near the
equilibrium.

This development permits us to discuss the relations between the three levels
of inquiry. Instead of a sterile reductionism and a vague antireductionism, the
consideration of physical reality may now proceed at all three levels
simultaneously, with each level being ascribed a clearly defined domain of
phenomena.

In the following two chapters I shall describe in more detail the dynamics of
self-organizing dissipative structures. This dynamics underlies both the
globally stabilized, temporary ‘“‘existence” in specific structures and their
evolution to new structures.



2. Dissipative Structures: Autopoiesis

Nothing in excess.

Inscription carved on the temple of Apollo at Delphi

Spontaneous structuration

The examples used in the preceding chapter to demonstrate the
spontaneous formation of hydrodynamic structures (turbulent flow and
Bénard cells) were characterized by outside imposition of the energy penetra-
tion by means of water pressure and heating of the liquid, respectively. The
emergent structures represent the manner in which the system copes with
increased energy and mass penetration. Of much greater interest, however, are
those physical-chemical reaction systems which themselves maintain energy
and matter penetration by way of exchange with the environment and which
give rise to the self-organization of globally stable structures over extended
periods of time. These structures are the dissipative structures in the narrow
sense of the word. They have been called that way because they maintain
continuous entropy production and dissipate the accruing entropy. They
emerge from dissipative self-organization, in contrast to conservative self-
organization which uses the static (attracting or repelling) forces in the system
itself.

The most frequently cited example for a dissipative structure is the so-
called Belousov-Zhabotinsky reaction, discovered 1958 and named for its
Russian investigators (Zhabotinsky, 1974). It involves the oxidation of
malonic acid by bromate in a sulphuric acid solution and in the presence of
cerium (or also iron or manganese) ions. If certain conditions are met,
concentric or rotating spiral waves may be observed which lead to
interference patterns (see Fig. 2). In this and similar reaction systems
pulsations of great regularity may be observed which may last for many hours,
so that one also speaks of “‘chemical clocks”. Or there are periodical bursts of
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sudden chemical activity which, as ‘“‘chemical vectors”, may prefer certain
spatial directions, or the welling-up of concentric chemical waves and other
dynamic phenomena which sometimes become even more spectacular by the
play of bright colours by which they are accompanied.

For the spontaneous formation of such structures in chemical reaction
systems, a ‘‘generalized’’ thermodynamics by Glansdorff and Prigogine
(1971) stipulates precise conditions. They include openness with respect to
the exchange of energy and matter with the environment, far from equilibrium
conditions and auto- or crosscatalytic steps in the reaction chain. The last
point means that certain molecules participate in reactions in which they are
necessary for the formation of molecules of their own kind (autocatalysis), or
first for the formation of molecules of an intermediate kind and subsequently
of their own kind (crosscatalysis). The result is a type of behaviour which is
called non-linear and which is characterized by runaway processes. In techno-
logical cybernetics, such a behaviour is called positive feedback—a deviation
from a given reference value is not eliminated, but increases. The global
population explosion and other growth factors in the human contemporary
world are examples for autocatalytic non-linearities. In our case, however,
they are not scary, but constitute an essential factor in the creative act of
gestalt formation.

Dissipative structures exhibit two different types of behaviour: near their
equilibrium, order is destroyed (as it is in isolated systems), but far from
equilibrium, order is maintained or emerges beyond instability thresholds.
The latter type of behaviour is called coherent behaviour. As long as
dissipative structures exist, they produce entropy. However, this entropy does
not accumulate in the system but is part of a continuous energy exchange with
the environment. It is not the statistical measure of the entropy share in the
total energy of the system at a given moment that characterizes a dissipative
structure, but the dynamic measure of the rate of entropy production and of the
exchange with the environment—in other words, the intensity of energy pene-
tration and conversion.

Whereas free energy and new reaction participants are imported, entropy
and reaction end products are exported—we find here the metabolism of a
system in its simplest manifestation. With the help of this energy and matter
exchange with the environment, the system maintains its inner non-equili-
brium, and the non-equilibrium, in turn, maintains the exchange processes.,
One may think of the image of a person who stumbles, loses his equilibrium
and can only avoid falling on his nose by continuing to stumble forward. A
dissipative structure continuously renews itself and maintains a particular
dynamic régime, a globally stable space-time structure. It seems to be
interested solely in its own integrity and self-renewal.
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There is a remarkable parallel to a new theory of subatomic particles which
has been founded by Geoffrey Chew (1968) in Berkeley and which is also
called the “bootstrap model”. It is based on pure process thinking and
considers the so-called ‘‘hadrons” (which include, in particular, the protons
and neutrons in the atomic nucleus) as temporarily stable configurations
which result from the interaction of processes. Hadrons may transform them-
selves into each other and help other hadrons in their transformations. They
may appear as composite particles, constituents of other particles, or binding
forces. The actually unfolding process chains and the resulting process webs
are unpredictable, but they obey certain rules. These rules are based on a
single fundamental principle, self-consistency. Whatever comes into being has
to be consistent with itself and with everything else. A reduction of physical
reality to basic building blocks or even to basic laws is not possible according
to this concept which is in full development. As we shall see later, the open
evolution of the macrocosmos, too, may be understood as being based on
nothing else but self-consistency.

A hierarchy of characteristic system aspects

By its very nature, a system cannot be described by the sum of single pro-
perties. However, it is possible to make significant distinctions by looking at
certain aspects of the whole system. The most essential system aspects include
the following ones which, in the order in which they are enumerated, also
form a hierarchy in ascending order.

With respect to its relations with the environment, a system is called open
that maintains exchange with its environment—especially exchange of matter,
energy and information—and that is open toward the new and unexpected
(toward novelty, as we shall call it later). Systems without exchange with their
environment are called isolated. An exchange with the environment can be
maintained by the system itself only when its internal state is in non-
equilibrium; otherwise, the processes would die down.

The (logical) organization of a system refers to the characteristic pattern in
which processes are linked in the system. It may be represented by a flow
scheme. Of particular importance is cyclical (closed circular) process organi-
zation which will be discussed in greater detail in Chapter 10. The dissipative
systems which interest us here in the first line are organized in Aypercycles, as
Manfred Eigen called this particular organization. A hypercycle is a closed
circle of transformatory or catalytic processes in which one or more partici-
pants act as autocatalysts. The above-mentioned Belousov-Zhabotinsky
reaction, for example, may be represented as a hypercycle formed by the
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intermediary products X, Y, Z (see Fig. 3). In order to maintain a specific
sense of rotation—in Fig. 3 in a clockwise sense—there has to be non-
equilibrium. The “inner” process circle renews itself continuously and, as a
whole, acts like a catalyst which transforms starting products into end
products.

Fig. 3. The cyclical organization of the Belousov-Zhabotinsky reaction with an autocatalytic
step which is marked by the arrow in a closed circle. Starting products A =B =[BrO.]; intermediary
products X=[HBrO,], Y=[Br], Z=[2 Ce**]; end products P, Q. The intermediary product X
reproduces autocatalytically and thereby holds the cycle in motion; it decays continuously into Q,
so that the system is globally stabilized.

Another important aspect of system organization concerns the arrangement
of processes at one or more levels. Among multilevel systems, hierarchic
systems are of particular importance. In such systems, each level includes all
lower levels—there are systems within systems within systems . . . within the
total system in question. As will be shown in later chapters, evolution leads to
differentiation in multilevel, hierarchic systems.

The function of a system embraces the total characteristics of its processes,
including the relations with the environment and the system organization, but
beyond that the kinetics of the individual processes also and their interaction.
The logical scheme of relations appears here in the framework of time.

The function of autopoiesis (from the Greek for ““self-production’’) occupies
a special place. It has been introduced in the early 1970s by the Chilean
biologist Humberto Maturana and has been further developed by him in
collaboration with Francisco Varela and Ricardo Uribe. A system is
autopoietic when its function is primarily geared to self-renewal. A biological
cell, for example, is autopoietic in its balanced self-renewal through the
interplay of anabolic and catabolic reaction chains; over longer periods, it
does not consist of the same molecules. An autopoietic system refers in the
first line to itself and is therefore also called self-referential. In contrast, an
allopoietic system, such as a machine, refers to a function given from outside,
such as the production of a specific output.
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The structure of a system has long been understood primarily in terms of its
spatial structure. In connection with dynamic systems, however, the notion of
a space-time structure is of importance, or in other words a structure given
in a particular moment of time which represents not only the spatial arrange-
ments, but also the kinetics effective in this moment at each spatial point.
Such a space-time structure includes the function of the system, and thus also
its organization and its relations with the environment. The co-operative
principle of dissipative self-organization becomes manifest in the spatio-tem-
poral order of interactive processes—in the space-time structure. It is the
dissipative structure which is responsible for ordering the processes in such a
way that there is balance between generation and degeneration, that the
autocatalytic self-reproduction in the system does not blow it up into pieces
and keeps it imprisoned in its own tread-mill.

A time sequence of space-time structures yields the rotal system dynamics. It
may be organized from outside the system, such as in the case of a machine
operated from without, or it may be self-organizing. In self-organization, as
has already been mentioned, conservative and dissipative modes may be dis-
tinguished. Conservative self-organization may lead to static or dynamic
(steady-state) equilibrium systems; an example for the latter class is the solar
system with its rotating planets. In this book, we are primarily interested in
dissipative self-organization.

These hierarchically ordered, six system aspects may be summarized so as

Table 1.
An overview of the hierarchy of characteristic system aspects makes the
distinctions visible between two fundamentally different classes of systems.
Structure-preserving systems are at their equilibrium or approach it irreversibly.
Evolving systems are far from equilibrium and evolve through an open sequence

of structures

Characteristic Structure-preserving Evolving

system aspect systems systems

Total system dynamics Static Conservative Dissipative
(no dynamics) self-organization  self-organization

(evolution)

Structure Equilibrium Devolution toward Dissipative structure
structure, equilibrium (far from equili-
permanent structure brium), evolving

Function No function or  Reference to equi- Autopoiesis (self-
allopoiesis librium state reference)

Logical organization Statistical Irreversible Cyclical (hypercycle),
oscillations in processes in irreversible sense
reversible direction of of cycle rotation
processes equilibrium state

Internal state Equilibrium Near equilibrium  Non-equilibrium

Relationship with environment Isolated or open (growth Open (continuous,

possible) balanced exchange)
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to define with their help two fundamentally different classes of systems,
structure-preserving and evolving ones (see Table 1). Structure-preserving
systems may be subdivided into systems which have already reached their
equilibrium, and systems which are only on their way there and whose
dynamics is already geared to the equilibrium they are aiming for. This
dynamics may be called devolution since it runs in the opposite direction of
evolution.

Characteristics of dissipative structures

It may be interesting to ask whether a dissipative structure is to be
understood as a material structure organizing the flow of energy, or as an
energetic structure organizing the flow of matter. At this level of self-organiza-
tion, both descriptions are equally valid. They constitute two sides of a com-
plementarity. At higher levels of self-organization, however, to an increasing
extent a description will suggest itself which views energy systems manifesting
themselves in the organization of material processes and structures.

A deeper study of these new and fascinating phenomena became possible by
means of model calculations which, due to the decisive role of non-linearities,
usually require the use of big computers. Many specific cases have to be
calculated before the overall characteristics of non-linear behaviour become
discernible. A large part of such theoretical-mathematical work was carried
out by the Brussels school of Ilya Prigogine by using a model of a cross-
catalytic chemical reaction which in the literature was accordingly given the
name ‘‘Brusselator’. There are also other, similar models, for example the
“Oregonator” (developed at the University of Oregon), which represents a
simplified version of the Belousov-Zhabotinsky reaction. The Brusselator,
however, as may be demonstrated, represents the simplest case of a reaction
which leads to the formation of dissipative structures. It may be schematically
written in the following way:

A=X

B+X=Y+D
2Y+Y=3X

X=E
where 4, B, D, E are starting and end products and X, Y are intermediate
products whose development over time and spatial distribution are to be
studied. In the numerical calculations, the reversed reactions (in the scheme
from right to left) are usually neglected. It is, above all, the autocatalytic third
step in the reaction system which introduces the non-linearity which is
primarily responsible for the particular behaviour of the system. Since in this
third step, three molecules of the species X are formed, one also speaks of the
“trimolecular model”.
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The system can assume a single homogeneous stationary state, for which
the corresponding concentrations are given by X= A4 and Y = B/4. This
stationary state, however, becomes instable if the concentrations 4, B and the
diffusion coefficients (according to the so-called Fick law) Dy, D, and perhaps
also D, satisfy certain conditions. Then, the behaviour of the system may vary
in the following ways: t

1.If Dy and Dy, are very large so that the system may be viewed as being

nearly homogeneous, there may be stable periodic oscillations around a
stationary state, so-called limit-cycle behaviour (Fig. 4). For somewhat

(3)

(2)

(1

Fig. 4. Formation of limit-cycle behaviour in the chemical reaction system ‘‘Brusselator”
according to numerical integration for various initial conditions: (1) X=Y=0; (2) X=Y=1; (3)
X=10, Y=0; (4) X=1, Y=3; where always A=1, B=3. The point S corresponds to the unstable
stationary state (X, Y,). Whatever initial conditions are chosen, the system will tend toward a
single well-defined solution of periodic oscillations. After R. Lefever (1968).

smaller values of Dy and D, a spatio-temporal régime may emerge which
shows the spreading of concentration waves or of stationary chemical
waves. The evolution of such a régime is shown in Fig. 5.

2. Far from equilibrium (for example very small concentrations of D and E),
the system may evolve in the direction of a new stable, stationary state
with an inhomogeneous distribution of X and Y. It is possible to define a
wavelength of the dissipative structure which is directly proportional
to the spatial extension of the system; thereby, the macroscopic character
of the emergent order is emphasized. Figure 6 shows such a stable
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Fig. 5. Evolution of a dissipative structure of the type ‘“‘Brusselator”. Characteristic steps are
shown in the development of the spatial distribution of the intermediary product X. They were
calculated under the following assumptions: X(0)=X(1)=14; B=77; D ,=0.00105, D ,,= 0.00066,
D ,=0.195. After M. Herschkowitz-Kaufman and G. Nicolis (1972).

dissipative structure which also exhibits the characteristic spontaneous
occurrence of polarity (higher concentration of X on one side) which a
system exhibits under the influence of a disturbance. This becomes even
clearer in Fig. 7 which is drawn in polar co-ordinates. Such a
spontaneous formation of polarity is particularly important for develop-
mental biology (the development of the embryo from an originally
homogeneous cell mass which results from the division of the zygote). A
comparison of Fig. 7 with the microscopic skeleton of a freshwater alga
(Fig. 8) shows the same basic structure.

3. If also the diffusion of the starting product 4 within the system can no
longer be neglected, dissipative structures form beyond a critical
instability (Fig. 9). In this case, the spatial organization is restricted to a
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Space, arbitrary units

Fig. 6. Formation of a stable dissipative structure far from equilibrium in the chemical reaction
system ‘‘Brusselator”’. The concentration of X was calculated under the following assumptions:
A=2;B=4.6; Dx=0.0016, Dy=0.0080. The higher concentration of X on the left side indicates
spontaneous polarization. After M. Herschkowitz-Kaufman (1973).

Fig. 7. A two-dimensional, spatial dissipative structure of the chemical model reaction
“‘Brusselator”, shown in polar co-ordinates. The calculations were based on the following
assumptions: diameter 0.2; boundary penetration zero; B=4.6; D, =0.00325, D,=0.0162. After T.
Erneux and M. Herschkowitz-Kaufman (1975).

certain volume outside of which the thermodynamic order continues to
rule.

In these modes of behaviour, rhythm may be understood as the manifesta-

tion of a break in time symmetry, whereas the formation of a field points to a

break in spatial symmetry. The emergence of these phenomena is only
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Fig. 8. Photograph of the unicellular alga Coscinodiscus lacustris Grun., made with the electron
microscope of the Geological-Paleontological Institute of the University of Kiel (Germany). Original
diameter 0.08 millimetre. This alga lives suspended near the surface of water with various salinity
and is frequently found in the Baltic Sea. Photograph: Hans-J. Schrader.

Concentration

o

(¢} 05 |
Space

Fig. 9. Formation of a localized dissipative structure in the chemical model reaction
“Brusselator”. The concentration of X was calculated under the following assumptions: B=26;
D,=0.197; Dy=0.00105, D,=0.00526. Outside the dissipative structure, the classical
thermodynamic order reigns. After M. Herschkowitz-Kaufman and G. Nicolis (1972).
possible in macroscopic, coherent media because they require a large number
of interactive processes.

The behavioural modes deduced from theory are recently finding their em-
pirical confirmation in numerous non-linear oscillation phenomena of
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physical, chemical, biochemical, electrochemical and biological nature
(Faraday Symposium, 1974; Nicolis and Prigogine, 1977). The best studied
dissipative structures belong to the already mentioned Belousov-Zhabotinsky
reaction and the glycolytic cycle which is responsible for the energy
conversion in the biological cell.

The case described under point 3 above already points to the importance,of
the size of a system for the formation of dissipative structures. A system
which is too small will always be dominated by the boundary effects. Only
beyond certain critical dimensions do the non-linearities find an opportunity
to unfold their characteristics and may bring a selection of new structures into
play resulting in a certain autonomy of the system with respect to its environ-
ment. A dissipative structure comes only into being when a specific critical
size can be realized. But then, there is no difference in the structure, whether
the environment is scarcely sufficient or is vast (except for the duration of the
life of the system which, of course, depends on its environment for ““food” in
the form of free energy and new reaction participants). If there is the
additional factor of spatial concentration of catalytically active molecules,
such as found in membranes of biochemical systems, there may be dissipative
structures of very small size. Biological cells contain such microscopic
dissipative structures.

Self-reference and environment

An autopoietic régime includes the expression of a particular individuality,
a particular autonomy from the environment. Other than a crystal (an
equilibrium system) which grows indefinitely when placed into a suitable
solution, a dissipative structure finds and maintains its proper form and size
independent from the ‘“‘nourishing’ environment. Structure and function are
realized the more characteristically the more degrees of freedom there are
available to the system. The natural dynamics of simple dissipative structures
teaches the optimistic principle of which we tend to despair in the human
world: The more freedom in self-organization, the more order!

If conciousness is defined as the degree of autonomy a system gains in the
dynamic relations with its environment, even the simplest autopoietic systems
such as chemical dissipative structures have a primitive form of consciousness.
Maturana’s (1970) description of the feedback relations of an autopoietic
system with its environment as constituting a cognitive domain fall not very
far from this insight. And a dissipative structure ‘“‘knows’’ indeed what it has
to import and to export in order to maintain and renew itself. It needs nothing
else but the reference to itself.

From another angle of view, this autonomy appears as an expression of the
fundamental inzerdependence of structure and function which is one of the most
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profound laws of dissipative self-organization. The spontaneously emerging
structure corresponds to the systemic function (the totality of the processes),
and vice versa. This plasticity underlies the possibility of attaining a true
autopoietic balance on the one side, but also co-evolution (the joint evolution
of a system together with its environment). Even complex biological, social,
psychological and cultural systems, which partly make use of the transfer of
information brought into a rigid form, are highly malleable. In contrast,
equilibrium systems and machines are not malleable in this sense.

The complementarity of structure and function may generally be regarded
as an expression of process thinking: well-defined spatial structures result
from the interaction of processes in a specific dynamic régime. The circularity
of many of these process chains calls for a dynamic formulation in terms of
macroscopic notions referring to the system as a whole (for example, self-
renewal in autopoietic régimes). A cell contains several thousand biochemical
processes in a very small volume, and many of them are interlinked by
complex, intermeshing feedback loops. As Varela (1975) has shown, the
microscopic equivalent of following all these individual process interactions
would require infinite time. The resulting diagram resembles a decision tree
which branches indefinitely. However, if one searches for ‘“rules of the game”
for all these processes and for criteria of holistic system behaviour—in other
words, if the semantic level gets introduced—one may hope for a simpler
representation. However, this simplicity is then no longer the above-cited
“simplicity of the microscopic”, but a new ‘“‘simplicity of the macroscopic’
which is yet to be discovered. Pure self-reference in an autopoietic system
provides a striking example. The prize offered for the development of a truly
systemic view is tremendous.

The dynamic existence of non-equilibrium structures is not only charac-
terized by continuous oscillation and self-renewal, but also by the impossi-
bility of ever achieving absolute stability. There is always a possibility of
forcing a certain dynamic régime—a specific autopoietic dissipative struc-
ture—into a new régime. In the same way in which the first dissipative
structure forms spontaneously beyond an instability of the thermodynamic
(equilibrium) branch, the structure may again become instable and switch to a
new structure. The discussion of system evolution in the following chapter
will provide an opportunity to point out the decisive role of fluctuations in the
emergence of new order.



3. Order through Fluctuation:
System Evolution

When | was a boy and my father wanted
to teach me to swim, he threw me into
the water, | fell and sank to the bottom. |
could not swim, and felt that | could not
breathe. . . . | do not know how | walked
under the water; and suddenly saw the
light. Understanding that | was walking
towards shallow water, | hastened my
steps and came to a straight wall. | saw
no sky above me, only water. Suddenly |
felt a physical strength in me and jumped,
saw a cord, grasped it, and was saved.

Vaslav Nijinsky, Diary: Life

Evolutionary feedback

The dissipative structure, which forms spontaneously beyond the thermo-
dynamic order, is not the end of dynamic development. It is in principle stable
as long as the energy exchange with the environment is maintained and as
‘long as the continuously occurring fluctuations are absorbed within the
framework of the given dynamic régime. But, quite generally, no structure of
a non-equilibrium system is stable by itself. Any structure may be driven
beyond a threshold into a new régime when the fluctuations exceed a critical
size. This corresponds to a qualitative change in the dynamic existence of the
system. The transition to a new dynamic régime renews the capability for
entropy production, a process which may be viewed as life in a broad sense.
Life always carries on.

The fluctuations referred to here are not fluctuations in concentration or
other macroscopic parameters, but fluctuations in the mechanisms which
result in modifications of the kinetic behaviour (e.g. reaction or diffusion
rates). Such fluctuations may hit the system more or less randomly from

42
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without, as through the addition of a new reaction participant or changes in
the quantitative ratios of the old reaction system. But they may also build up
within the system through positive feedback which, in this case, is called
evolutionary feedback:

Instability, formation of a new
dissipative structure

/

This cycle may repeat itself in many steps.

Such an evolutionary feedback occurs in chemical reaction systems, for
example, when the kinetics is modified and a new non-linearity is introduced
thereby, as may happen particularly with the formation of new substances.
The specific energy dissipation per mass unit increases and the system is
forced through an instability to a new régime which corresponds to a higher
level of interaction between system and environment. These concepts have
become of great importance for recent theories of prebiotic evolution which
will be discussed in Chapter 6.

There are certain overlaps between the theory of dissipative structures and
an alternate description of evolving systems, catastrophe theory developed by
René Thom (1972), and taking a topological approach. The essential
difference lies in the limitation of catastrophe theory which, in its present
state of development can only represent switches from a postulated
equilibrium state (represented by an ‘‘attractor’’) to another equilibrium state
which represents a new dynamic régime. The switches are called
““catastrophes”. There is no true self-organization and self-reinforcement of
fluctuations. Both the motion of the system and the “morphogenetic field” in
which it occurs are given from the outside. One may think of the image of a
golf ball which is driven up a steep slope. If it falls to the earth before it
reaches the ridge, it will run down the same slope and end up close to the
player. If it falls down even barely beyond the ridge, however, it will roll into
another valley—or get stuck in a hole higher up. The theory of dissipative
structures, in contrast, would describe the player as one who walks up the
slope on his own and selects his resting places himself.

The older concept of wultrastability developed by Ross Ashby (1960)
describes the step-wise adaptation of a system to its environment until
equilibrium is reached. In contrast to evolutionary feedback, there is no
intensification of the interactions between system and environment, but their
eventual termination instead. The self-organization of systems, the inner
dynamics which drive them to reconstitute themselves in new structures,
cannot be adequately described by such models. But this is precisely what the

Threshold —————————®

Increase in entropy
production



44 The Self-organizing Universe

theory of dissipative structures can do by virtue of considering the self-
reinforcement of fluctuations within non-equilibrium systems. It also
presents morphogenesis, the emergence of new form, in the light of a partial
“self-determination of the system”’.

Table 2 presents a systematic overview of the applicability of approaches to
dynamic system modelling. All these approaches are useful—if their inherent
limitations are recognized and made explicit. This is rarely done, however.

The role of fluctuations: the micro-aspect

Autopoietic global stability represents only a special case of an evolving
dynamic system—that case, to be precise, in which fluctuations are absorbed
by the system or, in other words, damped by the environment in which they
occur. The same conditions which lead to autopoeisis—openness, non-equili-
brium and especially autocatalysis—also underlie the possibility of internal
self-amplification of fluctuations and their ultimate breakthrough. Without
such internal self-amplification there is no true self-organization. The
possible consequence is the evolution of the system through an indefinite
sequence of instabilities each of which leads to the spontaneous formation of a
new autopoietic structure. It becomes clear now why the new ordering
principle beyond the Boltzmann principle is called order through fluctuation.

Autopoiesis and evolution, global stability and coherent change, appear as
complementary manifestations of dissipative self-organization. Whereas auto-
poiesis, as has been discused in the preceding chapter, may be described in
terms of the complementary pair structure s function, a three-fold corres-
pondence holds for self-organization which includes evolution:

Structure o o Function

\ Prd
Fluctuations
In other words, the dynamic system as a whole may also be understood as one
gigantic fluctuation.

The discussion of the relations between these three levels of description
may take a microscopic or a macroscopic angle of view. The microscopic
description, also called stochastic (time-dependent) description, follows the
formation of fluctuations and their destiny close to the transition threshold
between an old and a new structure. It takes chance into account by generally
considering the occurrence and the kind and size of fluctuations as random.
The macroscopic description, in contrast, emphasizes a deterministic element
in describing how the system as a whole is forced into a new structural-func-
tional order. This new order is not predetermined in an absolute way, how-
ever; the system may choose among at least two new structures, as will be dis-
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cussed below. The fluctuations themselves may be of random origin; but their
result is no longer purely random. Only both descriptions together give a
realistic picture. Chance and necessity appear here as complementary prin-
ciples, that is to say, as integral aspects of one and the same process. Quite
generally spoken, a complementary view is akin to process thinking.

The microscopic (stochastic) description, developed by Prigogine angd his
collaborator Nicolis, allows us to understand the formation of new dissipative
structures by a nucleation process. Such processes are familiar from the
formation of rain drops which form around a nucleus, such as a grain of dust,
and grow until they are sufficiently heavy to drop to earth. In the nucleation
of new dissipative structures from fluctuations, a characteristic ‘“‘nucleation
length” plays an important role. It is determined exclusively by the inner
dynamics of the system and is independent of the reaction volume. Only fluc-
tuations of sufficient spatial extension (beyond a ““critical’’ size) are capable of
driving the system into instability and into a new régime. In this case, the
“law of large numbers’’—stating that an adequate description of a hetero-
geneous system is possible by means of average values—is rendered invalid.
Here, fluctuations which may appear small in comparison with the system as
a whole may change the average values in a decisive way. In the instability
phase, any modelling approach breaks down, as is also the case in phase tran-
sitions (such as from water to steam), which show a surprising similarity in
the basic equations. But the kind of activity which dominates in the instability
phase introduces a directedness, a vector which already indicates in which
direction the new structure may be expected.

For the chemical reaction system ‘‘Brusselator’’, which has served us as a
model so far, the result of the competition between fluctuation-amplifying
chemical reactions and fluctuation-damping diffusion (which introduces a
tendency toward homogenization) is depicted in Fig. 10. If the characteristic
chemical parameter % lies below the “‘macroscopic’ threshold value %, all
fluctuations are damped. Beyond this threshold, fluctuations become
amplified and lead to instability of the overall system only if they exceed the
critical nucleation length. One may put it this way, that the fluctuations
continuously “test” the stability of the structure. If they are too small, the
system remains even beyond the ‘“‘macroscopic’ threshold in a state of
metastability.

This result may also be interpreted in such a way that the environment of
an “innovative”, individualistically deviating subsystem will always try to
damp the fluctuations and keep the total system stable even if, from a point of
view of macroscopic theory, it should already have become instable. This is an
example for the complementarity of “chance”, incorporated in the fluctuations,
and “‘necessity”’, arising from the coupling of the subsystems.

Besides the dimensions of the total volume available for the development of
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Fig. 10. Metastability of the chemical model reaction “Brusselator” in case the fluctuations
beyond the “‘macroscopic” critical parameter &, do not attain the spatial dimensions of a critical
“nucleation length” /. In such a case, the environment of a fluctuating subsystems enforces
stability even when the system ought to be unstable from the point of view of the macroscopic
theory. After G. Nicolis and I. Prigogine (1971).
structures, packing density and the degree of coupling of the subsystems play
an important role in the formation of dissipative structures. A number of
isolated revolutionaries will not bring about a revolution, nor will a well-orga-
nized group of revolutionaries which are incapable of keeping their plans
secret from the environment (high diffusion rate). The penetration of fluctua-
tions and the formation of new dissipative structures depend on sufficiently
dense packing on the one hand and on flexible, not too strong and rigid
coupling on the other.

Macroscopic indeterminacy

The macroscopic description attempts to identify instability and transition
thresholds between two structures but assumes infinitely big fluctuations so
that in reality the old structure will still be maintained beyond that instability
threshold. On the other hand, the macroscopic description attempts to discern
which new dynamic régimes are available beyond the instability. For the
model reaction of the ‘“‘Brusselator’’, Nicolis and Herschkowitz-Kaufman in
Brussels and Auchmuty at Indiana University were able to show with the help
of bifurcation analysis that in every symmetry-breaking transition at least two
new possible régimes, or structures, are offered for choice. The dissipative
structure depicted in Fig. 6 (p.38), for example, could also have formed as its
own mirror image (with the higher concentration of X on the other side). It is
interesting that, depending on the symmetry properties of the critical state,
different versions of transitions are possible. For even critical wave numbers,
there is symmetry break and ‘“‘smooth’’ transition to two alternative stable dis-
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sipative structures (Fig 11a); for odd critical wave numbers, there is symmetry
break as well as bistable behaviour, coupled with hysteresis (Fig. 11b).
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Fig. 11. Bifurcation diagram for the transition from the thermodynamic branch K to two
possible dissipative structures L, and L, when instability is reached, as indicated by the critical
bifurcation parameter B_(concentration of B). (a) For even critical wave numbers, the transition to
one of the two new solutions L, and L, is “smooth”; (b) for odd critical wave numbers, the
transition occurs by way of a bistable domain in which the new solution L, is separated by a jump
from the thermodynamic branch K. After G. Nicolis (1974).

This bifurcation, in principle, repeats itself at each new critical value of the
bifurcation parameter (in Fig. 11 the concentration of B) of which there is an
infinite number. At each transition, two new structures become spontaneously
available from which the system selects one. Each transition is marked by a
new break of spatial symmetry. The path which the evolution of the system
will take with increasing distance from thermodynamic equilibrium and
which choices will be made in the branchings cannot be predicted. The further
the system moves away from its thermodynamic equilibrium, the more
numerous become the possible structures. The possible paths of evolution
resemble a decision tree with branchings at each instability threshold (Fig.
12). The obvious analogy to the microscopic process model of an autopoietic
structure—which, as mentioned in the last chapter, also resembles an indefi-
nitely branching decision tree—poses the question whether a holistic
description will also become available here, a description not only of a single
structure, but of the total system evolution through many structures.

A new element of indeterminacy enters the realm of physics at the level of
coherent system behaviour. Side by side with the quantum-mechanical in-
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Fig. 12. Macroscopic indeterminacy in the evolution of a dissipative structure. At each
instability threshold there is choice among several (at least two) possibilities. If non-equilibrium,
however, is diminished again, the structure retreats along the same path which it has come, except
for the so-called hysteresis effect which is due to the work invested in restructuration. The
structure ‘‘remembers’’ the initial conditions.
determinacy which is expressed in the Heisenberg indeterminacy relation,
there is now the macroscopic indeterminacy in the formation of structures. The
far-reaching consequences of this discovery will be discussed in later chapters.
Some scientists start to talk of dissipative structures in terms of ‘‘macroscopic
quantization” because the properties of the emerging, qualitatively different
structures may be expressed by only a few ‘‘quantum numbers”’, which repre-
sent the influence of the kinetic constants and the diffusion coefficients as well
as of spatial symmetry and boundary conditions.

If a dissipative structure is forced to retreat in its evolution (for example,
by a change in the non-equilibrium), as long as there are no strong perturba-
tions it does so along the same path which it has come, except for hysteresis
loops which reflect the work invested in changing a structure (see Fig. 12).
This implies a primitive, holistic system memory which appears already at the
level of chemical reaction systems. The system ‘‘remembers’ the initial con-
ditions which made a particular development possible, the beginnings of each
new structure in its evolution. We may say, the system is capable of re-ligio,
the linking backward to its own origin. In linking backward, the system “re-
lives” its own experience—not in separable details, but in a sequence of
holistic autopoietic régimes. In a specific autopoietic régime, the system is
self-referential with respect to a specific space-time structure. In a broader
perspective, we may now characterize an evolving system as being self-
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referential with respect to its own evolution—that is to say, with respect to itself
as a dynamic system with the potential of manifesting itself in a variety of
structures, not in random order, but in coherent, evolutionary sequences.

The levels of global stability or autopoietic existence reached along such an
evolutionary path are not predetermined, but result partly from the inter-
action between system and environment. In this respect, they represent true
experience. We may also say that knowledge is expressed by the system’s
finding of its own stability with respect to fluctuations and, further, that this
knowledge is nothing else but the experience of the interaction between
system and environment, cast into a specific reference frame. In this sense, all
knowledge is experience; objective and subjective knowledge become com-
plementary.

For chemical dissipative structures, the criterion for optimal stability seems
to be the possibility for high energy exchange, or high energy penetration of
the system. In Chapter 12, criteria will be named for other levels of evolution.

A particular aspect of this self-determination is the principle of maximum
entropy production which holds near the instability phase, in which a new
structure forms. During the transition, entropy production increases signifi-
cantly, whereas close to an autopoietic stable state it tends toward a minimum.
In other words, the system does not spare any expense for the creative build-
up of a new structure—and justifiably so as long as an inexhaustible reservoir
of free energy is available in the environment. Only an established system,
going for security, has to economize. This apparently does not only hold for
dissipative structures, but for all evolving systems. The specific heat develop-
ment in fertilized chicken eggs was measured at 0.32 watt per gram on the
fourth day, but at only a sixth of this value on the sixteenth day. The
frequently cited principle of minimum entropy production does not generally
hold for natural processes, but refers only to fully established structures. But
even then it refers to structures which are organized so as to assure a relatively
high energy penetration.

Novelty and confirmation

The discussion of order is often couched in terms of information. This is of
particular value for the discussion of self-organization because the general
paradigma embraces not only material structures, but also mental structures,
such as ideas, concepts or visions. For biology, P. Fong (1973) has defined
information as any non-random spatial or temporal structure or relation and
Carl Friederich von Weizsicker (quoted in: Ernst von Weizsécker, 1974) calls
information that which generates new information. In this definition, the self-
organization motive is already evoked.
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But the conventional, mathematically elaborated information theory
founded by Claude Shannon and Warren Weaver (1949) is primarily geared to
equilibrium and the stabilization of structures. Just as in Boltzmann’s
thermodynamic ordering principle there is only one direction possible, the
direction toward equilibrium structures, in the theory by Shannon and
Weaver new information is also primarily considered to reconfirm and
strengthen existing information structures. The amount of information is
given; it can only decrease due to the inevitable noise effect, as in equilibrium
thermodynamics order can only decrease. This type of information theory
considers only the syntactic level, the arrangement of signs, which is already
of considerable value in the development of machine codes.

In the domain of dissipative self-organization, and especially life, informa-
tion is not transferred in one-way processes, but is exchanged in circular
processes and is born new. This exchange occurs in a semantic context, that
is, in the context of a particular meaning. If I say “I want to eat”, a variety of
actions follow depending on whether I am in my bachelor flat, in a restaurant,
a plane or a fruit garden. But information exchanged among autopoietic
systems is more than semantic; it is pragmatic in the sense of being geared to
make a certain effect. That information is exchanged in a particular semantic
context becomes meaningful only by its effectiveness. “The semantics of
semantics is pragmatics”’, as Ernst von Weizsicker (1974) puts it. Pragmatic
information, however, changes the receiver. A machine may receive some
news and afterwards still have the same expectation for receiving identical or
similar news. But a human being will change his expectations. If in the radio
we hear of a developing tropical hurricane, half a day later the news of con-
siderable destruction in the area in question will not come as a surprise, but
the news of destruction by an unexpected earthquake will.

Exchange with the environment, as it characterizes autopoietic structures,
means also that each structure is at the same time sender and receiver of infor-
mation. Since pragmatic information changes the receiver, it also changes the
potential sender in the same structure. Therefore, we may now modify with
Ernst von Weizséicker (1974) the above-quoted definition of information pro-
posed by his father: “Information is what generates information potential.”’

Ernst and Christine von Weizsidcker (1974) have given a model of pragmatic
information which seems to be tailor-made for the discussion of order through
fluctuation. Pragmatic information (and perhaps other types of information
also) are composed of two complementary aspects, novelty and confirmation.
The relationship is sketched in Fig. 13. Pure novelty, that is to say,
uniqueness, does not contain any information; it stands for chaos. Pure confir-
mation does not bring anything new; it stands for stagnation or death. In
between, however, there must be a finite maximum, depending on the
complexity of exchanged information including the complexity of sender and
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Fig. 13. Pragmatic (effective) information is composed of the two components novelty and
confirmation and reaches a maximum when both components are balanced. After E. von
Weizsicker (1974).
receiver. This model also makes it clear that the Shannon-Weaver theory is
applicable only to information characterized by a high degree of confirmation
and very little novelty.

We may now easily establish the connection between this model of prag-
matic information and the ordering principles at work in equilibrium and
non-equilibrium structures (Fig. 14). A hundred per cent confirmation corres-

] —— Entropy production
Dissipative structur
Pragmatic issipative structu t.es »
information _W# Autopoiesis
\ Equilibrium
B \ structures
A \
\
Instability \
threshold Equilibrium
100% =-—— Novelty - 0
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Fig. 14. Dissipative structures transform novelty into confirmation, whereas equilibrating
structures tend toward maximum confirmation. Dissipative structures may evolve through states
characterized by maximum novelty (instability thresholds) to new states characterized by a balance
between novelty and confirmation (autopoiesis). In this transition, the entropy production reaches
a maximum (area A), whereas in autopoiesis it tends toward a minimum (area B).
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ponds to a system in thermodynamic equilibrium. That pragmatic information
becomes zero at this point is the correlate of the impossibility of bringing
about any directed effect in equilibrium. A hundred per cent novelty, in con-
trast, may be interpreted as the instability phase in which stochastic processes
cease to confirm the old structure and have not yet established the new struc-
ture. Everything happening in this phase is novel. In between, in the balance
between novelty and confirmation, we find the domain of autopoiesis.

The scheme according to Fig. 14 also allows the representation of the
change in entropy production occurring when a new dissipative structure is
born. Entropy production, in this context, is nothing else but the production
of structure, implying at the same time more information and more confirma-
tion. Immediately beyond the ‘“‘chaos’ of the instability threshold maximum
entropy production is needed to attain a tertain degree of confirmation. Area
A in Fig. 14 has to be “won’’ very quickly by hard work. After the formation
of an autopoietic structure, however, the system oscillates in a balance
between novelty and confirmation and has to do work only to the extent that
novelty must be coped with continuously, as exemplified by area B in the time
unit. This work, or entropy production, never becomes zero because the
structure is “kept busy”’ by novelty entering through the exchange with the
environment. In the scheme, it is pushed toward the left so that maintaining
the balance requires ever new work (movement toward the right in the
scheme). In this way, novelty is continuously transformed into confirmation.
Cognition is not a linear process, but a circular process between the system
and its environment.

Autopoiesis, in this scheme, implies an existence near the maximum of
exchangeable pragmatic information—a conclusion which intuitively appears
correct. In the following, we shall frequently employ the representation of
self-organization in the graphical terms of novelty and confirmation.

System dynamics and history

Generally speaking, the theory of dissipative structures describes the
particular spatio-temporal self-organization of energy conversion in systems
in exchange with their environment. It may also be considered as an elemen-
tary description of the evolution of historical systems—systems with Aistory—
whose development depends on the past history of each of its subsystems.
The question may be asked to what extent such a description, geared to the
simplest phenomenological level, grasps the fundamental characteristics of a
dynamics which is also basic to the understanding of biological and social
systems. In other words, do we have here a special or a general dynamic
system theory?

If we have a general theory, it becomes evident that considerations con-
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cerning the nucleation of new structures, the role of fluctuations and the
maintenance of metastable states is of great importance for biological and
social systems with their flexible coupling of subsystems (especially through
the exchange of information). The same may be said with respect to the func-
tions of the brain and the nervous system. The old theme of the connection
between complexity and stability and the question whether there is a natugal
limit to complexity—so important in our days—appear in a new light. An
increase in complexity certainly does not always imply a loss of stability as
mathematical models suggest which have been elaborated under equilibrium
assumptions (May, 1973). Ecological and social systems often seem to bear out
the contrary.

In the following chapter, applications of this young theory to a broad
spectrum of fields will be summarized. The results seem to confirm that the
theory of dissipative structures is capable of forming the core of a future
general dynamic theory of natural systems.



4. Modelling Self-organizing Systems

As above, so below; as below, so above.

Law of correspondence of Hermetic philosophy

Homologous dynamics of natural systems

Let us recapitulate the kind of dynamics which is described by the theory of
dissipative structures. The three basic conditions for the formation of dissipa-
tive structures in chemical reaction systems were openness toward the en-
vironment and exchange of energy and matter, great distance from equili-
brium and the inclusion of autocatalytic steps. Any system which satisfies
these conditions and which has relatively stable ‘“‘reaction participants’’, may
be described as a ‘“‘reaction system’’ whose dynamics is described by the same
basic equations even when the processes are other than chemical in nature.

The biophysicist Aharon Katchalsky, who lost his life in the spring of 1972
in a terrorist attack at the airport of Tel-Aviv, had recognized this some time
ago. He postulated (Katchalsky, 1971) that any system which includes a large
number of non-linear elements which are coupled diffusely and therefore
interact almost like in a continuum, may be driven into non-equilibrium by
increased energy penetration and will then exhibit the typical behaviour of
dissipative structures, namely, autopoiesis and system evolution. Katchalsky
acted as an important catalyst for early applications of the generalized theory
to biological and neurophysiological systems.

Autopoietic existence and evolutionary self-organization by way of self-
amplification of fluctuations indeed characterize many biological, sociobio-
logical and sociocultural systems. The relatively successful attempts to
describe their dynamics with the help of the same formalism which has been
developed for dissipative structures must not be misunderstood as
physicalism, as reduction to the level of purely physical processes. The nature
of the processes and the spontaneously forming structures is independent of
the dynamics which underlies them. The abstract relationships in the
equation system which has been called “Brusselator”, generate a wealth of
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modes of dynamic behaviour which often find their empirical confirmation
only at a later stage. In the same way, these mathematical relationships may be
applied to the modelling of dynamics at other than the chemical levels. A
certain imagination is required, of course, to find the corresponding abstract
and real occurrences. In an ecosystem, for example, the autocatalytic step
consists of the self-reproduction of a species in the presence of a sufficient
supply of food in the environment. But it may also depend to a large extent on
the autocatalysis of another species, especially if we are dealing with
carnivores which depend on specific prey species; such a coupling will
determine the total system behaviour in a significant way.

The models which may be composed in such a way are characterized by the
same complementarity of stochastic and deterministic elements, chance and
necessity, which has been discussed for chemical dissipative structures. Close
to the instability threshold marking the transition from one structure to another,
the model breaks down. In this phase it is not the general which is of decisive
importance, but the particular—in short, the creative. The precise moment of
the occurrence of an essential genetic mutation, or of a new species in an
ecosystem, cannot be predicted; nor can relationships with the environment.
But once these properties are known, it is possible to predict whether they
will ultimately dominate or not.

The interrelationship of the self-organization dynamics of material and
energetic processes from chemistry through biology to sociobiology and
beyond seems to point to the existence of a general dynamic system theory
which is valid in a very wide domain of natural systems. The kind of general
system theory which has been developed over the past few decades has
searched for connecting features primarily with respect to the preservation
and stabilization of structures (by means of negative feedback control). With a
generalized theory of dissipative structures, the dynamic aspect of a general
system theory moves into the foreground and the macroscopic quantization of
structures becomes of importance as well as the creative role of fluctuations.

But if this basic type of autocatalytic self-organization dynamics underlies
observable phenomena in such a wide range, we have not only analogy or
formal similiarity, but true homology or relationship in kind. Although these
phenomena belong to very different levels of reality which are irreducible to
each other, they are connected by way of homologous dynamics. This recog-
nition marks a triumph for process thinking. Whereas it follows the unfolding
of reality into multilevel, irreducible patterns of existence and co-ordination,
it unifies at the same time wide domains of this reality through dynamic
concepts. Whether it will ever become possible to include in this picture the
processes of differentiation apparent in cosmic evolution and the synthesis of
particles and atoms, remains to be answered.

In this chapter, some of the first applications of the theory of dissipative
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structures to more complex systems will be briefly sketched. These studies
have, of course, been undertaken with greatly simplified assumptions.
However, they let us feel the qualiry of a world which gives birth to ever new
variety and ever new manifestations of order against a background of constant
change. Prediction is not the aim of these studies, but a deeper understanding
of the behaviour of natural systems. Before enumerating some of these
studies, an alternative approach will be briefly discussed which is based on
the application of catastrophe theory. It has little to say about the stochastic
processes in the system itself, but it may provide valuable qualitative
conclusions concerning the type of new structures beyond instability
thresholds.

Catastrophe theory as alternative

Applications of catastrophe theory in a very wide spectrum are primarily
due to the imagination and enthusiasm of the British mathematician
Christopher Zeeman (1977). They range from applications to physics, such as
the twinkling of stars and the stability of ships, to biological, psychological
and social-psychological phenomena of high complexity, including mental
disturbances and prison riots. Of special importance is the application to
problems of developmental biology (the development of the embryo). Here,
catastrophe theory meets with biological notions introduced by Conrad
Waddington, such as the epigenetic landscape (the topology of the develop-
mental process), chreods (development lines fixed by evolution and guiding
ontogeny) and canalization (the development along chreods).

In the application of catastrophe theory it is essential to recognize that it is
always discontinuous effects of continuous causes which are to be modelled.
For example, the decision situation in a country facing external threat may be
characterized by the group of ‘hawks’ on the one hand, and the group of
“doves” on the other (Fig. 15). With increasing threat, the doves will
eventually give up their régime of thought and adopt the régime of the
hawks. The reverse will happen if the threat decreases. But the transition
from one régime to the other is not continuous and does not happen in both
cases at the same size of threat. Each group will try to stick to its thought
régime as long as possible (in a kind of metastability) until there is an abrupt
switch-over to the other régime. This simplest of all catastrophes is called
the fold.

Of great importance are topological stability considerations for models of
ecological and epigenetic evolution. The basic issue may be illuminated by
the comparison with a ball which rolls along a valley or remains at its lowest
point, but may also come to rest at a hole half-way up a slope—if it can get
there somehow (for example, by external fluctuations, such as gusty winds). If
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Fig. 15. The simplest example of a catastrophe (discontinuity): the fold. If the threat continues to
increase, a point is reached at which the “doves” switch abruptly to the behavioural pattern of the
“hawks”, and vice versa. After C.A. Isnard and E.C. Zeeman (Zeeman, 1977).
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Fig. 16. Epigenetic evolution in a topological view. An accidentally reached stable position is built
into the new ecological niche and determines the further evolution of the species.

a biological phenotype (an individual) happens to get from its well-defined
ecological niche into such a secondary stable position, this position will
eventually become a major niche (Fig. 16).

It is essential to recognize that this type of modelling does not explain the
motion itself. It is imposed from the outside, in the first example, perhaps by
the actions of a threatening country or by the media’s interpretation of the
situation. True self-organization by means of the self-amplification of fluc-
tuations generated in the system itself cannot be modelled with such an
approach. Internal reinforcement by autocatalytic steps is not included in the
formalism. But this is precisely what the theory of dissipative structures can
do. It is therefore always important to distinguish between the modelling of
true self-organization and morphogenesis with given dynamics. In this book,
we are primarily interested in self-organization.
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Physical-chemical systems

In dissipative structures self-organizing matter builds up and maintains
order without any additional anti-entropic force (such as a life force, or ““élan
vital”’, which has been assumed in earlier theories). It seems tempting to build
an all-embracing cosmology on this principle. However, attempts in this
direction have not gone very far. The thermodynamic way of looking at things
evidently is insufficient for the development of a holistic view of cosmic
evolution. In particular, it remains an open question how entropy may be
defined with the inclusion of interactions at large distances, such as is effected
by gravity. Perhaps it will prove altogether impossible to order the states of
the universe along the scale of a single parameter, such as entropy. The
entropy of the universe has been linked with the still mysterious phenomena
of “black holes”. But this raises new difficulties since in the singularities of
such ‘‘black holes” the laws of physics are disorderly.

Nevertheless it may be surmised that thermodynamic non-equilibrium and
dissipative structures are of local importance for keeping evolution going. We
may tentatively view dissipative self-organization as an ‘‘intermediary”
phenomenon which reaches to the far ends of neither space nor time. Things
are certainly much more complicated than suggested by the image of the
general decay of structures in a ‘“heat death” as has been concluded from
equilibrium thermodynamics. But they can also certainly not be explained by
a simple condensation model of structuration. This problematics will be
touched upon in the following chapter.

In the area of geology the continental drift is suspected to be a phenomenon
caused by a dissipative structure. A somewhat surprising idea concerns the
facilitation of exploiting oil in porous rock by reducing the surface tension
through a forced evolution of the system. Meteorological dissipative structures
range from local convection thunderstorms and hurricanes to vast weather
systems with instability fronts. A particularly interesting case in which an
originally small fluctuation breaks through and causes dramatic change in the
macroscopic system behaviour is provided by the “seeding” of clouds with
dry ice or silver iodide—be it with the intention of causing rain or making
hurricanes deviate from their path.

Finally, a number of elecrrical phenomena may be discussed in terms of
dissipative structures. They range from the spreading of the so-called Alfvén
waves in magnetogasdynamics and in northern lights to certain effects in
plasma physics. However, there have not been any essential attempts to model
such electrical phenomena so far.

Biological systems
Biological systems are characterized by properties favouring the formation
of dissipative structures in a particular way:



60 The Self-organizing Universe

—They are linked with their environment by energy exchange which per-
mits the maintenance of the structure far from equilibrium.

—They include a large number of chemical reactions and transport pheno-
mena, the regulation of which depends to a high extent on non-linear
factors of molecular origin (such as activation, inhibition, direct auto-
catalysis, etc.). ¢

—They are in high non-equilibrium not only from the point of view of
energy but of matter exchange since the reaction end products are either
eliminated from the system or are transported to other locations in order
to fulfil their functions there.

Biological systems find themselves indeed in the focus of empirical and
theoretical research concerned with dissipative structures. It is important to
realize that the aim is not to reduce the phenomena of organic life to the level
of physical-chemical analogies, but the formerly assumed separation between
“‘antientropic” life and “entropic” inanimate world also has vanished. The
task is now to understand the structuration of biological systems as particular
accentuation, as specific co-ordination, of the laws of physics and to stipulate
precise conditions for their occurrence.

The theory of dissipative structures is in a position to contribute signifi-
cantly to the understanding of prebiotic evolution, the emergence of life from
organic molecules (Prigogine et al., 1972). Chapter 6 will deal with this stage
in more detail. But it may already be said here that in the light of dissipative
self-organization life does no longer appear as the highly unlikely accident it is
in a reductionist view. Microscopic chance and macroscopic necessity have to
be understood as complementary aspects in the emergence of life— and not
sequential as Jacques Monod (1971) presented it.

Another research complex is building up around the role of dissipative
structures in the functioning of bioorganisms, or the maintenance of life. One of
the most significant results in this area was obtained by Boiteux and Hess
(1974) who proved experimentally that dissipative structures occur in the
glycolytic cycle, a biochemical reaction system which is also of importance for
intercellular communication. In close agreement with the theory of Goldbeter
and Lefever (1972), limit-cycle behaviour and chemical waves were observed
in several stability regions as well as the transitions between these regions.
Quite generally, biological rhythms of various types seem to be connected
with dissipative structures

A German group of researchers has developed a model which is capable of
simulating morphogenesis in the development or regeneration of simple
multicellular organisms, in particular the formation of extensions and tentacles in
freshwater polyps (Gierer, 1974). The model contains as its most important
assumptions an experimentally found activator substance which is the carrier
of morphogenetic information and which, in freshwater polyps, appears to
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consist of small protein molecules and is exchanged in the tissue between
cells; an inhibitor substance which diffuses faster in the tissue than the
activator substance, is degraded more slowly and is capable of suppressing the
diffusion of the activator; and finally an autocatalytic mechanism with whose
help the activator may accelerate its own formation and distribution. Starting
from an originally homogeneous mixture of activator and inhibitor substances
in high non-equilibrium, a pattern of discrete, stable regions with high
activator concentration appears which already anticipates the bodily forms to
emerge. This process refers to the formation of body parts in which precision
in the form and number of these parts is of no importance. Inn more highly
evolved animals the canalization of development lines, or chreods, plays a
much greater role.

From plant physiology it is known that growth and morphogenesis is essen-
tially determined by the interaction between growth-inducing hormones
(whose concentration decreases from the tip of the sprout downward) and
growth-inhibiting hormones (whose highest concentration occurs in the upper
part of the roots). From this interaction, standing waves emerge which
anticipate the morphogenesis of the plant.

A number of research projects study dissipative structures in the central
nervous system, experimentally as well as theoretically or in a combination of
both. At a microscopic level it has been found that the excitable membrane of a
nerve cell, which is much older in evolution than the cell itself and may be
found in single-cell protozoa, functions as a dissipative structure. The non-
equilibrium in a polarized state is maintained by the opposite ion charges on
both sides of the membrane. This may lead to an instability which evolves
toward a cyclical depolarization. Recently, the experimental synthesis of
bimolecular lipid membranes has been achieved as well as the stimulation of
articifial nerve impulses by canalizing molecules in these membranes
(Baumann, 1975).

At a macroscopic level, the behaviour of neuron populations is studied up
to a number of about 10 million neurons, especially by Walter Freeman (1975)
in Berkeley. The prerequisites for a modelling approach on the basis of the
theory of dissipative structures are given in more than one way. At the
synapses, the interfaces between the dendrites of a neuron with the axon tip of
another neuron—the structure of the neuron will be explained in more detail
in Chapter 9—non-linear transformations may occur. Furthermore, the
numerous feedback connections between densely packed neurons almost
create a continuum. And finally the flow of activity within the neurons and
across the synapses acts like diffusion in a chemical reaction system. At
sufficently high non-equilibrium the result is the occurrence of ““active’ states
between big interactive groups of neurons. With further positive feedback
between these groups, the active states become unstable and may give rise to
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dissipative structures. In particular, one may observe a kind of limit-cycle
behaviour which is linked to a decisive step in the coding of sensory input.

Perhaps it will also become possible one day to understand the intuitively
developed approaches to a so-called holistic medicine as the stimulation of
specific co-operative modes of behaviour and transitions in psychosomatic dis-
sipative structures. Bioenergetic techniques such as acupuncture, Esalep
massage, psychic healing, yoga and the chanting of special mantras as well as
the mental techniques of hypnosis and meditation in various versions generate
effects which may best be described in terms of transitions between different
dynamic régimes—but the nature of the processes involved is not well under-
stood at present. Nevertheless some of these techniques, especially medita-
tion, have come to be used in American cliniques, especially cancer cliniques,
in connection with conventional therapy—with striking success. Western
medicine seems primarily focused on a basic régime of the body/mind system
whereas healing in other régimes may act much faster and bring about
stunning results.

Within an organism, there are many self-organizing systems maintaining
some semi-autonomous dynamics but generally geared to the autopoietic
régime of the organism as a whole. An example is provided by the rhythmic
motor activity of vertebrates, for example in walking or running (Pearson,
1976). It is generated by an oscillating cell system and temporarily “‘coupled
into” the organism; in between, the rhythm idles. Self-organizing systems
beyond a critical size may also become decoupled and threaten the organism.
This is the case in the transition from the normal state of ‘‘microcancer” to
the pathological state of “‘macrocancer’. Our organism always contains a
number of cancer cells, whether they have been inherited or have been
generated by environmental influences. They may be considered as fluctua-
tion which, below a critical size, is damped by the healthy cell environment,
but beyond this size, becomes amplified. Prigogine’s collaborators Lefever
and Garay (1977) have developed a model which reflects new qualitative
insights.

In parenthesis it may be mentioned that the theory of dissipative structures
also promises important contributions to the development of industrial
biochemistry. In particular, the immobilization of catalytic enzymes on
membranes—a trick also used by nature—may greatly enhance non-linear
processes and thereby increase the yield significantly. In this area, the work of
Daniel Thomas in Compiégne (France) is of great importance.

Sociobiological systems

The mathematical modelling of the emergence of macroscopic order in
animal population is not very difficult where it is based on simple chemotaxis,
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the attraction due to certain chemical substances (Prigogine, 1976). Chemo-
taxis may be observed in striking examples with single-cell organisms, such as
the amoebae which, at certain times, join to form the slime mold
Dictyostelium discoideum. In times of food scarcity, the amoebae stop to divide
and form spontaneous aggregations, and every 3 to 5 minutes send out
chemical pulses of cyclical AMP (adenosinemonophosphate), a signal leading
to rhythmical chemotaxis (Fig. 17). As theory and observation well agree, the
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Fig. 17. Rhythmic chemotaxis in the aggregation of amoebae forming the slime mold. The
rhythm in the secretion of cyclical AMP is based on limit-cycle behaviour of the enzyme system
responsible for the production. The increasing aggregation was measured by means of light
scattering. After A. Boiteux and B. Hess (1974).
autocatalytic enzyme system responsible for the production of cyclical AMP
becomes instable and enters into limit-cycle behaviour. The chemotactic
aggregation system is itself autocatalytic. In the further development, the
pseudoplasmodium forms, a cell mass of between 10 and 500,000 cells which
moves along the earth resembling a worm of 0.1 to 2 millimetres length. This
mass undergoes further structuration and shapes into a flat basis, a “foot”,
consisting of cells with high cellulose contents, and a big, round ‘“head”
consisting of cells with high polysaccharide contents. This whole develop-
ment may take 20 to 50 hours after which the multicellular body dissolves
again into individual single-cell amoebae which reproduce by cell division—
until the cycle starts all over again (Bonner, 1959).

Besides the slime mold, Prigogine and his Brussels group have also
modelled other chemotactically triggered phenomena, such as the marching
order of ants (in which instabilities become visible as branchings) and the
construction of termite nests (Prigogine, 1976). The latter start obviously as
unordered deposits of matter until random fluctuations in the distribution of
matter turn chemotactical and mechanical stimulation into an autocatalytic
phase of co-ordinated activity. A complex example is also provided by the
formation and emigration of new swarms of bees in overpopulated beehives.
Here, the instability occurs when an enzyme diffusing through the hive and
inhibiting the production of a new queen is no longer capable of suppressing
the latent fluctuations when the dimensions of the hive exceed a certain size.
Of particular interest is the simultaneous effect of mechanical factors (certain
wind streams) and chemotactic factors in a highly autocatalytic system which
results in the formation of gigantic swarms of locusts over Africa extending
over hundreds of cubic kilometres volume.
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Ecological systems

The kinetic equations for the reproduction of living organisms are the same
as for the autocatalysis of non-living systems. Therefore, the application of
the mathematical formalism of self-organization dynamics to ecological
systems combining the interactions of several animal and plant species yields
impressive results (Allen, 1976). The model of an ecosystem may be made
more realistic in several steps. An autocatalytic system in an environment of
unlimited resources—for example, herbivores whose food requirements are by
far exceeded by plant growth—will in principle exhibit exponential growth
(Fig. 18a). The growth rate always corresponds to the existing amount (e.g. 10
per cent per year of the existing amount). If the environmental resources are
limited, a logistic growth curve results (Fig. 18b) which approaches asympto-
tically a saturation value. As is known from laboratory experiments, this
characteristic development is also found with unlimited food supply due to
sociobiological limitations of other kinds (reproduction, ‘“‘crowding”).

Things get more interesting if the additional assumption is made that
mutants of the same species, or new species (x,, x,), may enter the system with
a capability of exploiting the given environment differing from that of the
original population x,. These newly added “‘competitors’ may be considered
as ecological fluctuations. It may be shown that these fluctuations get through
and replace the old population when the new mutants or species have a better
capability of exploiting the same resources, or the ecological niche (Allen,
1976) (Fig. 18c). These combined factors—reproduction, variety and selec-
tion—correspond to the simplest case of Darwinism, or the principle of the
“survival of the fittest”. It is incomplete to the extent that it does not take into
account any interaction between the competing species or mutants or any
change in the environment. For the simplest case of co-evolution, additional
assumptions are required.

The extremely important notion of co-evolution was coined in the same
“magical” year 1965 by the American biologists Paul Ehrlich and Peter
Raven—this, at least, is the version which the journal CoEvolution Quarterly
gives in its impressum. Ehrlich and Raven noted that certain plants contain
large amounts of alcaloids, the production of which requires a great deal of
energy. The purpose is evidently protection against caterpillars for which
these alcaloids are poisonous. A few species of caterpillar, however, such as the
caterpillar of the Monarch butterfly, were able to adapt and now can digest
the poison, as well as scare away with them birds for which they themselves
represent the prey. Monarchs are not eaten by anyone which is also the reason
for their being imitated by other, non-poisonous butterflies, such as the
Hypolimnus. This imitation occurs as well with respect to the slow see-saw
type of flight as to the bright orange colour and the wing patterns (although
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Fig. 18. Different growth characteristics in ecosystems. (a) Exponential growth in the presence
of unlimited resources; (b) logistic growth with natural limitation of resources; (c) increasingly
better use of the resources by the introduction of mutants or new species. After P.M. Allen (1976).

this can hardly be explained by simple mutation and Darwinian selection).
The birds, in turn, learn to distinguish between the original and the imitation
and the plants diversify their alcaloid combinations so that caterpillars have to
specialize in certain plants only. This, in turn, leads to a diversification in the
caterpillars, and so forth. :
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There are many predator-prey stories of a similar kind; for example, bird
and insect species which grow increasingly smarter. Such a “battle” is not
won by any side—for the predator, this would even be the worst of all possible
outcomes. But both sides are spurred to ever newer developments—they co-
evolve. Besides the predator-prey relationship, the following chapters will
bring to light further manifestations of co-evolution, such as symbiosis on the
one hand and the co-evolution of a system with its environment on the other,
in particular under the aspect of the co-evolution of macro- and microcosmos.

But back to the predator-prey relationship. Already in the 1920s, Alfred
Lotka (1956) and Vito Volterra (1926) have described such a dynamic system
in terms of two autocatalytic steps which may be written in the simplest form
as follows:

A+X-2X

X+Y-2Y

Y-E

where X, for example, signifies a herbivorous prey population, Y a carni-
vorous predator population preying on X, 4 plant growth providing primary
energy and matter, and E the exit of members of population Y which die of old
age (and whose elements ultimately benefit 4, in turn). In phase space (in
which each point corresponds to a specific combination of the numbers of X
and Y), this system of equations yields an infinite variety of closed concentric
orbits (Fig. 19a). The system “‘jumps” between these orbits and cannot be
stabilized. With the slightest fluctuation, it becomes unstable. But this only
reflects the simplified, unrealistic assumptions. If time delays, non-random
(or contagious) attacks of predators and a minimum density of the prey popu-
lation for reproduction are introduced as further assumptions, the general
result is that of a “‘domain of attraction” (Holling and Ewing, 1971). Within this
domain, all orbits tend toward an equilibrium state: without the domain they
spiral away and lead sooner or later to the extinction of one or both populations.

A comparison of theory and empirical observation has led to the insight that
a ‘“healthy” and resilient ecosystem is generally far from its equilibrium
which may be represented by a single point within the domain of attrac-
tion. It is generally characterized by large spatial and temporal fluctuations, is
always on the move in phase space and prefers an existence near the boun-
daries of the domain of attraction. It is precisely this continuous local
instability which furthers the global stability of the autopoietic régime.
Typically, limit-cycle behaviour (Fig. 19c) or more complex types of
behaviour are observed. One may even speak of a new non-equilibrium
ecology which is developed primarily by Holling (1976) in Vancouver. The
closer the system gets to equilibrium, the less resilient it becomes. Any
random fluctuation, such as climatic fluctuations or the appearance of a new
species, may destroy the system completely.
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(a)

Fig. 19. Representation of dynamic system behaviour by means of phase diagrams. Animal
populations X and Y, which may represent a predator-prey relationship, have been chosen here as
characteristic parameters of an ecosystem. The three cases shown are: (a) neutrally stable orbits; a
(generally unrealistic) Lotka-Volterrasystem jumps between such orbits without ever becoming stable;
(b) domain of attraction, indicated by the dotted, elliptical boundary; within such a domain, all
developments tend toward an equilibrium, outside all developments lead to instability; (c) stable limit-
cycle; all orbits tend to a globally stable régime of periodic oscillations, indicated by the dotted ellipse
(see also Fig. 4, showing the limit-cycle behaviour of a dissipative structure).

Such extreme cases have indeed been observed with systems which have

approached their equilibrium due to human resource management. Examples
are fish populations in the North American Great Lakes whose catastrophical
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decline and partial extinction had seemed inexplicable. In many places of
California, the reproduction of the giant Sequoia trees, which may reach an
age of 2000 to 3000 years, has practically stopped. Young trees only grow on a
““clean” forest floor without underbrush, a prerequisite normally fulfilled by
the natural rhythm of forest fires (every 8 years on the average). The thick
bark protects the trees. But human interference—and who would have
doubted that fighting forest fires was a good thing from any possible angle of
view!—has interrupted this rhythm. Even if one considers now the possibility
of controlled burning, the natural rhythm cannot simply be re-established.
The underbrush has by now grown so high that the flames will partly damage
the sensitive leaf crowns of the trees. These and more examples point to
important conclusions to be drawn for management strategies, not only in the
area of resource management, but also in the sociocultural domain (Holling,
1976).

The evolution of such systems may now be followed under the additional
assumption that mutants are introduced. Let us again consider a simple pre-
dator-prey relationship. Mutations in the prey species mean better
exploitation of the available resources and an improved capability of escaping
the predator. Mutations in the predator population, in turn, lead to an en-
hanced capability of exploiting the prey species and of reducing the predator’s
death rate. The result is a slow increase in the predator/prey ratio. But the
birth rate of the prey species increases at the same time as the death rate of the
predator population decreases (Fig. 20). Co-evolution ultimately benefits both
species (Allen, 1976).

Death rate of predator species

> ¢ >

Time Birth rate of prey species

Rotio of predator to prey population

Fig. 20. Co-evolution, in principle, benefits predator as well as prey species. After P.M. Allen
(1976).
Two further aspects shall be briefly mentioned which result from the same
criteria for evolution. One aspect refers to the development of “‘specialists”,
geared to one or few types of resources, and ‘‘generalists”, capable of ex-
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ploiting a large variety of resources. A rich milieu in which all resources occur
in large amounts, favours the development of specialists whereas a scarce
milieu favours generalists (Allen, 1976). This has been observed with the
Galapagos finches. The larger the environmental fluctuations (e.g. climatic
variation), the more clearly the niches of the generalists have to be separated
from each other and the less numerous the number of co-existing species. The
tropics are much richer in specialized species than the regions near the poles
with their relatively few generalist species.

In the “ecosystem’ of the world economy, the reverse is true. The wealthy
countries are generalists and the poor ones specialists living from the export of
one or two products only. The result is a system which is becoming in-
creasingly less viable and which can only be prevented by force from
becoming instable. But for how long?

Another aspect concerns the possibility of securing chances for survival not
by general species properties in every individual, but above all by group pro-
perties—for example, the properties of an insect colony. This possibility is
created where the complexity of the group permits the division of functions,
in particular division of labour, as well as hierarchical relationships and
mechanisms of population control (as in the above-mentioned example of the
splitting beehive). This is an expression of the co-evolution of the macro-
scopic and the microscopic which will be discussed at length in the following
chapters.

Sociocultural systems

The theoretical treatment of systems in which man participates in an im-
portant way, meets with more difficulties. Here we no longer have highly
specialized competing systems, as is the rule in the subhuman world, but the
complex interactions of individuals with multifaceted capabilities. Also, there
is much greater variety and complexity of communication mechanisms. But
above all there is now, in addition to the exchange of physical energy, the
exchange of social and spiritual energy equivalents which, in this combina-
tion, characterize the human world. The capability of self-reflexion, as
Chapter 9 will show, turns many things upside down. But on the other side,
the empirical description of many non-linear phenomena in the human realm
shows astonishing similarities with the evolution of physical non-linear non-
equilibrium systems. It may therefore be permitted to hypothesize that the
theory of dissipative structures provides a general description of the dynamics
of self-organizing systems where the parameters characterizing the space-time
structures may be of a physical nature as well as of a social and mental nature.

The autocatalytic principle appears in the human world in many ways,
ranging from population growth to the economic principle of the production



70 The Self-organizing Universe

of money by money. In many cases the transition from exponential growth
curves shown in Fig. 18a (see p. 65) to logistic curves of the type shown in
Fig. 18b comes as a severe shock in our days. In these transitions natural
system boundaries become expressed, especially with respect to the limitation
of resources which are utilised in a one-way economy. Generally, these
limitations are of a material type and with the help of an ever-improving
technology one may expect enhanced exploitation corresponding to Fig. 18c.

Of particular interest is the similarity in the evolutionary behaviour of
mental processes. The best example is again provided by technology, both by
its development and its diffusion (innovation) (Jantsch, 1967). The evolution
of technological performance parameters, such as speed, temperature resis-
tance or conversion efficiency, in the exploitation of a specific ‘‘resource”, i.e.
a specific scientific-technological principle, generally follows a logistic curve
corresponding to Fig. 18b. But in many cases, the “‘system’ of a particular
technological performance evolves through many ‘“mutants” or different
“species”, i.e. through the development and exploitation of a variety of
different scientific-technological principles. The result is an envelope curve—
a “‘big S” riding on the evolving small S-curves (Fig. 21). The top velocity of
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Fig. 21. Example of a logistic envelope curve, characteristic of technological evolution. By the
introduction of ever-newer technological principles, the inherent limitations in the same basic
parameter (in the figure the maximum velocity of person transport) are pushed closer to absolute limits
which determine the envelope curve. In our case here, the velocity of light presents such an absolute
limit.
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person transport, for example, has been increased tremendously in its evolu-
tion through many technologies, from the pony express through railroad, car,
piston and jet aircraft to rockets. Ten years ago, the corresponding envelope
curve still resembled exponential growth, promising the crossing of the speed
of light in the year 2010! But in technology, earlier than in other areas of
human concern, the lesson has been learned that growth processes run into
natural limitations—a simple truth still not fully recognized by conventional
economics. The development of technology is already considerably in-
fluenced by rethinking processes which bring higher levels of social and
psychological limitations into play. In the realm of technology we recognize
the first effects of a type of normative, long-range planning which tests
material and technological growth against the consequences for society at
large. In Chapter 16, such an approach to planning conducted in an evolu-
tionary spirit will be discussed.

The application of technology and its wide diffusion—in short, techno-
logical innovation—follows to a large extent the same curves of system evolu-
tion as has been obtained for the successively improved exploitation of an
ecological niche by mutants or new species (see Fig. 18c on p. 65). Instead of
mutants, we have here technological products or principles. But just as in
ecology, it is essential here also that every technology which replaces an old
one is not only capable of doing the same, but generally also generates new
opportunities. The transistor, for example, has not simply replaced the
vacuum tube but has initiated a tremendous development of microelectronics.
The portable radio was only the beginning. It exemplified the extension of
functions as well as the generation of new problems.

Another, particularly interesting example for the application of the theory of
dissipative structures is the study of the evolution of cities and regional agglo-
merations with approaches developed by Prigogine’s Brussels group (Allen
et al., 1977). It is assumed that a district which attracts the most inhabitants,
has the more developed economic functions. The economic function here
plays an autocatalytic role, but at the same time depends on local demand—
and the demand elsewhere which, however, is limited by the costs of transpor-
tation which increase with distance—as well as on the competition by
production facilities in neighbouring districts. The economic function may
also be regarded here as a fluctuation which forces the originally homo-
geneous population distribution into a markedly heterogeneous structure
(Fig. 22). The structure itself is not predictable, because it depends on which
specific fluctuations (economic functions) break through. It is also possible to
draw general conclusions such as the favouring of activity centres of limited
size by improved transportation conditions. The idea that economic activity
acts in an autocatalytic way is not new. The Swedish Nobel laureate Gunnar
Myrdal (quoted in Allen ez al,, 1977) already in the 1950s proposed models of
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118
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Fig. 22. Evolution of a city. After some time, a heterogeneous pattern develops with respect to the
distribution of the economic functions as well as to population density. The population density is
indicated above each point. After a computer simulation by P.M. Allen (personal communication,
1978).

inter-regional development based on this quality. But only today are more
detailed computer studies starting. In a similar approach, one may study the
evolution of cities with respect to heterogeneous habitation patterns,
separating higher-income from lower-income classes. The result is the typical
pattern of American cities on the one hand, in which the poor population is
found in the centre of the city and in a second ring around the city with a
wealthy suburban ring. On the other hand, there is the typical pattern of the
modern French city with the well-to-do population in the centre of the city
(except for a few poor ‘“‘ghettoes’’) and the poorer population in the suburbs
on one side of the city and a less segregated suburb on the other side.

Other examples of areas in which the theory of dissipative structures may
lead to interesting qualitative conclusions range from the settling of new land
to the organization of space in geopolitical evolution, from local social change
to revolution, from individual perception and apperception to the overall
system of science in the sense of Thomas Kuhn’s (1970) theory of scientific
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revolutions, from individual creativity to the great currents in art, from
individual personality development to the evolution of all-embracing cultural
guiding images and religions (Jantsch and Waddington, eds., 1976). The
common denominator is always an open system far from equilibrium which is
driven by fluctuations across one or more instability thresholds and enters a
new co-ordinated phase of its evolution.

These approaches mark a profound break with the dominant tradition of
describing human systems. They are of immense importance for an improved
understanding of our current approach to instability and for the design of the
future of mankind. The conventional behaviouristic approaches used for
recent world models start from global or regional homogenized equilibria for
which any fluctuation and any positive feedback appears as a threat to the
structure. They postulate mechanistic systems which cannot evolve and
cannot change their structure. The norm of a forced stabilization of an equili-
brium structure which is deduced from such models is nothing but a circular
conclusion which generates fatal misunderstandings.

Globally viewed, mankind gets further and further away from equilibrium
and seems to urge a new structure which may only be reached after a major
instability. There is no lack of fluctuations (oil crisis, recession) or autocata-
lytic reactions (escalation of tensions). But interestingly, it is precisely the
potentially strongest autocatalytic factors, such as the preparation of a huge
arsenal of nuclear weapons and strategies of ‘““mutual strikes”’, which may also
act in a strongly inhibiting way. Generally, fluctuations which threaten to
touch on systems boundaries and limitations may also be damped by these
boundaries and limitations in an anticipatory way. This is certainly the case
with the exploitation of non-renewable resources. Herein lies an important
distinction between self-reflexive and merely physical autopoietic structures.
Many of these questions will be taken up again in later chapters.

The decisive question now concerns the available and newly acquirable
degrees of freedom. Can a global autopoietic system live at all three levels,
physical, social and cultural levels? What is the environment with which it is
then in exchange in order to maintain its non-equilibrium? To what extent is
it permissible to supplement the natural solar energy flux by liberating energy
stored within the system? Quite generally, a “‘cybernetic’’ recycling techno-
logy seems to move into focus, replacing a one-way technology which is in-
creasingly recognized as ‘“unnatural”. Perhaps we ought to interest ourselves
at the social and cultural level more in the symbiosis of subglobal autopoietic
systems, in pluralism and non-equilibrium, than in a Utopian world govern-
ment and world culture. And we must not be afraid of evolution because, as
the philosopher Alfred North Whitehead (1933) wrote long ago: “It is the
business of the future to be dangerous. . . . The major advances in civilisation
are processes that all but wreck the societies in which they occur. . .
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But the ultimate answer may perhaps be found again in a complementarity:
as we elevate pluralism to our creative principle, we embed the totality of
human history meaningfully into the dynamics of an overall evolution which
acts as an unfolding unity. As we realize ourselves as wholes, we become an
integral aspect of a universal whole. As we live to the fullest extent, we
overcome cosmic cold and loneliness. Whether we shall soon establish contact;
with extraterrestrial intelligence or not—we are never alone.



PART Ii

Co-evolution of Macro- and Microcosmos:
A History of Reality in Symmetry Breaks

Heaven does nothing: its non-doing is its serenity.
Earth does nothing: its non-doing is its rest.

From the union of these two non-doings

All actions proceed,

All things are made.

Chuang Tzu, Perfect Joy

The evolution of the universe is the history of an unfolding of differentiated
order or complexity. Unfolding is not the same as building-up. The latter em-
phasizes structure and describes the emergence of hierarchical levels by the
joining of systems ‘“‘from the bottom up”’. Unfolding, in contrast, implies the
interweaving of processes which lead simultaneously to phenomena of struc-
turation at different hierarchical levels. Evolution acts in the sense of
simultaneous and interdependent structuration of the macro- and the micro-
world. Complexity emerges from the interpenetration of processes of differen-
tiation and integration, processes running “from the top down” and “from
the bottom up’’ at the same time and which shape the hierarchical levels from
both sides. Microevolution (such as the emergent forms of biological life)
itself generates the macroscopic conditions for its continuity and macroevolu-
tion itself generates the microscopic autocatalytic elements which keep its
processes running. This complementarity marks an open evolution which
reveals ever new dimensions of novelty and exchange with the environment.
It is not adaptation to a given environment that signals a unified overall
evolution, but the coevolution of system and environment at all levels, the co-
evolution of micro- and macrocosmos. Such an overall evolution is indeter-
minate, imperfect and prefers dynamic criteria in the choice of its strategies
before morphological ones. It is self-consistent and creative.
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5. Cosmic Prelude

Ultimately what we can do here on the
earth will be limited by the same laws that
govern the economy of astronomical
energy sources. The converse of this
statement may also be true. It would not
be surprising if it should turn out that the
origin and destiny of the energy in the
universe cannot be completely understood
in isolation from the phenomena of life
and consciousness.

Freeman J. Dyson, Energy in the Universe

Evolution as a symmetry-breaking process

For more than 2000 years the main interest of Western physics has been
devoted to the recognition of structure. From Democritus to our days the
search was on for the ultimate building stones of matter, whether they were
called atoms, subatomic particles or—according to a contemporary concept—
quarks. Physics hoped to trace the properties of matter back to these ultimate
building stones and to reduce the whole to its parts. But in the recent past
doubts arose that the fundamental principles of matter may be completely
deduced from its components. One idea which received much attention stipu-
lated an ultimate level of basic symmetries as suggested by Werner
Heisenberg in the last years before his death. This idea no longer corresponds
to an atomistic view but represents a systemic view which focuses on the
relations between components, not on their individual properties. The most
interesting aspect of this idea is the compelling way in which it leads from a
static view—the dissection of matter—to a dynamic one. To the spatial
dimensions the time dimension is added. Instead of a timeless structure of
matter, the processes of evolving matter move into the foreground—or, to be
even more precise, the evolving organization of matter.

It appears feasible to represent the physical universe in terms of basic
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symmetries—not in the present, but by tracing its evolution over time back to
its origin, or at least to the beginning of the expanding phase in which it finds
itself today. Usually, according to the so-called “‘standard model”’, an open
universe is assumed which started from a ““‘big bang’’ some 15,000 to 20,000
million years ago and which expands into the infinite. Very recently, however,
increasing evidence is found for the existence of vast masses of dark, gaseous
matter between the luminous structures of stars and nebulae. These dark
masses may account for such a large share of the total mass of the universe
that the latter may be sufficient (i.e. at least 10 to 20 times as heavy as the
luminous masses) to justify including the possibility of a pulsating universe.
The American cosmologist Lloyd Motz (1975) assumes a pulsation period of
80,000 million years. A pulsating universe would make it possible to explain
the high number of photons (about 1000 millions per matter particle) as the
cumulative effect of a kind of inner friction in the universe over many cycles
of expansion and contraction. The number of photons is indeed interpreted as
a measure for entropy in the universe. In line with these assumptions, it
would increase with each cycle. Other recent models assume a gradual
increase in the cycle length which may ultimately lead to an open universe
(Honl, 1978).

In the past few years, direct measurements of the escape velocity of very
distant galaxies whose light is several thousand millions of years old when it
reaches us, seem to support the model of a closed universe with slowing
expansion velocity. It also appears that the motion within the universe may be
more complicated than hitherto assumed. The present situation is somewhat
confusing because at the same time, the arguments for an open universe gain
support (Huber and Tammann, 1977). However, as long as we are not after an
ultimate, all-embracing paradigm in this book, but after an “intermediary”
one, all this is not of crucial importance. What we usually call evolution refers
to a development which is enclosed within the present phase of expansion of
the universe.

Whether an open or a closed universe is assumed, the beginning of the ex-
pansion phase is characterized by an extremely dense and hot universe which
is ruled by different principles than our environment. There, in the mould of
unimaginable temperatures, the simplicity and the unit of nature manifests
itself directly. There, symmetries hold between particles and forces which
have been lost in the expanding, cooling universe. The original simplicity and
symmetry has become ‘frozen out” and distorted until it is no longer
recognizable. This lost simplicity and unity of nature can only be recon-
structed with the help of abstract mathematics, the so-called ‘“‘gauge field”
theories which are based on certain invariances in transformations. But the
difficult details of these theories do not have to concern us here. What is
essential, as Steven Weinberg (1977) puts it, is that there is a parallel between
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the history of the universe and its logical structure. Such a parallel, it may be
added, implies the reality of evolution or the emergence of structures from
historical processes. .

The basic symmetries may be found in the linking backward to the historic
origin. This means, that in the reverse direction evolution, the unfolding of
history, is characterized by a sequence of symmetry breaks. Such fundamental
symmetry breaks may indeed be found not only in the physical-cosmological
history of the universe, but also in the history of biological and mental life in
our local world. This will become clear from the detailed description of evolu-
tion in this and the next few chapters. Symmetry breaks introduce new
dynamic possibilities for morphogenesis and signal an act of self-transcen-
dence. Complexity becomes possible only through symmetry breaks. The
world which emerges from them becomes increasingly irreducible to a single
level of basic principles which can only be grasped in the common origin and
in an abstract way. The reality which emerges is co-ordinated at many levels.

The asymmetrical origin of matter

One of the symmetry breaks near the origin of the expanding universe con-
stitutes the prerequisite for the development of a matter world. This is the
symmetry break between matter and antimatter, or more precisely, between the
number of corresponding matter and antimatter particles. Whereas this sym-
metry break is the most evident one in its consequences, it is still the most
mysterious in its logical origin and in its place in time. We do not even know
whether it is to be understood in such a way that in a more or less homo-
geneous universe—in the first moments of its birth, or as cumulative effect
over many expansion-contraction cycles—an excess of matter emerged
somehow, or in such a way that besides our local matter world there is another
antimatter world which is spatially separated from ours, or perhaps not and
only prevented by unknown reasons from interacting with our world. The
meeting of matter and antimatter leads to mutual annihilation; matter
becomes pure radiation. Or a model might be more realistic which assumes
continuous formation and disappearance of matter and antimatter in the
universe, with a slight excess of matter. The continuous formation and dis-
appearance of matter is the subject of speculations around so-called black and
white holes.

In white holes the state of the beginning of the universe would be reconsti-
tuted. In black holes matter would disappear but at the same time new matter
would be generated. Black holes might conceivably be also responsible for the
asymmetry between matter and antimatter. In the universe, there is always
some spontaneous formation of pairs of matter and antimatter particles.
According to quantum mechanical considerations (Hawking, 1977) such an
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event near a black hole may lead to one particle becoming imprisoned in the
black hole whereas the other escapes and cannot join its twin brother again.
But such an effect would not in itself explain the observed asymmetry. A
closed universe would end its contraction phase in a black hole; the old
symmetry would in such a case become reconstituted.

Several theories which deviate from the standard model (see Benz, 1975)
assume a beginning of the universe at relatively low pressure. This, for
example, is assumed for the model of the Swedish Nobel laureate Hannes
Alfvén (1966). Sharply separated volumes of the size of super-clusters (clusters
of clusters of galaxies) or even bigger, containing either matter or antimatter,
are then assumed to expand independent of each other. There is no empirical
support for such a separation.

The American astronomer Edward Tryon (1974) has made the startling pro-
posal that the universe be regarded as a gigantic vacuum fluctuation which is a
phenomenon to be expected by quantum field theory and actually observed in
small size. Such a vacuum fluctuation represents a spontaneous plus/minus
polarization of the vacuum in such a way that the sum of all physical values
over the whole fluctuation always remains zero. The symmetrical emergence
of matter and antimatter may be explained in such a way, but also the
universe would always have zero net energy content because the energy repre-
sented in mass and motion would be balanced by the negatively accounted
gravitation energy so that the sum total of the energy would always be zero—
an assumption which is quantitatively not impossible as calculations have
shown. Such a universe would, in contrast to the standard model, emerge
from the spontaneous crearion of symmetries out of nothing. However, imme-
diate local symmetry breaks would be required in order to prevent anni-
hilation and make further evolution possible. Matter and antimatter would
have to separate very quickly and go about their own evolution—until they
meet again and would reconstitute the nothingness out of which they
emerged. Such a theory appears tempting in so far as it renders any further
assumption about the beginning and the end of the universe superfluous.
Before and after there is literally nothing, a nothingness which unfolds sym-
metrically and closes again without leaving a trace. The standard model, in
contrast, has to deal with the messy problems not only of an excess of matter
but also of an initial energy and an impulse—and yet cannot discuss the before
and the after in a meaningful way. Except for the difficulties with the initial
conditions, however, the standard model is receiving increasing support from
recent results of observations. Perhaps one day a synthesis will appear
possible between these directions of thought which, at present, seem to
exclude each other.

The basis for the discussion of cosmic evolution in this chapter will be the
standard model. Steven Weinberg (1977), in his book The First Three Minutes,
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has given it an extraordinarily clear and readable presentation which forms
the backbone for much of the rest of this chapter.

In the framework of the standard model we believe to know with some cer-
tainty that in a very early and hot phase of the universe—beyond a threshold
temperature of about 6000 million degrees Kelvin, corresponding to the first
8 seconds in the history of the expanding universe—there was a mixture of
electrons and positrons (the antiparticles of the electrons) as well as the mass-
less particles photons, neutrinos and antineutrinos. As long as the tempera-
ture was far from the threshold, this mixture was in thermal equilibrium.
Each species of particles counted about the same number and they con-
tinuously collided. The collisions between photons produced new electron-
positron pairs whereas the collision between electrons and positrons led to
annihilation and thus back to photons. Radiation and matter/antimatter
became continuously transformed into each other.

When the temperature was still at least 1000 or 10,000 times higher, during
less than the first hundredth of a second of the expanding univese, the heavier
protons and neutrons formed and disappeared in the same way together with
their corresponding antiprotons and antineutrons. The events in this very
early phase are so complex that we know little for certain. In particular we
know little about the symmetry break in the number of these nuclear particles
and their corresponding antiparticles. Had the symmetry in the pair-wise
formation and annihilation of matter and antimatter in the form of these
particles been maintained perfectly, there would not have been any rest left
over after the crossing of the temperature threshold of their spontaneous
formation from radiation. There would never have been atoms in later phases.
Had also the symmetry in the formation and annihilation of electrons and
positrons been maintained perfectly, the universe would consist only of
radiation.

In reality, at least in our corner of the universe, there was a tiny excess of
matter particles which may be estimated at one proton or neutron per
thousand million photons. Only a thousandth of a millionth of the original
mass of matter has survived. Out of this almost immeasurable remainder which
since then has undergone little change, except for transformations between
neutrons and protons (with a resulting higher share of the protons), came our
matter world with all its wealth of forms, came nuclei, atoms, molecules, stars,
galaxies, and finally living and mental structures in the universe. Matter is
more or less durable and may be regarded as some form of ‘““frozen’ energy.
In nuclear fission and fusion, part of this energy stored in matter is set free
again, but the largest part remains bound in the new atomic nucleus. The
energy of radiation, in contrast, decreases with decreasing temperature and
therefore also with the cooling of an expanding universe. Out of a small
“pollution” in a universe whose energy appeared almost totally in the form of
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radiation, a matter-dominated universe emerged eventually whose energy is
invested primarily in matter.

The transition from a radiation- to a matter-dominated universe occurred at
a temperature of about 4000°K (degrees Kelvin), by accident or some un-
known logical coincidence very close to that temperature of 3000°K at which
the free electrons—equal in number to the left-over protons in order te
equalize the charge—were captured by the atomic nuclei with complete atoms
resulting. With this effect, the universe became transparent for radiation and
the radiation pressure, until then enormous, became ineffective. Since each
particle or photon had contributed about equally to the total pressure, the loss
of pressure due to the photons, which were more abundant by a thousand
millions, implied a dramatic lowering of the total pressure by the same factor.
This brought gravity into play for the first time as a morphogenetic factor;
only now it was capable of overcoming the internal pressure. The so-called
Jeans mass, named after the astrophysicist Sir James Jeans who was active in
the first part of our century, indicates the mass at which, with given pressure
and density, gravitational clumping starts. Within a very short time, the Jeans
mass decreased from a million times the mass of a big galaxy to a ten-
millionth of the mass of such a galaxy. (Since the Jeans mass is proportional to
the power 3/2 of the pressure, and the latter decreased by a factor of 10° the
Jeans mass decreased by a factor of more than 10%.)

The universe had an age of about 700,000 years when its macrostructures
started to form in this way. If the symmetry break between matter and anti-
matter was the prerequisite for the occurrence of matter at all—in other
words, for the start of cosmic microevolution—the continuation of this
microevolution (the synthesis of heavier elements) as well as the formation of
macrostructures (galaxies, stars, etc.) is due to another, much earlier symmetry
break of equally fundamental importance. This is the symmetry break
between the different physical forces.

Symmetry break between physical forces: The unfurling of
the space-time continuum for the unfolding of evolution

According to our present knowledge there are four physical forces. In our
everyday life we notice only two of them, the electromagnetic and the gravita-
tional forces which both decrease with the square of the distance. Whereas the
electromagnetic forces are proportional to the sum of the electric charges,
however, gravity is proportional to the product of the masses attracting each
other. In the microscopic domain, gravity is much, much weaker than the
electromagnetic forces—in the case of an electron-proton pair, for example, by
the unimaginable factor of 2x10%, which comes very close to the already

mentioned correlation factor of 10*° between macro- and microscosmos, hypo-
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thesized by Dirac. In the macroscopic domain of big masses, however, gravity
becomes dominant and acts at very large distances. In the domain of our
everyday life and except for the uniform attraction of the earth, electro-
magnetic forces are responsible for phenomena of structuration from atoms
with their positively charged nuclei and negatively charged electron shells to
molecular binding and thus for all chemistry and biology, and further to the
formation of crystals. In short, electromagnetic forces are responsible for
structuration in the intermediary region between the subatomic and the
cosmic extremes.

But there are two more types of physical forces which act only at extremely
short distances. These are on the one side the so-called strong nuclear forces
which act between the particles bound together in the atomic nucleus, the
protons and the neutrons. They also act on other particles belonging to the
group of “‘hadrons”, but these particles are of no interest here. The range of
these strong nuclear forces is essentially limited to the dimensions of an
atomic nucleus, i.e. to 10" centimetres. On the other side, we also find in this
microscopic, subatomic domain the so-called weak nuclear forces which are
responsible for certain radioactive decay processes but also play a role in the
formation of atomic nuclei.

Whereas the strong forces at very short distances exceed the electrical
repelling force between two positively charged protons about a hundred-fold
(a fact responsible for the formation of atomic nuclei from a multiplicity of
positively charged protons and electrically neutral neutrons), the weak forces
are in typical reactions a million-fold weaker than the electromagnetic forces.
However, the weak forces are responsible for a stable sun steadily
transforming hydrogen into helium. Heavy hydrogen, called deuterium, has a
nucleus consisting of one proton and one neutron. In the hydrogen bomb or
in future fusion reactors it may be transformed explosively into helium—an
effect due to the strong nuclear forces. The proton-proton reaction of ordinary
hydrogen, in contrast, takes a detour dominated by the weaker forces and thus
is approximately 10'® times slower than a reaction based on the strong forces at
the same density and temperature. (The importance of this delay may be
imagined if one recognizes that the ratio between one second and the entire
age of the universe is of the order 10%,) The strong forces, as always are active
between the two protons, but they are insufficient by a few per cent only for
bringing about a bond between them. This fact, which appears accidental, is
of decisive importance for the full unfolding of evolutionary mechanisms in
the universe. The differentiated interplay of highly heterogeneous, asymme-
trical physical forces results in the regulation of the unfolding of evolutionary
processes in time. We may also say, such an interplay generates cosmic time.
As we shall see immediately, it also determines—or generates—the space for
the unfolding of cosmic evolution.
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The already mentioned gauge field theories, which have been elaborated
over the past few years, deal with the basic symmetries between these four
physical forces. However, the symmetries become directly effective only at
extremely high temperatures, and therefore only in extremely early phases of
the expansion of a hot universe. It seems, according to these theories, that the
electromagnetic and weak nuclear forces were practically equal beyond a tem-
perature of 3 10'°°K. Both decreased then with the square of the distance and
both were approximately equally strong. At even higher temperatures, the
energy of particles in thermal equilibrium becomes so important that the
gravitational forces between them—which are caused not only by mass but by
all forms of energy—become equally strong with the strong nuclear forces.
According to contemporary approaches to a quantum theory of gravity it may
be estimated that this is the case beyond a temperature of 1032°K,
corresponding to a time of 10 seconds after the start of the expansion of an
infinitely dense universe. It is not clear whether such a moment ever occurred
in the real history of the universe. According to the theory by Dirac and
Canuto (Maeder, 1978), the changes occurred gradually with expansion and
continue today. For our considerations, this is not so important. It is not even
of decisive importance whether the far-reaching symmetry. between the
physical forces has ever existed in reality or whether it is only a logical extra-
polation against the background of that tremendous singularity, the beginning
of space and time with the expansion of an originally infinitely dense and hot
universe. The consequences of these symmetry breaks in the history of the
universe are what is important here.

The decisive and earliest symmetry break between the strong nuclear and
the gravitational forces implies that structuring forces were made available for
a simultaneous evolution at microscopic and macroscopic extremes. The
symmetry break between the weak nuclear and the electromagnetic forces
adds structuring factors for intermediate domains. The electromagnetic forces
were to play an especially central role in the later evolution of the most
complex systems which we know, the biological and mental systems. But it is
above all the interplay between these forces which determines the evolution of
the universe. We may perhaps say that only the symmetry break which led to
their “fanning out” was responsible for the unfurling of space and time for
evolution. It is significant that the symmetry break between the forces which
act in extremely microscopic and extremely macroscopic domains occurred at
a time at which space, in our understanding of the term, did not yet exist at
all; a signal proceeding with the speed of light would not yet have left the
volume of a single subatomic particle and the total observable universe would
have been limited to one particle.

Augustinus already spoke of the emergence of time with the creation. In
Western thinking, space and time were often understood as metaphysical
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categories in Kant’s sense, that is to say as a priori existing empty space which
eventually fills with the forms brought about by evolution, and as absolute
time scale into which evolution pours like water into a dried-out river bed.
This understanding of space and time can no longer be maintained in a world
view of self-organization. Self-organization implies the generation of the
space-time continuum for system evolution by the system itself. There is a
connection between energy density and time. But Kant may be partially vin-
dicated by the fact that the unfurling of the space-time continuum by a hetero-
geneous, interactive system of physical forces precedes evolution. It creates
conditions which come into play one after the other. But this is precisely the
characteristic of a space-time continuum in which space and time are
inseparable.

Gravity, for example, does not play a morphogenetic role until after the
break-down of the gas pressure after 700,000 years; until then, it only acts as a
brake for the expansion. But then, it dominates the macroscopic development
until it enters anew into interaction with the strong nuclear forces in the
development of stars and the hot centres of galaxies. The electromagnetic
forces act at high temperatures merely in the direction of delaying morpho-
genetic processes by opposing the strong nuclear forces and by forcing the
more numerous photons to exist as gas in thermal equilibrium with free
charge carriers. But much later, they become the dominant factor in the
synthesis of molecules and complex biological and mental structures.

The immediate consequence of the symmetry break in the physical forces is
the simultaneity of macro- and microevolution in the universe. Macroscopic
structures become the environment for microscopic structures and influence
their evolution in decisive ways, or make it possible at all. Vice versa, the
evolution of microscopic structures (nuclear, atomic and molecular synthesis)
becomes a decisive factor in the formation and evolution of macroscopic struc-
tures. This interdependence constitutes nothing but an aspect of co-evolution,
of the same principle which plays such an important role in the domain of the
living. This principle implies that every system is linked with its environment
by circular processes which establish a feedback link between the evolution of
both sides. This holds not only for systems at the same hierarchical level, such
as the predator-prey relationship discussed in the preceding chapter, or in
symbiosis; the entire complex system plus environment evolves as a whole.
But the reverse hold equally, that the environment cannot be one-sidedly
adapted to a powerful system, a lesson we are learning today in the relation-
ships of technological man to his environment.

Interlude: Structuration by condensation

In the development of the universe, the co-evolution of macro- and micro-
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cosmos gets into gear relatively slowly. The macroscopic branch of cosmic
evolution shows with the expansion of the universe a gradual change in the
macroscopic physical conditions, such as pressure, temperature and thermal
equilibrium, whereas microevolution stagnates for the time being. There are
no pluralistic ecosystems of particles yet, and matter in the expanding, homo-
geneous universe consists essentially of hydrogen nuclei (free protons) and
helium nuclei in a mass ratio of approximately 22 to 28 per cent helium, and
of free electrons whose number corresponds to the total number of protons.
The free protons or hydrogen nuclei have been left over as excess matter in
the matter/antimatter annihilation and the helium nuclei have formed below a
temperature of 900 million degrees Kelvin (corresponding to an age of the
universe of 3 minutes and 46 seconds) by fusion of protons and neutrons until
practically no free neutrons were left. Although with further cooling the con-
ditions would be met for the synthesis of heavier atomic nuclei, nothing
happens since almost all neutrons are bound in helium nuclei, a fact which
also has been favoured by a zone of instable isotopes following after helium.
The microscopic evolution of matter would have arrived at its end—had not
the already mentioned breakdown of gas pressure after 700,000 years brought
gravity into play as a decisive, if not sole, structuring factor in macro-
evolution. With this turn, the conditions of a hot and dense universe are
re-created and even stabilized over longer periods of time and microevolution
starts rolling again.

If in the first few minutes in the life of the universe, the microscopic branch
of evolution was most active, it is the macroscopic branch which initiates new
activity after the long pause of 700,000 years. Hierarchic levels of structure
form ““from the top”, the top here signifying the direction of ‘‘higher” levels
which include the “lower” ones in their scope. The largest structures of the
universe which we are able to recognize today are galaxies, clusters of
galaxies, super clusters (clusters of clusters of galaxies) and perhaps even some
super super clusters. Galaxies include in the average 100,000 million stars
(our Milky Way system has apparently up to about 400,000 million) and have
diameters between 5000 and 500,000 light years (LY)* (our Milky Way
system about 100,000 LY). Half of the 10,000 million galaxies in the
observable universe belong to clusters of galaxies which have diameters
between 1 and 25 million LY. The regular type of these clusters contains
thousands of galaxies, in particular of the elliptic, non-spiral kind. The
irregular type contains about 20 to 2500 galaxies of all kinds. Our Milky Way
system forms part of an irregular cluster with only twenty members and 3
million LY diameter. Super clusters, which represent still another hierarch-

*One light year is the distance which light travels in one year. It is practically 103 (ten million
million) kilometres.
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ical level of structures in the universe, contain tens of thousands of galaxies
and measure from 150 to 300 million LY in their longest linear dimension.
According to recent results (Longair and Einasto, eds., 1978), super clusters
seem to form interlocking, lace-like cells of a superstructure with voids
between them in which the number density is down by a factor of 1000.

Had these structures formed immediately at the beginning of the expansion
of the universe, the tidal effect would have ripped them apart instantly. But
after 700,000 years the temperature has dropped to 3000 degrees Kelvin
which does not only imply the possibility of stable atoms (complete with
electron shells), but also brings the macroscopic binding force of gravity into
play. With gravity, the further development of the universe may be described
macroscopically by the condensation model proposed by Carl Friedrich von
Weizsicker (1974). This model holds that in the presence of a binding force
and at sufficiently low temperature, structures form in a system at thermo-
dynamic equilibrium. Ebert (1974) has been able to show this for cosmic
conditions with the effects of gravity taken into account. The essential point
in this conclusion is the formation of structures even near the thermal equili-
brium and when entropy increases. High entropy is not to be equated with
structureless uniformity. At sufficiently low temperatures the heat death
would not resemble a soup but an assembly of complicated skeletons, to use
the graphical comparison of Weizsécker.

Thus, we may imagine that in this early phase of cosmic evolution macro-
scopic structures are ‘‘frozen out’ just as snow crystals are frozen out of water
vapour. The preceding short microevolution up to the formation of hydrogen
and helium nuclei, too, would resemble such a “freezing out” of matter from
the original mixture of radiation, matter and antimatter.

Self-organization of cosmic structures

But condensation does not remain the only effective mechanism. The
macroscopic differentiation into regions from which eventually super
clusters, clusters of galaxies and galaxies are to emerge, does not result in
equilibrium systems. This becomes partly evident already at the level of
galaxies in which very dense cores may form, perhaps due not only to the
contraction effect of gravity. In so-called quasars and in Seyfert galaxies
(galaxies with very bright and turbulent core), such dense cores are the stage
for unimaginably huge explosions the origins of which are still obscure.
Quasars (for ‘‘quasi-stellar objects’) sometimes change their luminosity
within a single day and thus cannot have diameters much exceeding one light
day (26,000 million kilometres, about ninety-fold the diameter of the earth’s
orbit); otherwise, these changes in luminosity would cancel out. Nevertheless,
these quasars radiate about a hundred times as much energy as a whole galaxy of
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100,000 light years diameter. Some of them exhibit the expulsion of matter in
a sharply defined jet (Maeder, 1977).

With the big radio telescope at Westerbork (Netherlands)—twelve reflectors
in a straight line of 1.6 kilometres length—radio galaxies of huge size have
been discovered in the past few years which are evidently the result of gigantic
explosions (Strom ez al., 1975). The largest of these radio galaxies measures:
18 million light years in its longest dimension, or in other words 180 times as
much as our Milky Way system. But what is most conspicuous about them is
their double structure which originates in the explosion when hot gas is
simultaneously expelled in two opposite directions as if through two narrow
nozzles. This energy-rich gas acts as an extended radio source. If the cores of
radio galaxies move at high speed, gaseous tails form the parts of which
originated in different phases in the history of these objects. Periodic explo-
sions in the core may in this way be deduced from the structure of these tails.
The radio galaxy in the Perseus cluster which is classified as NGC 1265, for
example, exhibits a gaseous tail from such periodic explosions the last three of
which, as is clearly discernible, must have taken place in intervals of 4 to 6
million years. If one is to believe outer appearances, there may be limit-cycle
behaviour in spatially as well as temporally gigantic dimensions. But we
know far too little about the dynamics and the energetic processes in such
objects to hypothesize a kind of self-organization dynamics which we know
from autopoietic, evolving systems on earth. There is also the possibility that
gravity waves or shock waves act as a trigger for such explosions.

A similar long-time rhythm may also play a role in the formation of stars
within galaxies. The British cosmologist Freeman J. Dyson (1971) in Princeton
suspects such a rhythm of gravity and shock waves running over galactic
sectors every 100 million years like a rotating beacon. The condensation of
large gaseous masses would be accelerated thereby. The stars of largest mass
would shine very brightly for a few million years and then die as supernovae
in gigantic explosions. From a distance this relatively short period of high
luminosity would appear as a bright spiral arm. Stars of smaller mass, in
contrast, would continue their evolution through thousands of million years.
The explosion of a near-by supernova not only furthers by local shock waves
the condensation of stars but also mixes the heavier elements into the proto-
stellar cloud from which stars and planets form. In the case of our solar
system, there is indeed considerable evidence for two local supernova explo-
sions 4700 and 4600 million years ago. The first one only mixed heavy-
elements into the protosolar cloud, the second one triggered its condensation.
The proof of plutonium fission in meteorites which date back to the origin of
the solar system and isotope ratios of other elements point to a decisive
supernova explosion within 60 light-years (6% 10" kilometres) distance and
not earlier than a million years before the formation of the solar system (Schramm
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and Clayton, 1978). Perhaps the rotation of the planets in their orbits around
the sun may also be traced back to such an event. Thus, we may even speak of
a hierarchy of shock waves—a hierarchy of dynamic phenomena—which
underlies a multilevel cosmic reality, or at least is instrumental in bringing it
about (Cameron, 1975).

Quasars, Seyfert and other radio galaxies and normal spiral galaxies form an
almost continuous spectrum of macroobjects with decreasing energy dissipa-
tion. At the same time, they represent in this order a scale of decreasing
average distance. This means that the observed radiation in this scale dates
back to increasingly more recent times. Therefore, quasars and radio galaxies
may be interpreted as predecessors of spiral galaxies. But this would imply
that the formation of galaxies and superstructures cannot be explained by the
condensation model alone and that there is considerable interaction between
gravity and nuclear forces, macro- and microevolution even at this stage.
Electromagnetic fields, in other words, physical forces of intermediary range,
also seem to play a significant role.

Galaxies and large structures apparently do not continue to form today. But
galaxies interact dramatically in the gravitational maelstrom of rich and dense
clusters, stripping each other of stars and generally leading to the emergence
of giant galaxies in the centre (Gorenstein and Tucker, 1978). The birth of stars
does continue in our days, although apparently restricted to spiral galaxies.
On the day on which this is written, the discovery of a star is reported which
seems to be less than 2000 years old (plus the travel time of light), as may be
determined by its gas expulsion. Our sun is 4600 million years of age, which
is only one-fourth of the age of the universe. The first regular stars formed
about 5000 million years after the universe started its expansion.

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 proto-
stellar cloud reached beyond the orbit of Pluto. When such a protostellar
cloud reaches a minimum density of 10 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 corres-
ponding to the orbit of Pluto to one corresponding to the orbit of Mercury—
pressure and temperature increase enormously. Thereby, 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.
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Going into detail, the development of a typical star is imagined to follow a
sequence of phases (Maeder, 1975). In the first phase, the transformation of
hydrogen (making up 70 per cent of the star) into helium starts in a core zone
at approximately 5 million degrees Kelvin. In the presence of carbon, which
has found its way from the explosion of older stars into the protostellar cloud,
a catalytic reaction cycle may form at 10 million degrees Kelvin which has:
been proposed by Hans Bethe and Carl Friedrich von Weizsdcker (Fig. 23). In
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Fig. 23. The carbon cycle according to H. Bethe and C.F. von Weizsicker which, in its overall
effect, catalyzes the fusion of four hydrogen nuclei (protons) H !into one helium nucleus. He4. The
various isotopes of carbon (C), nitrogen (N) and oxygen (O) are always reconstituted in the cycle.
Energy is dissipated in the form of y-radiation as well as positrons (¢ *) and neutrinos (v).
this cycle, four hydrogen nuclei (protons) are transformed into one helium
nucleus, while the intermediary carbon, nitrogen and oxygen isotopes are
reconstituted in the cycle. The energy dissipated from the cycle seems to be
responsible for at least a significant part of the solar radiation. Since radio-
active decay plays a role in the cycle, the slowly acting weak nuclear forces
dictate the rhythm. As has already been mentioned, this fact is responsible for
a long-lasting, steady energy liberation instead of a violent explosion. The
formation and maintenance of such a cycle which runs irreversibly in one
direction and reconstitutes its participants and thereby itself, is possible only
far from equilibrium. It constitutes an autopoietic reaction system which, as a
whole, acts as a catalyst for a specific transformatory reaction.

A macroscopic self-regulatory mechanism ensures that the reaction prob-
ability which is growing smaller with the burning of hydrogen is balanced by
an increase in temperature. Eventually, when hydrogen in the core has been
burned off to a large extent, the interior of the star contracts making the
peripheral layers around the core sufficiently hot for a continuation of the
transformation of hydrogen into helium in the peripheral zone. In the inactive
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core, now consisting mostly of helium, density and temperature rise until a
new fusion reaction starts at about 80 to 100 million degrees Kelvin which
transforms helium into carbon. Since energy is liberated faster than it can be
transported to the outer layers, the temperature in the core rises to 500
million degrees Kelvin resulting in almost explosive burning of helium—the
so-called ‘‘helium flash’’. The core regions expand vehemently which, in turn,
leads to a calming down of the helium burning and renewed stability. This
cycle may be repeated several times. Finally, aimost all helium will be burned
in the core and the transformation of helium into carbon continues only in
more peripheral layers. This “‘onion skin’’ model also holds for the synthesis
of heavier elements. In stars with a mass greater than that of the sun, the
fusion of helium with various carbon and oxygen isotopes may yield certain
elements up to iron Fe®. The rest, as well as elements beyond iron are only
formed under the extraordinary conditions given in the burst of a supernova,
the explosion of a star with a mass greater by at least a factor of 6 than the
mass of the sun.

I have described the basic mechanism of stellar evolution in some detail in
order to show how the interaction of forces of macroscopic and microscopic
range (essentially of gravity and the strong nuclear forces) brings about the co-
evolution of macro- and microcosmos. Not only do macro- and microevolu-
tion mutually generate the conditions for their acceleration and continuation,
they also result in astonishing stability of the macroscopic structure (the star),
or, to be more precise, in an astonishingly long sequence of globally stable
structures which transform themselves across instability phases into new
structures. During this evolution, an extraordinary spectrum of conditions for
existence may be realized. The density of stars varies over not less than 21
orders of magnitude, whereas the temperature may range from practically
zero to 10" (a million million) degrees Kelvin.

In this cosmic domain, we already find those forms of system existence
which we know in principle from dissipative structures: an evolving sequence
of autopoietic structures whose top criterion for self-regulation seems to be
the maintenance of a dynamic structure, a specific régime of nuclear
processes. The system itself, that is to say, the star evolving through many
structures, seems to regulate the evolution of its own structures in such a way
that the continuity is maintained of the transformation of mass into energy,
with changing transformation rates and mechanisms over longer periods of
time. The formation of convection layers, self-organizing co-operative struc-
tures (analogous to the hydrodynamic Bénard cells in Chapter 1) seems of
importance in this self-regulation.

There is a difference between stars and the form of autopoiesis known from
dissipative structures. There, energy is obtained by means of exchange with
the environment, whereas in stars it is obtained from the transformation of
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constituents of the system itself. Like a dissipative structure, however, a star
also shows true individuality; it regulates its dimensions and processes
independent from the environment. Like a dissipative structure, it also oscil-
lates in characteristic rhythms. Our sun, for example, pulsates in periods
which, according to observations so far, range over at least six or seven orders
of magnitude. The shortest observed period concerns the extension of the
sun’s corona by 1000 kilometres every 10 to 12 minutes. The longest observed
periods are the well-known 11-year sun-spot cycle and another superimposed
cycle of about 80 to 90 years.

The emergence of stars also clearly marks the appearance of that autonomy
of a self-organizing system which implies the independence of the emergent
structures from the expansion dynamics of the universe as a whole. With
galaxies and their superstructures we may not be so certain in this respect. Do
super clusters and clusters of galaxies, and galaxies themselves, expand with
the expanding universe, or do they contract ever further? According to the
already mentioned cosmological theory of Dirac, the gravitation constant
decreases over time and all cosmic systems expand. This effect, however,
makes a marked difference only with the largest systems. The smaller the
systems considered, the more, they appear like islands which, in an ocean of
emptiness, become ever more distant from each other and find their own
‘“‘optimal”’ structure according to their own laws.

Matter transfer and cosmic ‘‘phylogeny’’

Old stars practically consist of only the primary matter of an undifferen-
tiated universe, namely, hydrogen and helium. Young stars, in contrast,
generally contain 2 to 4 per cent of heavier elements. Our relatively young sun
consisted originally of 70 per cent hydrogen, 28 per cent helium and 2 per
cent heavier elements, which remained to a large extent in the outer layers of
the protostellar cloud of which the planetary system formed shortly after the
birth of the sun, 4600 million years ago. Part of these heavier elements stem
from the explosion of a supernova, another part may have been expelled in the
instability periods of older, bigger stars. In the latter case also molecules
which formed in the relatively cool outer layers of blown-up giant stars got
dispersed in space. This contributed to the contents of cosmic clouds which
were mainly made up of the primary matter hydrogen and helium from the
early phases of the universe. One may perhaps conclude therefrom that only
younger stars were able to form planetary systems with participants having
firm surfaces and thereby fulfilling one requirement for more complex life.
The earth on which we stand consists to a large extent of matter which has
been synthesized in the womb of strange stars. Perhaps the largest part of it
stems from that supernova explosion for whose role in the birth of the sun and
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the solar system there is mounting evidence. In addition, there is a startling
variety of organic molecules which radio astronomy has recently found in
interstellar matter and whose origin may at least partly point to the centre of
the galaxy. This centre itself is mostly shielded from our observation by dark
clouds. But it may not be implausible to assume that certain basic prere-
quisites for life are achieved not only locally, but perhaps also “centrally’’ by
the galaxy.

We may almost speak of a cosmic ‘‘phylogeny”’ in which the products, and
with them the experience, of various phases and lines of development in the
evolution of the universe and in particular the galaxy join as in a phylogenetic
tree. But we may also think of the recycling processes of life in which the
entire matter of an organism, every single molecule, returns to the earth after
the organism’s death and is reused for new life. In contrast to the phylogeny of
life, however, it is not information which is transferred but matter. The inter-
action of the physical forces reorganizes this matter in ever new systems,
which dissipate energy by means of transforming matter and thereby aliment
the self-organization of life’s more complex systems. In the cosmic recycling of
matter there is no downgrading of complexity as in biological recycling. In
the latter, macromolecules are only partially reused directly (in the form of
food), whereas in death, complexity becomes reduced to simple molecules and
basic chemical elements. In cosmic evolution, however, matter is generally
becoming more complex in organization.

Without such material, that is, phylogeny/recycling across thousands of
millions of years, our solar system would have remained sterile with respect to
life. After 4600 million years our sun is still busy with the conversion of
hydrogen into helium and will stay with this task for another 5000 million
years. Thereafter it will probably add the fusion of carbon and oxygen, but
get stuck there. The multifaceted needs of life will never be met by the sun’s
own activities. In the contrary, its luminosity will rise about a hundred-fold
during hydrogen burning and later perhaps ten thousand-fold, and its radius
will increase about fifty-fold. The further evolution of the sun from a red
giant will probably lead to a planetary nebula and further to a nova, before it
ends as a white dwarf and ultimately as a burnt-out, black dwarf. In this
tremendous increase of energy dissipation and dimensions, life on earth and
possibly on other inner planets will hardly be able to continue in the forms in
which we know it today. But at the summit of its self-realization, the sun will
donate part of its mass to newly emerging stars and planetary systems and
thus perhaps make a contribution to life on yet unborn planets. Somewhat
larger stars (up to two or three solar masses) seem to end as pulsars, tremen-
dously dense neutron stars which rotate unbelievably fast (at about 30 revolu-
tions per second!). Stars of more than three solar masses may collapse into the
already mentioned ‘‘black holes”’.
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The phase of cosmic co-evolution comes to an end when the dimensions
meet in the differentiation from both the macroscopic and the microscopic
side. This is the case on cool planetary surfaces where the formation of
crystals in microevolution meets with rock formation in macroevolution
(Fig. 24). This closing of the gap, signalling a fully differentiated physical
world, is a task for the electromagnetic forces. It becomes now clear that ce-
evolution is neither the formation of building blocks nor continuing differen-
tiation of an originally homogeneous universe. It is the emergence of
hierarchically ordered complexity to the full structuration of all hierarchical
levels.

Macroevolution

Superclusters
Clusters of galaxies

Galaxies —

Stellar clusters

Electromagnetic )
forces TAEA |

Spatial extension

\
Strong and weak \
nuclear forces Heavy atoms —————»

Light nuclei

Baryons Microevolution

Leptons

Time
Fig. 24. Cosmic co-evolution of macro- and microstructures. The asymmetrical unfurling of the
four physical forces calls into play step by step new structural levels, from the macroscopic side-as well
as from the microscopic. These levels mutually stimulate their evolutions.

The arrow of cosmic time

Before we continue with.this co-evolution scheme by adding the bio-
chemical and biospherical phase, we ought to discuss one more symmetry
break, namely the one in time. With the big bang, time was given a direction
on the macroscopic branch of cosmic evolution. The expansion of the
universe is an irreversible process, either in an absolute sense (if the universe
is open), or at least during a long expansion phase which will in any case last
longer yet than it has already. Things are different with the microscopic
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branch of cosmic evolution. In the earliest phase, when matter and radiation
continuously became transformed into each other, the occurring processes
might have been called reversible. Matter/antimatter appeared and dis-
appeared. Within the corresponding temperature boundaries, the matter/anti-
matter/radiation mixture did not show any evolution. Everything was in
thermal equilibrium; all processes were reversible. Time did not yet have a
preferred direction. Within the observable space, past and future were not yet
separated from each other, with the possible exception of some relatively un-
important “‘inner friction”.

The macroscopic direction of time, however, the irreversible expansion of
the universe, brought about a continuous decrease in density and temperature
with corresponding phase transitions which introduced, one after the other,
important irreversibilities in microevolution: the production of baryons (in
particular, protons and neutrons with their antiparticles) came irrepeatably to
its end, then the production of leptons (electrons and positrons). The left-over
matter and the photons did not continue to destroy and produce each other,
but in collisions exchanged kinetic energy instead. This means that they now
obeyed the laws of statistical mechanics and formed an isolated, if expanding,
thermodynamic system. Thermodynamic irreversibility, the qualitative dis-
tinction in the macroscopic development of the energy contents of the
universe, was thereby introduced. It has already been mentioned that in a
pure condensation model an increase in entropy is compatible with an
increase in structure. But the transformation of matter into energy and the
dissipation of energy in stellar evolution and in the core regions of galaxies
tends to complicate this picture again.

A last fundamental question may be raised here, a question which continues
to preoccupy cosmology: Is the universe with its macroscopic characteristic
parameters and an accordingly determined dynamics a random product, or is
it, at least partially, the product of a certain degree of self-organization and
self-regulation? It becomes ever more evident that a universe rich in
structures was able to emerge only if a few narrowly defined boundary
conditions were met. These boundary conditions concern, for example, the
original high isotropy (i.e. uniformity in all directions), because otherwise the
forming structures would have been torn to pieces by tidal effects. Further-
more, even the smallest local disturbances would have had catastrophic
consequences and prevented the formation of galaxies and their superstruc-
tures, were the expansion velocity of the universe not close to the escape
velocity (the limit velocity between an open, infinitely expanding, and a
closed, pulsating universe). Connected with the latter factor is also the density
of the universe so that the measure of the symmetry break between matter and
antimatter and the mass of the left-over matter also enter here. That in micro-
evolution some very narrow boundaries were respected was already
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mentioned when we discussed the boundaries between the effects of strong
and weak nuclear forces which are responsible for a slow, controlled transfor-
mation of hydrogen into helium. There seem to be simply too many ‘“‘acci-
dents”’—and more are becoming discovered every year

An immediate ‘“Darwinian” explanation has, of course, been quickly
offered. Many universes may form of which many stay poor in structures and ,
sterile, until the conditions are accidentally met for the formation of struc-
tures, as it happened in the case of our universe. In less favourable cases, there
is no life and therefore no observation and self-reflexion in these universes.
The same argument has also been made in connection with the above-
mentioned model of a vacuum fluctuation. Among innumerable smaller
fluctuations, there is every now and then one which is sufficiently big and
durable to permit the emergence of life; of the others, we shall never know.
But in the same way in which we understand life today as self-organizing
process which partially creates itself the conditions for its own continuation
and complexification, and which enacts a far higher measure of self-deter-
mination than is implied by the Darwinian model of confirmation or
elimination of random mutations, in the same way we may one day perhaps
understand the self-organizing processes of a universe which is not deter-
mined by the blind selection of initial conditions, but has the potential of
partial self-determination. We do not know whether the symmetry breaks
between the physical forces which set the stage for the unfolding of evolution
may occur only in the way witnessed in our universe, or also in other ways.
Perhaps in a pulsating universe—but whether our universe pulsates or not, we
do not know—the interactions between the physical forces and thereby the
entire space-time continuum of evolution also evolves from cycle to cycle.
Perhaps there has been an optimization of the variable parameters and rela-
tionships over many cycles in such a sense that the emergence of structure is
increasingly favoured. Perhaps cosmic evolution shares this general theme
with the evolution of life. Perhaps. . . .

But what we already know with sufficient certainty to be able to discuss, at
least in its general features, is the manner in which life has itself created the
conditions for its richly differentiated unfolding. This story will be told in the
next chapter.



6. Biochemical and Biospherical Co-evolution

All real living is meeting. Meeting is not in
time and space, but space and time in
meeting.

Martin Buber

Energy flow as a trigger for chemical evolution

The age of the earth is assumed to be 4600 million years, roughly one-quarter
of the age of the universe. The oceans formed 4400 to 4100 million years ago
and the oldest igneous rocks appeared on the volcano-studded earth 4100
million years ago. Today we know that the largest part of the earth’s history has
been connected with the unfolding of life. Since the formation of sedimentary
rock, the oldest of which date back 3800 million years, there are fossil traces of
life. The oldest known fossils belong to single-cell organisms which lived about
3500 million years ago. Conditions on earth seem to have favoured the
emergence of primitive life from the very beginning. That these conditions con-
tinued to be favourable is less surprising because, once started, life created the
conditions for its continuation and further evolution to a good deal by itself, as
will be shown in this chapter. Nevertheless, the examples of the other inner
planets of our solar system—Mercury, Venus and Mars—seem to indicate that
there is not too wide a margin for the development of higher complexity over
thousands of millions of years.

For the first step to life the anorganic molecules which had formed during the
condensation of the planet and during its cooling off were not sufficient.
Whereas on the one hand the formation of equilibrium structures generated a
sufficiently stable, energy-rich and dense environment for the unfolding of com-
plexity, the temperature is not sufficiently high to ensure the continuation of
evolution toward organic macromolecules. But electric discharges, or
lightnings, during short time periods provide extraordinarily high energy pene-
tration which results in high temperatures (recently measured at up to 30,000
degrees Kelvin) at which chemical reactions occur in which radicals and ions
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dominate. The very fast reactions lead to a non-trivial chemical kinetics whose
equilibrium distribution includes already highly complex organic molecules.
During the following fast cooling-off period, the most stable of these complex
chemicals are “frozen out”. They form the “ashes” of the high temperature
reaction systems and find themselves at an environmental temperature at which
they do not at first undergo further chemical reactions. But these ashes include |,
some of the basic elements of life: carbohydrates, nucleic acids, amino acids (of
which proteins consist), and even some smaller protein molecules. The two last-
mentioned types of molecules are excellent catalysts, suitable for starting
further dynamic steps in microevolution. The trigger for the beginning of the
microevolution of life is thus provided by the macroscopic branch, the energy
processes of a planetary environment. An important role seems to have been
played by the energy-rich ultraviolet light of the sun which, in the absence of
atmospheric oxygen, reached the surface of earth.

When, in the year 1953, Stanley Miller, then still a student, undertook the ex-
periment which was to become famous—to vaporize a stimulated “primeval
soup” consisting of water, methane, nitrogen, traces of ammonia and small
amounts of hydrogen and to send electrical discharges through the vapour—he
instantly obtained organic substances, such as sugars, bases and above all
amino acids as well. The essential evolutionary step from simple anorganic to
more complex organic molecules was thereby clarified in principle and found
its experimental proof, but the result was not immediately understood. Instead
of a very broad spectrum of compounds in small amounts, there was an extra-
ordinarily selective spectrum of partly highly complex molecules. Today it is
possible to understand why this specific selection of molecules emerges from
the high-temperature reaction kinetics with subsequent quick cooling. It is
interesting that the further steps in the evolution of life seem to require rather
cool temperatures, perhaps in the range between 0°C and 25°C (Miller and
Orgel, 1973).

Organic molecules, including amino acids, also hit the earth from outer
space. Traces of organic substances of undoubtedly extraterrestrial origin
were found in meteorites and also occur in comets. They have apparently
formed at the same time as the solar system which adds plausibility to the
assumption of a high-energy event, such as a near-by supernova explosion
triggering the formation of the solar system. In this case it might be possible
that the sun, the planetary system and the organic substances from which life
was to emerge may have a common origin in the same giant fluctuation which
seems to have forced by shock waves the protostellar cloud to its macro- and
microscopic structuration. Organic molecules, in this case, did not form on
earth but in the gas and dust cloud out of which emerged the planets. The
further possibility to obtain organic substances from the centre of galaxy
where they also occur may not have been necessary for the earth. But one may
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conclude that at very different initial conditions in the universe, the first steps
of life are very similar.

Seeding from outer space with the products of a more advanced stage in the
evolution of life, e.g. spores, is assumed by the old ““panspermia’ hypothesis
which has recently been revived by such noted scientists as Nobel laureate
Francis Crick and Leslie Orgel. Some believe even in the possibility of
“directed” panspermia, planned and engineered by extra-terrestrial beings.
But this implies just a shift in the locality. The question is still: How did life
(anywhere) evolve by self-organization?

Prebiotic self-organization: Dissipative structures and
hypercycles

The emergence and unfolding of life has often been told in more competent
ways than I would be able to do. However, I should like to emphasize in this
chapter the different levels of evolutionary processes, the nature of the sym-
metry breaks which separate them, and the co-evolution of macro- and micro-
aspects of life. That these connections emerge only from recent and partly still
controversial theories—the products of the metafluctuation sketched in the
introduction—does not come as a surprise. Although there is no “‘standard
model”’ for the evolution of life, as there is in cosmology, the ideas which I am
attempting to present in a tentative logical structure, form in the eyes of many
sensitive scientists a unity.

The first symmetry break in a world which, in the course of its condensa-
tion and cooling, has become structured into equilibrium systems such as
crystals and rock formations, is the appearance of dissipative structures. As
has been pointed out in Chapter 1, this corresponds to the break of spatial
symmetry. The catalytic potential of those organic ‘“‘ashes’’ which were left
over by the high temperature reactions is here of decisive importance. The
characteristic self-organization dynamics of dissipative structures may contri-
bute importantly to the clarification of the following two steps of prebiotic
evolution (Prigogine ez al, 1972). In the centre of interest there are
autocatalytic steps which may be studied with the help of quantitative models
of evolutionary feedback (see Chapter 3).

The first step concerns the formation of biopolymers from monomers, in
particular the polymerization of polynucleotides for which Agnés Babloyantz
(1972) in Brussels has developed a model. This model describes the competi-
tion between two types of polymerization, on the one hand linear chain
growth as it dominates in equilibrium and leads to a stationary state with
relatively low polymer concentration, and on the other, co-operative polymeri-
zation based on complementary molecular templates as proposed by Eigen
(1971) and in accordance with the pairing rule of Watson-Crick. This rule,
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named after the discoverers of the double helix structure of genetic molecules,
James Watson and Francis Crick, states that the four elementary bases in the
double helix pair off in a particular way, adenine always joining thymine and
guanine joining cytosine. For linear chain growth, normal clay with traces of
metals or silicates may act as catalyst. But if the non-equilibrium is enhanced
by a higher concentration of monomers, for example in deposits at the edge of
a ““prebiotic soup”, the autocatalytic co-operative mode dominates and leads
to a marked increase in the polymer concentration. Under certain conditions,
this may result in instability and the formation of a dissipative structure. In
polymerization based on template action a new type of memory plays a role,
chemical stereospecificity or the capability of molecules to recognize each
other in their form, or spatial structure. This may be viewed as the first step
toward genetic communication which is based on information storage in con-
servative structures.

Dissipative structures imply an extraordinary intensification and accelera-
tion of processes which otherwise might not lead anywhere. Simple catalysis
leads to linear growth, autocatalysis to exponential growth. If in cosmic evolu-
tion the ‘“‘task’ was sometimes to delay the processes of energy liberation in
order to ensure a fuller unfolding of evolution, it is now primarily the"
acceleration of processes. Another effect derives from the spatial concentra-
tion in dissipative structures and in the relatively high autonomy from the en-
vironment. Earlier theories assumed mechanical isolation as necessary in
order to ensure the continuity of slow evolutionary processes. Half a century
ago, when the Russian chemist Andreas Oparin (1938) formulated the first bio-
physically and biochemically well-founded theory of the origin of life, he
postulated the inclusion of biopolymers in lipoprotein membranes and the
formation of spherical coacervates (‘“‘underwater soap bubbles’’) which were
selectively penetrable for ions, but otherwise ensured isolation of the
primitive biosphere from the environment. Such coacervates of about one-
hundreth of a millimetre diameter have actually been found in experiments
with protein polymerization. But neither proteins nor nucleotides in this
isolation can reach the degree of complexity which characterizes life. Only a
common, mutually determined development seems to lead to such a com-
plexity. Along this way, dissipative structures maintain their openness and
selective exchangeability even without previous mechanical isolation. They
are themselves capable of forming membranes and thus to accelerate the
reaction kinetics by concentrating the catalysts on the one hand, and to
separate the chemical reaction chains on the other. The much more flexible
principle of the autonomy of self-organizing systems takes over from the
principle of isolation. Finally, dissipative structures do not require any
outside ‘““drive’” to maintain their self-organizing processes. Such an outside
“drive” has to be assumed in other theories in the form of natural fluctuations
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of environmental factors, for example in Hans Kuhn’s (1973) theory which
focuses on random reproduction in the semi-isolation of rock pores.

The competition of theories may be characterized in such a way that in the
processes in which life originated many things may also be explained by dull
and highly unlikely accidents resulting from constellations arrived at in the
slow rhythm of geophysical oscillations and chemical catalytic processes. But
for every conceivable slowly acting random mechanism in an equilibrium
world, there is a mechanism of highly accelerated and intensified processes
in a non-equilibrium world which facilitates the formation of dissipative
structures and thereby the self-organization of the microscopic world. It is not
difficult to choose between these theoretical possibilities and it is probably
also so that only beyond a certain critical threshold the continuity of a
dynamics may be ensured which leads to higher complexity.

For the above-mentioned common evolution of proteins and nucleotides,
Manfred Eigen (1971) in Gottingen has proposed a model which may be
called a stroke of genius. Following the formation of sufficiently complex
molecules of proteins (polypeptides) and polynucleotides, populations of both
molecular species enter a phase in which they interact at many steps. In a
“self-reproducing catalyric hypercycle’ (Fig. 25), as Eigen has named it, the
polynucleotides I, carry the information both for their own autocatalytic self-
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Fig. 25. A self-reproducing hypercycle of second degree, as it may have played a decisive role in
precellular evolution. Each information carrier I, (a nucleic acid molecule) carries the information for
its ownself-reproduction — indicated by the arrow in a closed circle —as well as for the production ofan
enzyme E, (a protein molecule). The latter acts as catalyst for the formation of the next information
carrier I , . A closed hypercycle of this type is capable of a high degree of error correction in its self-
reproduction and therefore of the preservation and transfer of complex information. After M. Eigen
and P. Schuster (1977/78).
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reproduction—making use of the catalytic capabilities of the preceding
polypeptide E;;—and for the synthesis of the polypeptide E; next in line.
Because of this double function, this particular hypercycle is called a hyper-
cycle of second degree (Eigen and Schuster, 1977/78). If the hypercycle is
closed, so that the last enzyme E_ becomes the catalyst for the formation of the
first polynucleotide I,, the overall system is autocatalytic. This interweaving
of the development of two molecular species may be viewed as a first
expression of symbiosis. Each molecular species has to offer something which
the other one does not have: polynucleotides are, because of their molecular
structure in long strands, the best available information carriers and proteins
are excellent catalysts; both capabilities together make self-reproduction
possible. As Eigen and Schuster (1977/78, Part C) show for a simpler pre-
decessor of this hypercycle—one in which only two polynucleotides (guanine
and cytosine) and the two proteins for which they carry the information, partici-
pate—it can evolve only if each protein preferably catalyses the other polynuc-
leotide, that is to say, if mutual enhancement prevails over self-enhancement.
At this stage already, altruism appears as a basic evolutionary principle.

New substances may now arise from ‘‘copying errors’ in the reproduction
via templates. In this way, new non-linearities may be brought into play and
drive the system across an instability into a new régime. This may be repeated
many times. The entropy production may rise by several orders of magnitude
in the transition phase between régimes. In the ‘“‘build-up phase” of prebiotic
evolution, we may therefore recognize the already mentioned principle of
maximum entropy production at work. The ‘“economic principle of
minimum entropy production holds for a stationary state. It comes into play
when the evolutionary chain is interrupted, for example, when the system has
attained optimal stability vis-a-vis fluctuations and its own errors. The history
of this development is stored in the information contents of the nucleic acid
molecules which may be regarded as predecessors of the genetic code.

Linear self-reproduction—the vertical aspect of genetic
communication

Eigen’s hypercycle represents in a pure form the co-evolution of nucleic
acids and proteins which continues in the further development of single-cell
and multicellular organisms. Fully developed, the basic process of genetic
communication emerges as it will be briefly sketched in the following.

Information carriers are the DNA (desoxyribonucleic acid) molecules which
occur in the cell nucleus in double helix strands. The parts (nucleotides) of
the strands facing each other are composed according to the already men-
tioned pairing rule by Watson-Crick. Human DNA consists of no less than
2300 million nucleotides which contain the information for nearly a million



Biochemical and Biospherical Co-evolution 103

genes. In replication, the two strands separate and double by acquiring the
complementary nucleotides. In this process, a protein, called DNA poly-
merase, plays the role of the catalyst. In cell division, a complete copy of the
DNA molecule may be transferred in this way.

The DNA molecule contains the information necessary for the production
of proteins and therefore for the formation and continuous regeneration of the
cell. This is achieved in such a way that the DNA molecule is copied by
single-strand messenger-RNA (ribonucleic acid) molecules which remain
stable for only a few minutes. In the so-called ribosomes within the cell, the
twenty varieties of amino acids, each of which is addressed by three
messenger-RNA-nucleotides (‘“‘codons’), are being joined to form proteins; in
this process, another type of RNA molecules, transfer-RNA, is instrumental.
In this way, a large variety of proteins is formed which, in turn, act as
catalysts for tremendously complicated biochemical processes which occur
simultaneously and side by side. For some of these processes it was possible to
show that they organize themselves in the framework of tiny dissipative struc-
tures within the cells. The fixation of catalysts on membranes makes dense
spatial packing possible as well as the intensification of the processes and
thereby also the formation of complex networks of biochemical pathways.

In Eigen’s hypercycle the principle of chemical autocatalysis is replaced by
the principle of self-reproduction of entire, cyclically organized, process
systems which introduce autocatalytic functions at a higher level. This new
version of autocatalysis extends single-generation autopoiesis by copying to a
sequence of generations. We may also speak of linear self-reproduction.
Linear because it represents the strict replication of a given structure. What
emerges are identical copies of one and the same individual. But also the fluc-
tuations which result from copying errors are transferred along the line of
generations. In contrast to cosmic evolution it is not matter which is
transferred but information for the organization of matter. A new dimension of
openness is introduced since via information the cumulative experience of
many generations may be handed on. Whereas a chemical dissipative
structure 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, phylogeny (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 generations as well as the fluctuations and
evolution are transferred vertically, which here means along the axis of time.
This time-binding makes the development of higher complexity possible than
seems attainable by the ontogeny of material systems.

In contrast to the hypercycles underlying simple dissipative structures in
which generation and degeneration are balanced, the pre-genetic type of hyper-
cycle is geared to net increase. The participants in the hypercycle are relatively
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stable in comparison with the copying processes which take only minutes.

Therefore, their decay may be neglected in first approximation. The result is

not growth of the original system, but its multiplication. Ideally, as Eigen

(1971) has shown, there will be hyperbolic growth of the numbers of active

hypercycles, that is to say a type of growth which increases faster than ex-

ponential growth. Whereas in the latter the doubling time remains constant, it ,
decreases in hyperbolic growth. For several hundred years, the human world

population increased hyperbolically; each doubling required only half the

time the previous doubling had taken. Hyperbolic growth of hypercycles,

according to theoretical considerations by Eigen (1971), implies that in the

competition between two or more basic forms of self-reproducing bio-

molecules there will be a clear decision for one of the competitors. This is the

basis for an explanation of the fact that all life on earth, animal as well as plant

life, is based on the same kind of genetic structures. The individual

molecules, however, may not be fully identical but probably formed a “quasi

species’, as Eigen and Schuster (1977/78) have called it, a species consisting of
very similar members.

The reproduction of the participants in the hypercycle and their engage-
ment in new hypercycles became obviously only possible by an equally fast-
growing metabolism. This means that the function and self-reproduction of
hypercycles probably depended on the formation and multiplication of
dissipative structures. At the present level of life, the metabolic function is
included in simpler hypercycles, such as the self-reproduction of transfer-
RNA; new RNA is synthesized from energy-rich molecules and energy-
deficient molecules are ejected as ‘““‘waste”. In complete cells, however, the
metabolism is primarily taken care of by numerous auxiliary loops.

But there are also the viruses which consist only of genetic material (mostly
RNA) enveloped in protein and which are incapable of metabolism. In order
to multiply, they have to invade host cells and, as a kind of molecular cuckoo’s
egg, use their metabolic mechanism (Campbell, 1976). Development to the
first cells, however, obviously depended not only on the capability of copying
complex information, but also on the capability of securing the metabolism in
the self-reproducing and evolving units themselves. Whether the dissipative
structures go along with hyperbolic growth without any difficulty, is at best
uncertain. How many products may have fallen under the table without
becoming structured immediately in new hypercycles? Perhaps the develop-
ment resembled short bursts of growth in the individual hypercycles, with
contemplative, autopoietic periods in between. This would correspond to the
theory of dissipative structures in so far as it predicts in the formation of a
new structure an entropy production higher by several orders of magnitude in
comparison with the autopoietic state. In an “established” structure this
hectic activity decreases again.
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In any case we may in the prebiotic phase, even before the emergence of the
first cells, already speak of matter systems which metabolize, reproduce them-
selves, evolve through mutations and compete with other systems for selection.
Who would have dared to make such a statement only a few years ago? And
how many biologists will accept it today? The enumerated capabilities have
stood for a concise definition of life. Today, however, we recognize that these
capabilities are general properties arising from dissipative self-organization
and bridging the gap between the realms of the animate and the inanimate.

If one looks exclusively at the microevolution of life, that is to say at its
development from hypercycles to the first cells, Darwinian selection may be
assumed with Eigen and Schuster (1977/78) in so far as evolution of the
phenotype (the individual) in this phase falls together with genetic change.
The phenotype of the precellular stage consisted of not much more than its
genetic material. There was hardly a margin for the flexible utilization of this
genetic material in the exchange processes with the environment, a theme
which was to appear only later in the form of epigenetics. It may appear ironic
that strict Darwinism—the thesis of the evolution of the genotype by environ-
ment-dependent regulation of the chances for the reproduction of the pheno-
type—has been formulated for highly developed organisms, but may hold
fully only in the molecular domain.

According to Eigen and Schuster (1977/78), there are good arguments for a
strictly Darwinian selection in relentless competition. The genetic processes
and information carriers exhibit highly specific characteristics which appear
to be the result of very precise optimization and are hard to explain in other
ways than by selection of the fittest elements and mechanisms. But this would
mean that at this early stage of life there was no co-evolution of macro- and
microcosmos, or to be more precise, that both sides alternated in being
dominant. After the preparation of the organic starting material by the planet-
ary system and perhaps macrosystems of even wider scope, a phase of “‘pure
microevolution may have followed. But as we shall see, the interweaving of
macro- and microevolution becomes firmly and durably established at the
latest with the emergence of the first primitive single-cell organisms.

It may nevertheless be worthwhile to keep an eye on the possibility that the
reverse may be true. In the evolution of life, individualism appears only at a
late stage. Primitive life is determined to a large extent by macrosystems such
as colonies, societies and ecosystems. Might then the beginning of this deve-
lopment not have been determined by a kind of planetary, prebiotic
ecosystem? The most prominent representative of such a view is the Spanish
ecologist Ramén Margalef (1968). He distinguishes between three channels in
which in the domain of life information is transferred. The channel of ecolo-
logical information exists since the beginning of life and widens slowly. Later
only, the channel of genetic information is added, at first broadening quickly
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and later less quickly. Last, the channel of behavioural and cultural informa-
tion is added; it broadens even faster than the others.

In this scheme, the beginning of life is characterized by the dominance of
ecological information. Margalef even speaks of an ecosystem consisting of
the “different parts of a chemodynamic machine’” which existed even before
the appearance of the first self-reproducing molecules—a thought which,
seems to anticipate the concept of dissipative structures. In fact, the existence
of dissipative structures is almost totally determined by horizontal, ecological
relations with the environment. There is ontogeny, but no phylogeny, indivi-
dual experience, but not its transfer along a phylum. The correspondence
between structure and function which holds for a dissipative structure may
also be effective in the regulation of ecosystems which consist not of organisms,
but of dissipative structures. In this view, the emergence of a capability for self-
reproduction would not have had to result from a fight for survival between
vertical development lines, but might also have arisen from a co-evolution of
many dissipative structures which exchanged their information continuously
and jointly produced the nucleic acid solution. The almost total openness
toward ecological information in this case implied that fluctuations of
periodic or irregular type exerted great influence. The overall ecosystem, still
little emancipated, followed these fluctuations. For such a co-evolution of the
subsystems of an ecosystem, Thomas Ballmer and Ernst von Weizsicker
(1974) have proposed in a different context the term ultracycle. In such an
ultracycle the evolution of higher complexity does not result from
competition, as in the hypercycle, but from interdependence within a larger
system. Ballmer and Weizsiicker have not formulated this idea for the pre-
cellular phase, however, but for ecosystems in later stages of evolution.

Be that as it may, both microscopic and macroscopic principles, embodied
in the concepts of the hypercycle and the ultracycle, may have contributed to
pave evolution’s path to the first, primitive cell—and possibly an ingenuous
combination of both principles. But whereas the concept of individual selec-
tion in hypercycles already boasts an impressive theoretical foundation, a
precellular ultracycle is at present at best a vague idea. But the uniformity of
the basic structures of life is hardly explainable at a molecular level exclusively.
When in a later stage of evolution, multicellular organisms appeared, there
were already millions of types of single-cell organisms; but even the most
complex organism, such as the human organism, consists of not more than two
hundred cell types which all originate in a single cell.

Horizontal genetic communication—the stage of prokaryotic
cells

Following chemical and biochemical dissipative structures, which also
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include the individual steps in the evolution of self-reproducing hypercycles,
the primitive cell represents the next higher step of a system stabilizing itself
in autopoietic structures and being cyclically organized. It is the cell which, at
a higher level, co-ordinates and separates the functions of nucleic acid and
protein. Of decisive importance was the development of the membrane which
permitted at the same time the separation and reinforcement of biochemical
pathways and cycles. Membranes enhance the local non-equilibrium. A cell
may contain many dissipative structures of microscopic dimensions. In
comparison with the pure process systems of simple chemical dissipative
structures, they have become highly miniaturized structures by the introduc-
tion of solid or semi-solid elements.

A cell embodies macroscopic order at a higher level of complexity and this
order may establish itself in very small volumes. The smallest free-living
cells, pleuropneumonia-like organisms, have a diameter of only about 0.0001
millimetre, corresponding to only a thousand-fold the diameter of the
hydrogen atom (Morowitz and Tourtellotte, 1962). All they need is about
1200 biomolecules. The diameter .of bacteria is in the average about ten times
larger than these minimum dimensions of life, the diameter of a mammal
tissue cell a hundred times and the diameter of a protozoon, such as an
amoeba, a thousand times. Even more dramatic is a comparison of masses
which vary in a ratio of one to a thousand million. The mass of the smallest
cell is 5% 107 grams. A cell which is enriched with nourishing material, such
as the yolk of a bird’s egg, may become much bigger and heavier than even a
protozoon.

The co-ordinating function of a cell manifests itself in the development of
complex multistage metabolic processes. At first, they were geared to the
fermentation of material from the environment. A first degree of flexibility
was achieved with the development of preliminary steps in which these
materials were produced within the cell by means of enzymes and by using
different starting materials. The absolute dependence from specific food
materials was thereby broken. Besides these diligent and inventive autotrophs
(organisms producing their own food) there appear to already have been at an
early stage some heterotrophs which fed on cell fragments and smaller cells
and thereby saved the metabolic costs of the production and transfer of genes
representing the capability of synthesis from food. Perhaps this also meant an
advantage for selection.

The microorganisms which are discussed here were nucleus-free single-cell
organisms (prokaryotes) of two basic types. The direct descendants of one
type are today’s bacteria. But most of the prokaryotes belonged to another
type, the much larger, thread-shaped blue-green algae which also occur today
in many types of environment, including such types which are unfit for any
other vegetation (Echlin, 1966). They are also called cyanobacteria or
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cyanogens to emphasize that they are closer to bacteria than to green algae.
Most of them live in fresh water. In humid tropical regions, they may cover
wide areas with a gelatine-like mass. In moderate latitudes they often cover
rocks and tree stumps in moist valleys.

One-sided Darwinian thinking imagines their evolution in such a way that
over-population occurred and a crisis in food procurement developed from
which those species emerged as survivors which were capable of opening up *
more effective energy sources and processing methods. Such linear thinking
which considers the competition between development lines (species or phyla)
which are assumed as clearly separable, meets with an unexpected difficulty
at least in respect of bacteria: there were no species in a strict sense.

Bacteria do not reproduce in a strictly vertical way by transferring their
genetic material to the next generation which emerges from cell division. In a
strict sense, cell division (binary fission) does not constitute a sequence of
generations, but multiplication as we encountered it in hypercycles. The com-
plete genetic information, which is present in several copies, is passed on.
There is no natural death separating generations from each other. Each cell
continues to live and in many steps of dividing becomes an extended space-
time structure. Therefore, it may not come as a big surprise that genetic
information is not only multiplied by dividing the identical DNA copies in a
prokaryotic cell between the two daughter cells emerging from cell division.
There is also a feedback mechanism which permits the exchange of genetic
material within the same generation.

The horizontal exchange of genes between individual bacteria even plays a
significant role. Genes may be transferred in the form of dissolved DNA
molecules or on plasmids (parts of cells). Or one of the two to four identical
chromosomes of a bacterium may be transferred via a temporary bridge
(““conjugation’’), or also by means of a special carrier, in particular, a virus.
With conjugation, there is a first touch of sexuality, when a ‘“male” cell
transfers its chromosome to a ‘“‘female” cell. The difference between the
bacterial “‘sexes’ lies in a specific gene which initiates this pseudo-sexual
process. If it is transferred to the “female’ cell, the latter becomes ‘‘male”
and takes the initiative the next time (Broda, 1975). Transsexuality is nothing
unusual with bacteria. The horizontal gene transfer by means of viruses
which “fit” into a host cell and become their integral part also occurs in
himans and may play a hitherto under-estimated role (Campbell, 1976).

This so-called parasexual gene transfer seems to be possible among all types
of bacteria, even between very different types in multiple steps. Thus,
bacteria employ vertical as well as horizontal gene transfer. The role of the
latter is so important that it has been proposed (Hedges, 1972) that bacteria be
considered as one huge, common gene pool, from which temporarily defined
“‘species” obtain the genetic information which they need for changing
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situations, i.e. for their relationships with a changing environment. Perhaps
here a mechanism is already anticipated which, at later stages in the develop-
ment of life, is called epigenetic. This notion, introduced in 1947 by Conrad
Waddington (1975), stands for the selective utilization of genetic information
carried by an organism, in dependence of the ever-changing relations between
the organism and its environment. Here, with the bacteria, there is basically
the same flexible utilization, but the entire gene pool is available instead of an
over-determined hereditary information carried by a single organism. With
the bacteria, one may perhaps speak of external epigenetics in contrast to the
internal epigenetics at later stages of evolution.

The retrieval of this information from a generally accessible ‘“‘central
library”” which stores the totality of all mutations—and thereby also the
totality of the experience made by all bacteria—is obviously less well aimed
than the utilization of the genetic ““private libraries’’ which are inherited at
higher levels of life by means of meiosis and sexuality. But even a totally
random exchange ensures that mutations with survival value are spreading
quickly whereas ‘“‘bad” mutations are still rapidly eliminated. In Chapter 16
we shall learn how the bacteria develop a tactics based on a so-called
“random biased walk’ to unerringly get closer to the optimum food concen-
tration in their environment. Bacteria seem to be real masters at pursuing a
purpose with random processes.

Again we are facing the question: is the image of a microevolution of life not
one-sided and misleading? With the hypercycles, there was no clear answer.
But here, with the first single-cell microorganisms, it becomes evident that
there is a co-evolution of macro- and microsystems. The macrosystem in
question comprises the totality of all bacteria. The evolution of this totality
only provides the possibility for the unfolding of the individual bacteria and
the mutations occurring in this unfolding keep the overall system alive and
dynamic. The horizontal exchangeability of microscopic information guaran-
tees the epigenetic flexibility which provided the best opportunity for the
gradual collection of macroscopic experience perhaps even in this early period
of trial and error. The fluctuations, which might have endangered single
individuals, but also colonies and temporary species, act subdued in the
macroscopic framework on the one hand, but stimulating for the overall
system on the other.

The strategy of evolution in this early phase may perhaps be compared with
the strategy of a multi-person expedition into dangerous, unknown territories.
Individual participants may die of illness or the attacks of wild animals or
hostile natives. But if they exchange their experience every day, not only will
they enhance their capability of surviving in this environment, but only a
single participant need return in order to save the results of the entire expedi-
tion—to the extent that this returning participant is a generalist. In the world
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of the prokaryotes, everybody is more or less a generalist, even when they act
temporarily as specialists.

We already realize that in a multilevel system which is self-organizing at
least at a macroscopic and microscopic level, it is no longer the same if we
assume that energy organizes matter or that the reverse holds. If the emphasis
is on matter systems organizing energy, a microscopic, Darwinian descriptjon
seems to follow. If the aspect of an energy system organizing matter is in the
foreground, a macroscopic description in terms of ultracycles imposes itself,
in which entire ecosystems evolve to higher complexity.

In this first phase of life on earth the subject of evolution was ultimately the
entire biosphere which, in this phase, consisted only of prokaryotes and some
“fillers”, the less significant archebacteria which occupied only ecological
niches with extreme living conditions. This becomes even clearer with the
history of the appearance of free oxygen which was the prerequisite for the
evolution of more complex forms of life. This history is the history of a
massive transformation of the earth’s surface and the atmosphere—a history in
which the creative principle of the co-evolution of the macroscopic and the
microscopic manifests itself perhaps in the most splendid way.

The build-up of an oxygen-rich atmosphere—life itself creates
the conditions for its further evolution

Until the middle of the 1960s life in the earliest phases of evolution was
mostly a matter for speculation. Apart from some mat-like structures, later
identified as fossil microbiotes, the oldest known fossils were the 500 million
years old trilobites and other marine invertebrates. First microscopic plants
were found in 1954. Since then, however, newly developed methods have
permitted the discovery of microfossils of unicellular life forms which
existed thousands of millions years ago. It is assumed today that in this
early period prokaryotes existed side by side with so-called ‘‘arche-
bacteria”, especially ‘‘methanogens”, which had an even simpler structure
than the prokaryotes and transformed carbon dioxide and hydrogen into
methane using hydrogen as their sole energy source. The contemporary
descendants of the archebacteria live in absolutely oxygen-free environ-
ments at the bottom of the ocean, in sewers, in the hot springs of Yellowstone
National Park in North America and—in cow stomachs. The hypothesis
is favoured today that archebacteria and prokaryotes stem from a common
predecessor of even simpler design, capable of rapid evolution. It appears
even plausible that in the oxygen-free primary atmosphere they were linked
by a hydrogen/methane cycle in a similar way as animals and plants are
linked today by an oxygen/carbon dioxide cycle, with photosynethic pro-
karyotes providing the hydrogen and breaking up the methane. Without
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such a cycle, the gases would have quickly become exhausted (Neue Ziircher
Zeitung, 1978).

The oldest sedimentary rock formations apeared 3800 million years ago.
The oldest microfossils are not much younger, an indication that life appeared
on earth very early, perhaps 4000 million years ago. With regard to the
microfossils which had been found at several places in Swaziland in Eastern
Transvaal (South Africa), one was not so certain at first. A group of approxi-
mately 200 fossilized cells, however, which were recently identified by Elso
Barghoorn and Andrew Knoll (1977) and which appear in different stages of
cell division, are without doubt blue-green algae which lived 3400 million
years ago in warm and relatively shallow waters. In these prokaryotes of
0.0025 millimetre diameter the complex pathways of photosynethesis were
apparently organized which means that these prokaryotes were capable of pro-
ducing carbohydrates from carbon dioxide and water by using solar energy in
the form of light, while giving off oxygen. This, at least, seems to follow from
the ratio of carbon isotopes in the sediments which is characteristic for photo-
synthesis (see below). According to recent reports, fossilized cells found in
Western Australia and also exhibiting cell division may even be older (3500
million years).

Of somewhat more recent origin are the so-called stromatolites, reef-like,
densely packed and finely laminated sediments, measuring centimetres to
metres in length, which stem undoubtedly from mat-like aggregations of
prokaryotes in which the blue-green algae dominated (Schopf, 1978). The
oldest of these fossils belong to the Bulawayo group of Rhodesia and date
2900 to 3200 million years back. The Steeprock Lake stromatolites in Canada
come next with 2600 million years of age. These oldest stromatolites are not
different in any way from considerably younger ones which seems to indicate
a certain ‘“‘stagnation’ in microevolution and also in particular the very early
development of photosynthesis. Since about 2300 million years, stromatolites
occurred in more places, especially in Africa and Australia. So far, forty-five of
such places have been found (all but three since 1968) and most of them are
between 2250 and 725 million years old. This quantitative boost of evolution
in an age which is called the proterozoicum may well be linked to the
appearance of free atmospheric oxygen. Stromatolites continue to form today
in rare places, such as Shark Bay (Australia), where the high salinity prevents
invertebrates from flourishing and feeding on the prokaryote communities.

Organic oxygen is produced in aerobic (oxygen-dependent) photosynthesis.
With photosynthesis which has been developed very early by bluge-green
algae and in a different form by bacteria, access has been found to
inexhaustible energy flows and thus to significantly enhanced flexibility.
Photosynthesis also marks the inclusion of a cosmic environment for the non-
equilibrium system of the biosphere. Without such an inclusion, the energy-
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rich organic materials would soon have been exhausted, the entropy of the
biosphere would have increased and life come to an end. Aerobic
photosynthesis by blue-green algae was supplemented by anaerobic (oxygen-
free) photosynthesis by bacteria, using hydrogen sulphide (H,S) instead of
water and giving off sulphur instead of oxygen. Aerobic photosynthesis dates
back at least 2200 million years, because from this time we have fossil records,
of specialized thick-walled cells, so-called heterocysts, which protected
enzymes from oxygen. But probably aerobic photosynthesis preceded the
anaerobic version and occurred already 3800 million years ago.

In photosynthesis, one or two photons transfer part of their energy to an
electron which is thereby excited and in turn invests its excess energy in
several biochemical process stages. In this way, energy may be stored in the
end product, in particular in the glucose molecule, for later degradation and
use. Is it to be called an accident that many chemical processes—and
especially the biochemical processes—require energy jumps in the order of
one electronvolt* and at the same time the energy of a typical photon in the
visible spectrum of the sun’s light is between 2 and 3 electronvolts and thus
may easily be degraded by the required amount? Short-wave ultraviolet light
already has double that energy and destroys biochemical processes, whereas
infrared (heat) radiation, with about half that energy, is too deficient in energy
to spare one electronvolt. The most intense part of the solar radiation
impinging on the earth’s surface, however, suits the subtle biochemical
processes to perfection. Is this the result of co-evolution in the sense that life
took a specific chemical pathway? Without this favourable coincidence,
would life only be possible on the basis of fermentation and thereby be
trapped in its earliest steps? Or is life possible at all in the light of only a star
which corresponds to the sun’s spectral class? These questions can hardly be
answered at present.

Whereas the fantastic development from anorganic molecules to living cells
and from simple dissipative structures to photosynthesis required less than
1000 million years after the birth of the earth, not much happened in the
microevolution of life over the following 2000 million years. The more active,
however, were the interactions between microscopic life and the planetary
macrosystem in this period. It is characterized by a tremendous transforma-
tion of the earth’s surface and atmosphere. The first primitive life forms set
the stage for the development of more complex life forms. They created the
preconditions which, above all, included free oxygen in the atmosphere. Only
oxygen-breathing cells with a nucleus are capable of forming cell tissues and
multicellular organisms. The nucleus-free prokaryotes, however, went to

*One electronvolt is the energy gained by an electron while travelling through a potential of
one volt. In metric units, one electronvolt corresponds to 1.602x 107! Joule or watt-seconds.
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work to produce this oxygen. This was not an easy task because it required a
seemingly endless detour via the oxidation of the entire surface of the earth.

Generally speaking, there are two mechanisms of oxygen production which
were possible in the early age of the earth (June, 1976). Besides aerobic photo-
synthesis, in which oxygen occurs as a side product, the photo-dissociation of
water vapour by short-wave ultraviolet radiation in the higher layers of the
atmosphere may also produce oxygen; the simultaneously produced hydrogen
would in this case, due to its light atomic weight, escape from the earth’s
gravitation. There are good reasons, however, to assume that the latter non-
biological process cannot have played an important role. For example, the
atmosphere is increasingly shielded from ultraviolet radiation by the accumu-
lating ozone and the feedback system of oxygen production and shielding
aims at an equilibrium, the so-called ‘“‘Urey point”, named after the American
chemist Harold Urey who already in 1959 drew attention to it. This point is
reached at only a thousandth of the present oxygen concentration. If, how-
ever, the shielding from the same ultraviolet radiation which has played such a
positive role in the prebiotic phase but is now becoming an obstacle to life’s
further evolution is due to biologically produced oxygen, we may recognize a
particularly impressive example of the co-evolution of macro- and micro-
cosmos on earth.

But even more important is the evidence of carbonous sediments dating
back 3300 to 3800 million years and including formations in which some of
the oldest microfossils have been found. These sediments consist at 80 per
cent of biologically produced carbon originating from the transformation of
carbon dioxide in photosynthesis. This may be deduced with great certainty
from the ratio of the carbon isotopes C'"* and C™ It is for biologically pro-
duced carbon 2.5 per cent smaller than for non-biologically produced
carbonates. However, it is not possible to decide in this way whether the
photosynthesis was aerobic (oxygen-based) or anaerobic (sulphur-based).

On the other hand oxidized iron minerals found in the earliest sedimentary
rocks in Greenland and between 3800 and 1900 million years old, already
indicate the presence of oxygen in very early phases of evolution. However,
this oxygen can hardly have occurred in the form of free atmospheric oxygen
because much younger deposits of uraninite (UQO,) in the form of smooth,
round grains have been found on various continental shelves which would
quickly have been oxidized to U,;O, and decomposed in the presence of
oxygen. These deposits indicate that in a period starting about 3200 million
years ago and ending about 2000 million years ago, there was essentially no
free atmospheric oxygen.

These apparent contradictions may be resolved by assuming the origin of
the very old oxidized iron minerals in an early ocean containing iron in the
ferrous state with a valence of 2 (Junge, 1976). This soluble iron was
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furnished in the ocean’s microorganisms with the oxygen required to form
indissoluble ferric iron oxide, Fe,O,, with a valence of 3, and subsequently
expelled. A further argument for the biogenous origin of these oldest sedi-
ments is provided by the identification of fragments of the chlorophyll
molecule.

Oxygen is a dangerous substance for cells which are not capable of using i}
in a controlled way in their biochemical processes. It burns the cell tissue
which is based on carbon. However, this circumstance did not play a role as
long as the oxygen produced in these first cells by photosynthesis is used up
immediately for the oxidation of the sediments. Only 5 per cent of all oxygen
that was ever formed in the history of the earth occurs freely today in the
atmosphere—where it makes up 21 per cent of air—or is dissolved in water (a
small amount only, in the order of 1 per cent of free atmospheric oxygen). The
rest has been bound in minerals by oxidation, approximately 56 per cent in
sulphur (SO,) and 39 per cent in iron (Fe,O,). No wonder that this tremen-
dous work took so long. The prokaryotes, however, are no slow workers. It has
been calculated that one gram of them, under ideal conditions of unlimited
growth, could have produced in only 40 years all the oxygen present in
today’s atmosphere.

Only when the oxidation of the sediments was approaching saturation was a
partial pressure of oxygen able to build up in the atmosphere. The increasing
appearance of prokaryote aggregations since about 2300 million years ago
seems to indicate that oxygen became increasingly available at this time. The
massive depositing of banded iron oxides in this era lasted until 1800 million
years ago. There is indeed much evidence of the occurrence of significant
amounts of oxygen in the atmosphere since approximately 2000 million years.
From this time date reddish minerals whose colour is due to the oxides of the
ferric iron of valence 3. About 1800 to 1900 million years ago the oxygen
concentration of air seems to have been around 1 per cent of today’s
concentration. This already resulted in considerable shielding from the sun’s
ultraviolet radiation. About 1500 million years ago, today’s oxygen
concentration was reached and remained remarkably stable ever since.
However, this state was hardly reached without periods of major fluctuations.
It seems significant that the biochemistry of contemporary prokaryotes is
optimized for an oxygen concentration of 10 per cent, or half of what it is
today (Schopf, 1978).

With the liberation of oxygen, its utilization commenced. The function of
respiration serves the downgrading of energy stored in the glucose molecule.
Without oxygen, this energy was recouped only at less than 5 per cent. With
oxygen, however, the efficiency rises to 65 per cent—a fifteen-fold increase.
However, the biochemical pathway is not designed in a totally new way. The
oxygen-burning step replaces the end of the old pathway which used to end
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with alcoholic fermentation or the formation of lactic acid. This formation of
lactic acid is still experienced as tiredness when an oxygen deficiency leads to
the reactivation of the old pathway end.

Among the first prokaryotes adapting to oxygen were the same blue-green
algae which produced most of it. Respiration was probably introduced by
photosynthesizing bacteria (Broda, 1975). The flow of energy-transferring
electrons and the biochemical pathway are very similar in photosynthesis and
in aerobic, oxygen-breathing processes. In both cases, they are separated by
membranes into various steps. This raises the possibilities that an entire class
of photosynthesizing bacteria has undergone this development in an
“‘obligatory’’ way or at least in many parallel cases. However, even today there
are many prokaryotes which can only live in oxygen-deficient environments—
in the earth, in mud, or in the bodies of organisms.

As with every “invention” of a new principle by life we are again facing the
question: How did this innovation come about and how did it break through?
A strictly Darwinian explanation places the fluctuation within a single
individual which, due to better adaptability to the environment, has more
offspring which in turn are a little bit better off than their contemporaries in
each generation, and so forth, until after many generations only descendants
of the mutants are left. Darwinism is based on vertical transfer of genetic
information. With bacteria, however, horizontal genetic and ecological
mechanisms play an important role as well. Without having a detailed idea of
what really happened, we may perhaps assume that fluctuations were very fast
in spreading horizontally and thereby in their self-reinforcement and that in
such a way large groups of individuals in local aggregations were forced into
new relations with their environment. When such a profound change
occurred as the appearance of oxygen in the atmosphere, suitable bio-
chemical-biophysical fluctuations were probably quick to follow. Once they
occurred, their breakthrough was facilitated and accelerated by horizontal
gene transfer.

Gaia—the planetary self-organizing system of bio- and
atmosphere

It is photosynthesis which transforms the biosphere into a system which is
open with respect to its energy exchange, if generally not with respect to
matter and information if we neglect meteorites and the already-mentioned
“panspermia” hypothesis of spore transfer across cosmic space. This open-
ness makes it possible to obtain free energy from solar radiation and to
export the accruing entropy with waste-heat radiation into space. The atmo-
sphere acts like a buffer system which stores heat and which regulates the
waste-heat radiation in such a way that there are no extremal temperature
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differences. Might it then not be also possible that the entire biosphere
together with the atmosphere acts as an autopoietic system which organizes
and regulates itself? This is indeed the basic idea of the American micro-
biologist Lynn Margulis and the British chemist and professional inventor
James Lovelock (Margulis and Lovelock, 1974) which may be called another
stroke of genius. William Golding, author of Lord of the Flies, has found a
suitable name to express the weight and dignity of an idea which touches the
totality of life on earth: Gaia hypothesis, in honour of the earth mother in
Greek mythology.

The Gaia hypothesis proposes a dynamic view instead of a static one; in
the latter, as everybody knows, the atmosphere consists of 79 per cent
nitrogen, 21 per cent oxygen and traces of other gases. In a dynamic view it
turns out that a whole spectrum of biogeneous gases show the same through-
flow through the atmosphere expressed in moles (or numbers of molecules)
per year (see Table 3). This through-flow is about 1 per cent of the through-
flow characterizing the primary oxygen/carbon dioxide cycle of life. Only
their residence time is very different. This may be made clear by imagining a
bathtub into whicn water is running at the same rate as it is drained from the
bottom. The through-flow is always the same whether the tub is full or prac-
tically empty. The atmosphere is also in high chemical non-equilibrium. Of
some gases, up to 10% the amount is present in the atmosphere as would be
“permissible” in an equilibrium system with given oxygen content. We may
remember here that non-equilibrium is one of the basic prerequisites for self-
organizing and autopoietic behaviour of dissipative structures.

The autocatalytic units in this system which make possible the formation of
a dissipative structure far from equilibrium and maintain the through-flow of
the various gases are none else but the prokaryotes. It seems that after the
profound transformation of the earth’s surface by the oxidation of sediments
and the accumulation of free oxygen, they have been instrumental in bringing
the overall system bio- plus atmosphere into global, autopoietic stability,
reigning now for 1500 million years. Figure 26 shows a comparison of the
development which the earth’s atmosphere would have taken without life and
the development which the Gaia system actually took. The already mentioned
possibility of a methane/hydrogen cycle mediated by archebacteria and
prokaryotes in the early oxygen-free atmosphere points to a possible evolution
of earlier structures.

It seems that we are dealing here not only with the largest, but also with the
most durable of all autopoietic structures on our planet. It maintains its
energy exchange with the cosmos but its matter exchange with the anorganic
world of the earth’s surface by means of biochemical processes which are
organized in highly efficient microscopic subsystems. In addition, there are
matter-exchange processes among the subsystems which are obviously of
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Fig. 26. Comparison of two development patterns for the earth’s atmosphere: (a) under the
assumption of no life on earth; (b) actual development in co-evolution with life on earth (Gaia system).
After L. Margulis and J. Lovelock (1974).
decisive importance for the self-renewal and self-regulation of the Gaia system.
The most conspicuous example is the closed cycle between oxiding processes
in animals and plants (oxygen is transformed into carbon dioxide) and
reducing processes in plants (carbon dioxide is reduced to oxygen). Are the
prokaryotes no longer exclusively at work here? Yes and no. In a certain sense
it is still this earliest life form which manages the entire energy household of
the biosphere even when it appears in disguise. But this is a story for the next
chapter. It may only be anticipated here that the descendants of the
prokaryotes, in the form of parts of more highly developed cells, are still at
their old job. Besides these, contemporary free-living prokaryotes, especially
soil bacteria, play an important role in the management of the Gaia system.
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As may be seen in Table 3, the abiological contribution of human
technology has little effect, except for the increase in the carbon dioxide
concentration of the atmosphere. It may be significant that the corresponding
warming trend due to the “‘greenhouse’ effect of carbon dioxide has been
offset by a cooling trend in the Northern hemisphere which makes itself felt
since 1945. Perhaps we are worrying too much about the distortion of
equilibrium due to the impact of technology (Stumm, ed., 1977). We should
worry about not distorting the maintenance of non-equilibrium. But which
factors in the Gaia system easily readjust themselves and which fluctuations
touch sensitive points and might lead to a new autopoietic structure—which
will imply a new structure of the biosphere as well—cannot be estimated at
the basis of equilibrium concepts.

It seems that Gaia has not only stabilized the composition of the atmosphere
and the through-flows of gases essential for life, but also the average tempera-
ture over thousands of millions of years. Already before the appearance of free
oxygen, ammonia seems to have assumed this regulatory function. Today the
main role in temperature control is assigned to the infrared radiation due to
carbon dioxide whose atmospheric concentration is only 0.03 per cent.
According to conservative estimates, the solar radiation has increased by at
least one-fourth since the birth of the earth, perbaps by even more. Corres-
pondingly, it may be estimated that the surface of the earth should have been
frozen more than 2000 million years ago. However, it was not, as is proven by
the sedimentary rocks. A concentration of one hundred-thousandth ammonia
in the atmosphere—kept at this level by biological action—would have
been sufficient to keep the temperature aboye freezing point. The importance
of temperature control for the evolution of life on earth is obvious. Complex
life occurs almost exclusively in the narrow temperature range between 0°C
and 50°C. Variations within these boundaries as they occurred, for example,
in the glacial periods in higher latitudes may one day be understood as
pulsations in the dynamic behaviour of the Gaia system.

In any case, however, the Gaia hypothesis makes clear what is meant by the
co-evolution of macroscopic and microscopic aspects of life on earth. There
are also other factors which play a significant role such as the shielding from
ultraviolet radiation, inimical to life, with the liberation of oxygen—after the
same ultraviolet radiation has rendered valuable services to the formation of
macromolecules in the prebiotic phase. Life to a large extent indeed creates its
own conditions. With this insight it is already possible to overcome
Darwinism which views life one-sidely as adaptation to a given environment
without feedback effects.

With the appearance of free atmospheric oxygen the microevolution of life
started rolling again after 2000 million years. An entirely new type of cell
emerged which made it possible to restart in a radically new way. However,
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the achievements of the prokaryotes were not rendered invalid, but served as a
platform for the next start. The physical tasks of energy and matter exchange
were not taken away from these masters or slaves of life on earth—whether
master or slave depends on the angle of view. The new task of life, however, was
to generate the functions for the management of higher complexity.



1. The Inventions of the Microevolution of Life

Time is invention or it is nothing at all

Henri Bergson, L’Evolution créatrice

Emergence of the eukaryotic cell from symbiosis

The next important evolutionary step which probably followed soon after
the appearance of free oxygen was the emergence of the eukaryotic cell, the
cell with a real nucleus in which the genetic material, organized into
chromosomes, is aggregated. All eukaryotes depend on oxygen and are air
breathing. It is assumed today that the first free eukaryotes appeared approxi-
mately 1500 million years ago, just at the time when the concentration of
atmospheric oxygen reached its present value. The oldest microfossils with a
cell structure resembling today’s eukaryotes have been found in Northern
Australia and are 1500 and 1400 million years old. These fossils stem from free-
floating algae which, in contrast to the prokaryotes, did not form mat-like
structures and became part of the sediments in deep-water shale. Their
eukaryotic nature, however, is still subject to controversy.

The classic theory of the origin of eukaryotes is captive to a model which
has been gathering dust for more than a hundred years. This model is Ernst
Haeckel’s theory of separately developing “kingdoms” of plants and of
animals. In accordance with this theory, the same path of cell differentiation
‘was followed in parallel developments. Although this view still represents
academic conventional wisdom, it is becoming untenable. It is replaced by the
still controversial theory of the endosymbiotic origin of the eukaryotic cell,
developed by the same Lynn Margulis (1970) whom we already know as co-
author of the Gaia hypothesis. Endosymbiosis may be viewed as fusion without
total loss of the participants’ identity.

The participants in this fusion were various prokaryotes, the result is the
eukaryotic cell which includes the former prokaryotes, now called organelles.
An important argument for this joining together of originally free-living
prokaryotes may be seen in the fact that the organelles carry their own genetic
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material and rudimentary mechanisms for their own protein production; that
is to say, their own DNA, RNA and ribosomes. In the same way as the newly
appearing cell nucleus, the organelles are separated from the rest of the cell
contents by a double membrane. This relatively far-reaching autonomy leads
to two semantic levels, the levels of the endosymbiotic organelles and the level
of the cell as a whole which co-ordinates the activity of the organelles. This,
maintenance of individuality and partial autonomy in a multilevel semantics
is characteristic for the organization and management of complexity in life.

Endosymbiosis occurred in several steps. According to Margulis it started with
the swallowing of an oxygen-breathing prokaryotic cell by a fermenting
prokaryotic cell. The integrated oxygen-breathing cell is now called
mitochondrion. The improved energy supply led in the next step to the incor-
poration of another prokaryote celle, a spyrochaeta, which had a motility
system out of which were to come propulsion systems such as flagella and
cilia which are all constructed after the same 9+ 2 formula (two central tubes
are surrounded by a ring of nine peripheral microtubules). The same motility
system (cytoplasma) also facilitated the formation of a real nucleus in which
the genetic material is arranged neatly and wrapped in a membrane. With
asexual cell division (mitosis) the nucleus also divides. In such a division, the
motility and contraction apparatus separates the twenty-three pairs of
chromosomes with great precision and assigns one-half each, representing the
complete genetic information, to the newly emerging nuclei. This process
needs oxygen. Finally, a third participant in this endosymbiosis, a
photosynthesizing blue-green alga, becomes integrated which is then called
chloroplast. Chloroplasts carry their original genetic material much more
completely than mitochondria which speaks for a later integration. The
mitochondria, which were probably first integrated, are already partly
dependent on protein which is produced not with the help of their own DNA,
but with the DNA of the cell nucleus and is ““centrally’ distributed. It has
been shown that in the cells of the same organism, the DNA of all
mitochondria is alike, a fact which also holds for the cell nuclei and their
DNA. This seems to point to an adaptation over very long spans of time.

Today, the majority of all living species—green algae, higher plants, fungi,
protozoa (single-cell organisms) and animals—consists of eukaryotic cells.
Only this new cell type is capable of forming cell tissues and giving rise to
multicellular organisms. The number of mitochondria in a eukaryotic cell
runs between one and several thousand (in vertebrates), the number of
chloroplasts between one (in green algae) and several hundred. The decisive
point, however, is that the organelles do not simply sum up their capabilities.
The eukaryotic cell represents a newly emerged level of co-ordination, a new
autopoietic system level.

The presence of the organelles leads to an entirely new organization of cell
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functions at a much more complex level. The most important difference
seems to lie in the mode of regulation (Stebbins, 1973). In the prokaryotes,
groups of genes dre activated or deactivated by the products of specific in-
hibitor producers in the cell, a process which is often disturbed by strange
molecules. In the eukaryotes, in contrast, an always available basic activity is
normally suppressed and becomes activated in a specific way by cancelling
the inhibition for the functions in question. The difference may be compared
to the difference in regulating the illumination of a house (Stebbins, 1973):
Whereas candles or petroleum lamps have to be switched on and off indivi-
dually, electricity is always and everywhere available in the complex wiring of
a modern house. Normally, electricity remains suppressed as long as it is not
switched on for a single lamp or centrally for whole groups of lamps. The
brightest light of activated genes, it has recently been found, shines in the
early phases of embryonic development; thereafter, genes are increasingly
deactivated.

With this central control, important functions are taken away from the
mitochondria and carried out by the cell as a whole. It is similar with the
chloroplasts. It is the strict separation of process pathways serving
photosynthesis and respiration which imparts enhanced flexibility to the green
(eukaryotic) plant cells. In prokaryotes these pathways overlap.

Again the question may be raised: How did the fluctuations leading to this
stepwise endosymbiosis originate and break through? The first step in the
integration of a mitochondrion is relatively easy to explain. The emerging cell
is as open toward horizontal genetic information transfer as a prokaryotic cell
and the decisive energetic advantage of oxygen breathing has a marked impact
on horizontal ecological relations. At the next step, however, the formation of
a divisible cell nucleus, things get more complicated. The horizontal genetic
openness of the prokaryotes comes abruptly to an end. The genetic material
becomes separated by a membrane. With the asexual division of such a cell,
the genetic vector is switched to practically exclusive vertical information
transfer. The important factor of isolation of a development enters for the first
time. But this does not mean falling back to a strictly Darwinian gene
selection because in the eukaryotic cell the chromosome is no longer rigid but,
like the other parts of the cell, continuously built and degraded. The
chromosome field theory by Lima-de-Faria (1976), which elaborates the self-
renewal of the genetic material, will be discussed in more detail later in this
book. Here it may suffice to indicate that epigenetic development—the selec-
tive utilization of genetic information in feedback with the en-
vironment—enters the stage with the eukaryotic cell and shares this stage
henceforth with purely genetic development.

With the orderly division of the cell nucleus, the vertical genetic vector
nevertheless acquired great effectiveness. But in the early phases of
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epigenetics, verticality still dominated and prevented significant genetic
innovations. Besides random mutations (for example caused by cosmic
radiation), errors in self-reproduction and first epigenetic changes the cell
plasma may have played a role in favouring mutations. But obviously not
much happened. It is therefore no wonder that again a longer time interval,
about 500 million years, passed before the next decisive step was taken with
the introduction of sexuality. An exception is made by the integration of the
chloroplasts which became the basis for the evolution of higher plants.
Although here, in contrast to the integration of the mitochondria, there was
no longer horizontal genetic openness, it may be assumed that horizontal
genetic processes greatly favoured the emergence of a photosynthesizing
match for the oxygen-breathing eukaryotes.

The more or less rigid lines of genetic evolution must have caused consi-
derable tension in the horizontal processes of self-organizing and evolving
ecosystems. These tensions contributed to the selection pressure and favoured
diversifications. In this way it may be possible to explain not only the emer-
gence of true species, but also the separation of groups of development lines
into the plant, animal and fungi ‘“‘kingdoms”. Plants transfer four separate
sets of genes—those of the cell nucleus, the mitochondria, the chloroplasts
and the motility apparatus. Green plants need photosynthesizing chloroplasts
besides mitochondria because they degrade the energy stored in photosyn-
thesis in the glucose molecule in the same way as animals with the help of
breathed oxygen. But they can use the resulting carbon dioxide immediately
for photosynthesis, whereas animals breathe it out. Between day and night,
the emphasis on the individual pathways changes. Animals transfer only three
sets of genes since they are lacking the chloroplasts. The development line of
the non-photosynthesizing fungi which live off organic material seems to have
split from the development line of the animals at a later point in time. Figure
27 shows the scheme of evolution as it corresponds to the endosymbiotic
theory of Lynn Margulis.

In spite of their partial independence, the functioning of the organelles may
be interpreted in such a way that they continue the activity of the prokaryotes
in managing the Gaia system. They are still playing the principal role in the
maintenance of the most important of all macroscopic biochemical circular
processes which links oxidation as an energy source for animals and humans,
and reduction processes as vital for plants. As within the microscopic cell, it is
now becoming clear in a macroscopic perspective as well that in an unfolding
multilevel world the individual levels function semi-autonomously. In its
atmospheric aspect, the Gaia system is primarily managed at the level of the
prokaryotes. Whereas the prokaryotes became vertically organized in more
complex cells and the latter in turn in multicellular organisms, they have not
lost their capability to maintain exchange relationships with the environment
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according to their own laws. That this exchange creates the conditions for the
formation of higher cells and organisms is a manifestation of systemic co-

evolution.
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Fig. 27. Endosymbiotic origin of the eukaryotic (nucleus-possessing) cell from the joining of
various prokaryotic (nucleus-free) cells. After L. Margulis (1970).

Sexuality

It is assumed that sexuality was already well developed 1000 million years
ago. This, at least, is the age of spore-like cells which appear to be of meiotic
origin, or in other words originated in the division of a fertilized cell, a zygote.
Sexuality implies the fusion of two eukaryotic cells whereby the complete
genetic material of both parent cells (one-half of each of the duplicated
chromosome pairs) is united in the nucleus of the new cell. There it is decided
which genes of each parent cell will dominate. The genetic material which
becomes effective is not to have more genes as each parent cell—with
doubling, the limits of complexity would quickly be reached. The subsequent
division of the new cell transfers information which stems from two separate
development lines in the past. Viewed toward the past, this scheme of unifica-
tion of past experience appears like a tree and indeed we speak of an ancestral
tree.

The result is extraordinary genetic variety. It is so vast that only a part of it
is used in a lifetime—the rest is the ‘“‘reserve” for epigenetic flexibility. The
balance between horizontal and vertical information transfer now makes true
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phylogeny possible for the first time in evolution. Out of the ad hoc genetics of
the bacteria in which horizontal and vertical vectors mixed in a haphazard
way, and via dominant verticality (in asexual cell division or mitosis), emerged
the orderly interaction between horizontal and vertical genetic vectors. If
horizontal information transfer is characterized primarily by novelty, vertical
transfer provides confirmation. The evolution of genetic information transfer,
thus brings these two aspects of pragmatic information (see Chapter 3) into a
specific balance. This means a near-optimization of the effectiveness of prag-
matic information. We may also put it that evolution runs in the direction of
enhanced genetic autonomy, or in other words, enhanced individuality—not
referring to the individual organism but to the dynamic process in which
generations follow after generations.

Viewed from this angle it now becomes clear that sexuality can only repre-
sent one side of a principle the other side of which is deat/ (of the individual
organism) or devolution in ontogeny. It is death which forces the gene pairing
in each generation. In purely vertical reproduction by asexual cell division,
there is no natural death, only forced death. Amoebae do not die. The
dividing cells do not age and continue to divide if the environmental condi-
tions are favourable. The prokaryotes living today are still the same which
populated the earth in the early phases of life—but they have branched into a
nearly infinite multiplicity of individuals.

It is precisely environmental conditions, however, which control the popu-
lation growth of the amoebae. With unicellular organisms capable of partly
sexual, partly asexual reproduction, such as the green alga Paramecium, a cell
colony ages even when it reproduces over longer periods of time in an asexual
way. In the human organism there are only a few cell types left which divide.
With the exception of the liver and spleen, our organs are incapable of
regeneration. Those cells, however, which still divide are limited in this
capability. Blast cells divide only 40 to 60 times (the Hayflick number named
after its discoverer).

The invention of sexuality may, in principle, be assumed to have known
primarily vertical spreading and breakthrough of the fluctuation it repre-
sented first. But in the beginning there must have been at least a whole group
of cells capable of sexuality in order to ensure some variation in the genetic
material. The initial pool must not have been too small if the variation is not
to be left to random mutations over long periods of time.

Sexuality was one of two essential factors which resulted in an extraordinary
acceleration of evolution and the emergence of a great variety of life forms.
The other factor is heterotrophy or the capability of feeding on other life. It
already played a certain role with early, fermenting life forms. In connection
with aerobic single-cell organisms it becomes the source of a multifaceted,
multilevel unfolding.
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Heterotrophy—life feeds on life

Already the first prokaryotes occurred in aggregations characterized by
different species. But in the higher precambrian (in the early period of the
prokaryotes) these aggregations were dominated by a few types of photo-
synthesizing autotrophs (organisms feeding themselves), especially by blue-
green algae. At the higher level of eukaryotes, however, evolution became
accelerated by sexuality which introduced systematically enhanced variety.
This was about 1000 million years ago.

A little later (800 million years ago) a second boost of evolution occurred,
this time due to the massive and orderly appearance of heterotrophy. Hetero-
trophy signifies the capability of an organism to live off other organisms—be
they plants or animals, or unicellular organisms. At today’s stage of evolution,
practically only plants are autotrophic, except for fermenting bacteria (such as
yeasts), whereas all animals are either herbivores or carnivores or (as most
humans) both. The secret of autotrophic organisms, of course, is primarily
photosynthesis which permits the direct conversion of solar energy and
thereby the synthesis of organic molecules from inorganic materials (litho-
trophy). It was already the secret of the types dominating the early micro-
biotes. Photosynthesis is so superior to fermentation of organic materials from
the environment that the photosynthesizing species spread more easily than
others. But preferred quantitative spreading was all. The photosynthesizing
blue-green algae apparently did not have that horizontal gene transfer which
resulted in the ad hoc appearance and disappearance of millions of pseudo-
species of bacteria.

It seems that with variation by sexuality some species lost their capability of
photosynthesis. This, at least, is the way in which the appearance of hetero-
trophic organisms is explained which, at first, probably were feeding on
everything in sight, especially on organic waste and smaller living cells. Later,
the heterotrophs specialized and split into herbivores and carnivores. With
the appearance of heterotrophs, the monopoly of photosynthesizing auto-
trophs for the best places in microbiotes was broken. The heterotrophs
made room. In this way only higher complexity in the ecosystem became
possible.

Sexuality and heterotrophy go hand in hand in the development of variety.
Ecology, which has really started only with the appearance of the heterotrophs,
gets into motion and develops in the direction of greater complexity. A large
variety of multicellular organisms appeared. This development started
probably more than 750 million years ago, not long after the entry of the
heterotrophs, with small worms. The beginning of the fossil-rich cambrian
age, 580 million years ago, is characterized by the appearance of numerous
species of invertebrates and their prey, multicellular algae, within the relatively
short time span of 10 to 20 million years—a spectacular evolutionary explo-
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sion. Life had finally created the macroscopic and microscopic conditions for
the unfolding of that wealth of forms and relations which surrounds us today
and of which we ourselves are part. These conditions were first realized in
water which probably to some degree had to do with the shielding from
ultraviolet radiation. Only about 450 million years ago, the colonization of
land by plants started which was made possible by the ultraviolet shielding |
effect of atmospheric oxygen. But this can hardly have been the triggering
factor since free oxygen occurred much earlier already. A little later, about 400
million years ago, animals followed the plants on to the land.

The urge toward multicellularity

The formation of tissue, which is possible only with eukaryotic cells, is
obviously closely linked with the aggregation of unicellular organisms. The
origin of multicellular organisms is still very obscure. There are theories
which hold that the first multicellular organisms arose from the differentia-
tion of one and the same cell. This is not so far-fetched since the embryo also
develops from the division and differentiation of a single cell, the zygote. But
even today there are so many intermediary steps on the scale of societal
organization from unicellular to multicellular organisms that a horizontal
joining together—an endosymbiosis as it characterized the origin of the
eukaryotic cell—may have played an important, if not unique, role. In this
connection, Eigen and Schuster (1977/78) suspect another level of evolving
hypercycles with eukaryotic cells as participants.

The communication mechanisms between cells which are joined to form
colonies seem to be in principle the same as the mechanisms guaranteeing the
co-operation of cells in tissue. They transfer metabolic information and are
based on chemical and electric (ionic flow) processes. Cells recognize each
other and associate with their own kind.

If sponges of different kinds, for example yellow and orange ones, together
with water are put into a blender and transformed into a homogeneous sus-
pension which is then left standing, yellow and orange sponges will have
formed again after a few hours. Even more interesting is an experiment with
small fresh-water polyps, which are 5 millimetres long. If they are mechanic-
ally dissected into single cells, of which they have about 100,000 belonging to
a dozen cell types, they try to rearrange themselves, first into cell clumps, and
later to monster formations in which head, gut and foot regions grow in
greatly disordered ways. Eventually, normal animals will emerge from such
tissue formations. Apparently, certain substances which exchange morpho-
genetic information in the cellular tissue first act in disordered ways. It was
possible to isolate such a substance of which very low concentrations activate
the formation of tentacles in the head region (Gierer, 1974). If this substance is
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put in contact with cells of the gut tract, the formation of tentacles starts there
also in contrast to normal development.

In a mixed gruel of living cells, liver cells join with liver cells and retina
cells with retina cells and they will try to reconstitute the organs from which
they were taken. In certain cases, even specialized cells co-operate which fulfil
the same function in different kinds of organisms. Like biomolecules which
recognize each other’s spatial form through stereospecificity, cells, too, have
at their level a recognizing memory which, however, seems not to be geared to
spatial form only, but also to exchange processes, in other words to the
dynamic process structure of the system. A new type of communication,
metabolic communication, comes into play. It underlies the formation of auto-
poietic units which consist of cell populations—whether these units are multi-
cellular organisms or cell aggregations.

The process nature of the criteria for recognition becomes clear with the
example of the slime mold (see Chapter 4). Such a slime mold is a temporary
aggregation of amoebae, bacteria-eating eukaryotic protists. In periods in which it
is easy to obtain food, they function as independent individuals. In scarce
periods, however, the steady secretion of cheomotactic substances occurs in
characteristic pulses which originate in dissipative structures within the cells. In
this way they attract each other irresistibly. The resulting slime mold moves
along the earth in search of more favourable feeding places and disintegrates
after 2 or 3 days into individual amoebae which reproduce by cell division.

There is an interesting parallel to the behaviour of a specific human society
(Friedman, 1975). In good times, the Burmese mountain people of the Kachin
live in several separate tribes which maintain trade relations with each other,
but are politically independent. In scarce period, however, when the harvests
are poor, they spontaneously form a hierarchic order in which the chieftain of
one tribe rules as king over the entire Kachin people. Each of these alter-
nating phases usually lasts for decades. Such an alternating societal system
seems to have characterized the Kachin for many hundred years. It represents
a more or less historyless dynamics which orients itself according to the hori-
zontal relations and shows little vertical development.

But back to the efforts of unicellular organisms to form societies.
Apparently only photosynthesizing eukaryotes succeed in forming durable
societies. They may link up with other cells by fine protoplasma threads and
thereby achieve a communication system which acts much faster and is much
more dependable than, for example, mere chemotaxis as exhibited by the
amoebae. Perhaps it is at this point where the beginnings of multicellular
organisms may be found. Among the species existing today, many steps may
be studied in this development, from totally uniform behaviour of all indivi-
dual cells within a colony to societies with marked leadership functions and
even further differentiation.
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In her extremely interesting book, Larison Cudmore (1977) describes as the
crowning of this development the green alga Volvox. This unicellular
organism forms spherical colonies with 500 to 500,000 cells each which move
along with the co-ordinated beat of their flagella. Each cell is connected with
six others by protoplasma threads. In the Southern hemisphere of this
spherical colony, a few cells (between 2 and 50) are chosen to form new
colonies. They may reproduce by simple cell division or sexually. In the
former case, a new sphere forms within the original sphere with cells which
do not yet have flagella and the ‘“heads” of which are turned inward. At the
proper time something happens which looks like birth. The inner sphere
turns inside out and at the same time leaves the mother colony by a pore in its
wall. Arriving outside, with heads now turned outward, flagella grow on the
young cells and the newly born colony swims away to its own life. But the
new colonies cannot be born until the time has come for the mother colony to
die. In this way it may happen that the daughter colonies in turn develop
daughter colonies even before they are “born”. In such a case, three
generations exist simultaneously, but only the oldest one lives in freedom.
The reproduction cells may also form male and female sexual cells (gametes).
The male cell may break loose from the colony and seek a female®one. Only
after fertilization does the female cell break loose, too, and develop a hard and
spiny protective coat. The colony which forms beneath this coat remains
immobile on the bottom of the fresh-water pond until spring when it unfolds
its life to the fullest extent.

In the formation of multicellular systems, just as in the formation of dissipa-
tive structures, the dimensions of the system seem to play a decisive role.
Cells of an organism differentiate into cell cultures only when they find them-
selves in an aggregation of a certain minimal size. In the normal development
of the embryo, the differentiating cell mass grows to a certain size. Then polari-
zation sets in (for example, the formation of a head) and from then onward
there is a “‘positional field”> which determines the further development along
the already mentioned chreods (Nicolis and Prigogine, 1977). With polariza-
tion a new level of self-organization seems to be reached which is visibly charac-
terized by a break of spatial symmetry. The complementarity of stochastic and
deterministic factors, of novelty and confirmation, reappears at a new level.
The development along chreods is regulated by regulator genes which, it is
assumed, represent up to 95 per cent of the genes in complex animals. Their
effect resembles the neural mind which will be discussed in Chapter 9.
There is a continuous supply of concepts which are tested as to their compati-
bility with other concepts, mutations are reversed or fitted and so forth. In
short, a learning process unfolds which is partly open and partly heuristic. As
Wolfgang Stegmiiller (1975) emphasizes, it is especially the capability of anti-
cipating not yet realized processes which plays a role in this development.

i
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The difficult balance between novelty and confirmation

Recapitulating the most important stages of the microevolution of life, we
obtain a picture according to Table 4. In the more than 3000 million years
before the appearance of the first multicellular organisms, three main levels of
autopoietic existence appear: dissipative structures, prokaryotes and
eukaryotes. In macroevolution, however, the identification of autopoietic
levels is more difficult. Nevertheless it seems that the prokaryotes are matched
on the macroscopic branch by the autopoietic Gaia system which embraces the
entire biosphere of the prokaryotes together with the atmosphere and has
stabilized itself for 1500 million years. The appearance of the eukaryotes finds
its macroscopic correspondence in the formation of ecosystems which become
more complex with multilevel heterotrophy. With multicellular organisms,
finally, complex societies with a division of labour appear on the macroscopic
branch. Figure 28 gives a scheme of the co-evolution of macro- and micro-
cosmos in the evolution of life on earth.

Table 4
Steps in the unfolding of life on earth

Time past
(in million years) Event/Evidence
4600 Origin of the earth
~4000 Origin of life; common ancestors of prokaryotes and archebacteria?

3800-3300 Oldest biogenous carbon deposits (from photosynthesis)

3500-3100 Oldest microfossils; prokaryotes (bacteria and blue-green algae)
dominate; anaerobic photosynthesis; environmental evidence for aerobic
(oxygen-producing) photosynthesis

3200-2900 Oldest stromatolites (deposits from prokaryote aggregations)

2350- 725 Frequent appearance of stromatolities, proterozoicum

2200 Microfossil evidence for aerobic photosynthesis (heterocysts)
2000 Appearance of free atmospheric oxygen
2100-1900? Respiration
1500? Atmosphere (Gaia system) stabilized
1500? Eukaryotes, mitosis (cell division)
1200? Sexual reproduction, meiosis
800 Widespread heterotrophy
750 Microfossil evidence for multicellular organisms
580 Beginning of the cambrian period with numerous fossils of invertebrates
500 First vertebrates
450 Colonization of land by plants
400 Colonization of land by animals
370 First amphibians and winged insects
330 First trees and reptiles
200 Beginning of the dinosaur period
165 First mammals
130 First flowers
64 Dinosaurs become abruptly extinct
50 First real primates (predecessors were contemporaries of dinosaurs)

14 Ramapithecus, first erect ancestor of man
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Fig. 28. The history of life on earth expresses the co-evolution of self-organizing macro- and

microsystems in ever higher degrees of differentiation.

If we now ask what primarily characterizes the three microscopic auto-
poietic levels—dissipative structures, prokaryotes and eukaryotes—we may
recognize important symmetry breaks in the transitions between them. As
they did in cosmic evolution, symmetry breaks unfurl space and time for a
specific system dynamics. Dissipative structures mark a break in spatial
symmetry (see Chapter 1). With prokaryotes, or even with their predecessors,
the hypercyles according to Eigen, self-reproduction appears for the first
time, implying vertical information transfer. In this way the time symmetry of
experience is broken. Experience is no longer symmetrical to the acquisition
of this experience in the present and in the exchange processes with the en-
vironment. The experience from the past may now become equally effective
in the present. Thus, a special kind of time-binding is the correlate of this
symmetry break. However, vertical genetic information transfer is mixed at
this level with direct horizontal transfer. Whereas the time symmetry of
genetic information transfer is broken, the spatial symmetry continues to be
maintained at first. It is broken only by the eukaryotes which, on the basis of
sexuality, develop the systematic inclusion of experience from the past which
has accrued in all branches of an ancestral tree. Information cannot stem from
the total gene pool as it may with the horizontal gene transfer of the bacteria,
but is derived from a specific structure of past experience formation—the
ancestral tree. With this, a two-step spatial symmetry break is completed at
the level of the eukaryotes which has led through the linear principle of more
or less identical generations in mitotic cell division to the principle of the
ancestral tree in sexuality.

i
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It is conspicuous in this development that important inventions of micro-
evolution, such as respiration with the prokaryotes and sexuality with the
eukaryotes, have to be “worked out” in steps. Symmetry breaks may become
modified. Evolutionary mechanisms first put forward a one-sided principle
“for discussion”, which eventually becomes refined and is brought into
contact with other principles. One may express this in such a way that the
completeness of the complementary process principle is not always attained at
the first attempt and has to be put straight by somewhat clumsy dialectics.

The principle of self-reproduction, which is of decisive importance for life,
is not based on matter transfer, but on information transfer. To be precise, it is
process programmes which are transferred and which provide guidance for
the formation of structures—not only material structures but also structures of
relations and processes, in other words dynamic space-time structures. This
seems self-evident. But in cosmic evolution it was the direct transfer of matter
which had the effect of a certain space- and time-binding in evolution. In parti-
cular, as has been discussed in Chapter 5, the matter of which our planet and
the life forms which have developed on it consist does not stem from the
homogeneous primary matter and also not from the sun. In comparison with
cosmic evolution, life has ensured for its evolution an extraordinary measure
of flexibility. It hands on process programmes which locally may be used in
creative ways in the exchange of an autopoietic structure with its environ-
ment. This openness manifesting in the exchange processes with the environ-
ment is even the prerequisite for replacing matter by information in
phylogeny. If an architect sends the plan of a house to a far-away building
place he must first be sure that the local conditions and the relations to the
near and far environment make it possible, for example to find clay and
produce bricks, to engage skilled masons, to import marble from Italy and to
have sufficient water available for the garden.

In the evolution of this information transfer the task is now obviously to
find the right balance between novelty and confirmation, the complementary
aspects of pragmatic information. With the prokaryotes this balance is still
found in an ad hoc mixing of vertical and horizontal vectors—a truly
anarchistic solution which, in principle, makes every corabination possible.
Only with the eukaryotes did some order enter, first in the form of excessive
emphasis on confirmation and linear self-reproduction by cell division. The
beginnings of epigenetic feedback with the environment and the remainders
of horizontal gene transfer (perhaps only by means of viruses) introduced
probably little novelty. The right balance was found only with sexuality. And
indeed, an extraordinary acceleration of evolution followed and led to an
explosion in the variety of life forms.

Relatively soon after the introduction of sexuality, an intricate web of
ecological processes started with multilevel heterotrophy. This web is basically
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not of a material nature, but also represents energy and information transfer.
There is indeed a material event when a predator eats his prey. But the matter
which is quickly ejected really does not count; what counts is the energy in
the form of food. When insects transfer plant pollen, this process also is
basically not a material one but represents the transfer of genetic information.
The domain of ecological processes—we may also say, of ecological informg-
tion—at first shows a strong horizontal orientation and thus emphasizes
novelty before confirmation. This, too, leads to quickly expanding variety.
With the increasing importance of epigenetic development in multicellular
organisms, however, the horizontal vector combines with a vertical one,
novelty combines with confirmation. Organisms may adapt better to the en-
vironment on the one hand and drive the evolution of that same environment
on the other.

If the microevolution of life starts with an emphasis on confirmation, the
macroevolution starts from the other end, from novelty. From both sides, the
balance increases. The resulting optimization of balanced pragmatic informa-
tion may be called the real triumph of the principle of co-evolution of macro-
and microcosmos in the realm of life.



8. Sociobiology and Ecology:
Organism and Environment

Father: (Life is) a game whose purpose is to discover the
rules, which rules are always changing and always
undiscoverable,

Daughter: But | don't call that a game, Daddy.

Father: Perhaps not. | would call it a game, or at any rate
“play”. But it certainly is not like chess or canasta.
It's more like what kittens and puppies do. Perhaps.
| don't know.

* * *

Daughter: Daddy, why do kittens and puppies play?
Father: | don’'t know—1 don't know.

Gregory Bateson, Metalogue:
About Games and Being Serious

A clarification concerning the terminology

In the middle of the 1960s the notion of ecology entered the consciousness of
a broad public, and a decade later the narrower notion of sociobiology
followed. Both terms were originally conceived in the framework of stationary
steady-state thinking. Both sociobiology and ecology, as they were recently
understood, are dealing primarily with horizontal relations among biological
organisms and groups. Both, however, lead to the principle of co-evolution if
applied in a dynamic context.

The term sociobiology is often used in such a way that it only addresses the
genetic origin of behaviour (Wilson, 1975; Barash, 1977). Such an unrealistic
limitation is not meant in this book. I understand the notion of sociobiology
in such a way that it covers all co-operative material processes among
biological systems of the same kind whether these processes take part between
individual organisms or between groups and systems in which they partici-
pate. The restriction to processes of a material nature is essential; it marks the
boundary between sociobiological and sociocultural processes which will be
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discussed in the following chapter. The much wider notion of ecology, in con-
trast, includes all co-operative processes which take part in a self-organizing
system which in turn is composed of biological self-organizing systems. The
term ‘‘co-operative” is viewed here from the angle of the overall system and
includes competition and predator-prey relationships although it would be
difficult for the affected individuals to recognize the co-operative aspect. Both |
sociobiology and ecology are thus characterized by a minimum of two
semantic levels, the level of the individual organisms on the one hand and the
level of the macrosystem on the other. The number of semantic levels may, of
course, be higher than two if the macrosystem differentiates further.

Sociobiology in a real sense starts with the division of labour among the
participants of an aggregation. In spite of horizontal gene transfer, the world of
bacteria is not yet truly sociobiological. The first approaches to specialization
and division of labour may be found with colonies formed by eukaryotic cells.
But only multicellular organisms are sociobiological to a full extent.

Ecology in a broad sense starts with the relations within the Gaia system of
bio- plus atmosphere which are carried by the prokaryotes. It becomes quickly
more complex with the addition of symbiosis and heterotrophy. In symbiosis,
the advantage of co-operation between two organisms lies in the improved
viability of the emergent total system which represents a higher level. Hetero-
trophy builds upon a first autotrophic level which obtains energy from photo-
synthesis. The herbivores already represent a second level, whereas
carnivores bring a third and possibly further levels into play.

Optimal utilization of energy

Nothing demonstrates the process nature of life more impressively than the
energy cycles in an ecosystem. The primary energy is practically exclusively
derived from solar radiation. It enters as visible light and leaves as long-wave
heat radiation of low photon energy. The boundaries of an ecosystem may be
meaningfully defined in such a way that they enclose all energetic processes
from entry to exit of the photons. On the average, only 1 per cent of the
involved solar energy is transformed by plants in photosynthesis and stored.
The highest efficiency is approximately 3 per cent. The rest is either reflected
back or rejected as heat in the autopoietic exchange processes of the plant with
its environment.

In an ecosystem with several trophic levels (levels of food hierarchy) the
1 per cent of stored solar energy is used by the herbivores to aliment two
different processes. One process serves the build-up and growth of the animal
body, or in other words, the storage of energy, which again is subject to a
relatively low efficiency, again of the order of 1 per cent. Almost all the
energy, however, is used in metabolism, the direct exchange processes in
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autopoiesis. An adult human takes in an average of 2700 calories per day,
which corresponds to 3 kilowatt-hours, but rejects almost all of it in a steady
heat flow to the environment measuring about 100 to 150 watts. Taking the
lower heat production in the infant stage into account, during the first 20
years of human life 15,000 kilowatt-hours of heat have found their way from
the body to the environment and ultimately into cosmic space. But the 70
kilograms of flesh, fat and bones for the benefit of which all this effort has
been undertaken, represent hardly more than 100 kilowatt-hours which may
be available to a predator animal. In the later years of life, the growth of
mammals (in contrast to fishes, for example) stops altogether; all energy is
used up in the autopoietic metabolism.

The hierarchy of trophic levels thus forms a pyramid which from level to
level transfers only about 1 per cent of the energy. One square mile (about
2.5 square kilometres) of grassland feeds a herd of 100 gazelles which, in turn,
feed a single lion. The lion’s share of the originally involved solar energy is
only 1 per cent of 1 per cent, or a hundreth of a per cent. The rest serves the
autopoiesis of the grassland and the gazelles.

Before the invention of agriculture, when man lived as a hunter and food
collector, he needed approximately 10 square kilometres per capita for his own
nourishment. Today’s agriculture has lowered this measure to the order of
1 hectare (one-hundreth of a square kilometre) and is thus a thousand-times
more efficient. In cases of most intensive agriculture only one-third of a
hectare per capita is sufficient. Accordingly, the world population, which had
become stable at about 5 million around 10,000 B.C., grew with the introduc-
tion of agriculture to 100 million by 3000 B.C. and to 500 million by the end
of the eighteenth century. The industrial era with its intensified agriculture
increased this figure by a further order of magnitude. Thus, the earth is
carrying and nourishing today a thousand-fold the human population which
existed before agriculture.

Plants are capable of producing all twenty amino acids which are necessary
for the formation of proteins, heterotrophic animals only about half of them.
The loss of the capability to synthesize all essential intermediary products is
suggested to have resulted from the selective advantage of energy saving
which may be used for other functions of the body. The acquisition of ready-
made products turned out to be cheaper—as it also is in the later industrial era
of evolution. The loss of autonomy, however, tends to create problems which
become bothersome only at much later stages. This is the case with ascorbic
acid (vitamin C). It is assumed that the capability for its synthesis emerged in
amphibians more than 300 million years ago, but that a mutation about 25
million years ago caused animal species to lose an enzyme which is needed as
catalyst in the last step of the transformation chain from glucose into ascorbic
acid (Scrimshaw and Young, 1976). The economized glucose benefits the
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body directly, but humans, primates, guinea pigs, bats and also some species
of birds have become dependent on a diet which contains ready-made vitamin
C. In a tropical environment there is no problem. But with the migration into
moderate climatic zones, and especially with the switch from raw to cooked
food, a situation of chronic deficiency arose which made the body much more
illness-prone (Pauling, 1977).

Ecosystems may be stratified in more than three trophic levels when longer
food chains develop. This is the case in the oceans where the average length of
the food chain is 3.5 to 4, not counting the plankton which utilizes primary
solar energy. Fish at the end of the food chain, such as tuna, thus utilize less
than a millionth, or even a thousandth of a millionth, of the original solar
energy. It is significant, however, that terrestrial ecosystems rarely transcend
four trophic levels—plants, herbivores, primary and secondary carnivores—
with multiple overlaps such as by omnivores.

Only a part of the energy stored in organisms, however, finds its way to
higher trophic levels. In forests, those richly structured ecosystems, only about
one-tenth of the primary production reaches the herbivores. Ninety per cent
is utilized directly by the ‘“‘decayers”, i.e. bacteria and fungi,.and is broken
down into the original chemical elements in order to serve new energy
cycles. In one square metre of fertile earth, there is approximately 1 kilogram
of soil bacteria in which we may recognize the contemporary version of the
earliest life on earth, the prokaryotes. They also become active at several
points in the energy cycle at which problems arise for various reasons. Plants,
for example, need nitrogen for the synthesis of proteins, but cannot use the
gaseous form of nitrogen which is so abundant in the air. They require
nitrogen in bound form, such as nitrates and nitrites in the soil. Leguminous
plants, however, which include pulses, clover, alfalfa and lupines, make use of -
symbiosis with soil bacteria owning the necessary genes to build nitrogen-
fixating enzymes. These genes commence action only when the plants have
fulfilled their side of the symbiotic pact, namely, to ensure an oxygen-free en-
vironment in their roots. The way in which the leguminous plants fulfil this
obligation anticipates a development which is only to again play a role with
vertebrates. They produce haemoglobin, the basis for blood and an effective
means for the binding of oxygen. A major task of blood is oxygen transport.

The largest part of carbon which plants use for their energy storage is
bound in the form of cellulose. Only a few types of bacteria are capable of
producing the enzymes which are needed to break down cellulose. Humans
have such bacteria at the rear end of the digestive tract where they are of little
use. Cattle, sheep, goats and deer, however, have large colonies of these
bacteria at the beginning of their digestive tract and keep them busy with the
transformation of cellulose to proteins and nucleic acids.

The relationships described here are of a symbiotic nature. Symbiosis may
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be understood as the intensification of environmental relations by process
links between two or more organisms. As with the differentiation into several
trophic levels, here also the result is a multilevel semantics. The individual
organisms do not lose their identity and yet the symbiotic relationship estab-
lishes an autopoietic unit of higher order. The most frequent and successful
example for symbiosis are the lichens which are the most widespread form of
life. Lichens are nothing but symbiotically linked single-cell algae and fungi
which, under favourable conditions, would also be capable of existing on their
own. Whereas the alga takes care of the energy supply by means of photo-
synthesis, the fungus contributes water, carbon dioxide and a firm grip. But
perhaps we may recognize here the continuation of an old passion of
unicellular microorganisms, namely the massive transformation of the earth’s
surface in order to make it more viable. Lichens are an important factor in the
transformation of rock into earth, of dead equilibrium structures into a
substrate for life.

Macrodynamics of life

Following the entire biosphere, the highest macrolevel is the level of so-
called biotic or biogeographical provinces, of which appproximately two
hundred have been identified (Dassman, 1976). They are primarily determined
by climatic and geographic factors. An example is the Central European
Forest which stretches from West Germany to the Black Sea and in a small
tongue further to the Urals. Adjacent biogeographical provinces in many cases
share only little of their fauna and flora. I should like to think that they
qualify for a separate level of autopoietic macrostructures. This is also suggested
by the intereaction of human civilizations with such provinces.

Biogeographical provinces are often settled by different civilizations in
succession and transformed in totally different directions. The grassland, for
example, which today gives the American Middle West its character, has
replaced the original forest. The drought in the African Sahel, which already
lasts for several years, has been traced back to changes in traditional
behavioural patterns by the advent of technology. Such biogeographically
interpreted cultural zones are called bioregions. As long as everything goes
well, they may be regarded as evolving structures which are forced into new
dynamic régimes by ethnic fluctuations. Sometimes, however, they are
ruined. This may happen especially when culturally fixated relationships
with the environment are transplanted from one biogeographical province
into another, totally different, one. In this respect, nature and culture still
meet as opponents and one-sided confirmation of culture may turn against
life. Here, too, the aim must be to strike a balance between novelty and
confirmation which furthers the co-evolution of both sides.
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Ecosystems function undoubtedly as autopoietic structures. They clearly
show the three characteristics which already hold for chemical dissipative
structures. There is openness with respect to the energy exchange by means of
solar and heat radiation; autocatalytic steps characterize processes at all levels
of life from intracellular biochemistry to the reproduction of organisms; and
rich differentiation, and thus high non-equilibrium, corresponds to a basic,
trend exhibited by all ecosystems within the limits of the possible. The main-
tenance of non-equilibrium may be observed even with very simple
ecosystems. In plankton ecosystems, for example, structuration into a
honeycomb pattern is the eventual result, with a region of low diversity
surrounded by regions of high diversity (Margalef, 1968). The movements
which lead to this structuration are partly caused by winds and partly by the
activity of the microorganisms themselves. A pattern of hexagonal cells—how
could one not think of the Bénard cells in fluid dynamics which have been
mentioned inChapter 1!

Of special interest are ecosystems whose evolution may be observed within
long periods of time. The biomass, i.e. the mass of all life in the system,
increases, usually also the primary production from direct photosynthesis
(plants) as well. But these two factors do not increase at the same ratio. With
the formation of a complex system of trophic levels the energy derived from
the same primary production may be handed on from level to level, even if
only to a relatively small extent. The total system’s efficiency of energy utili-
zation increases and so does the total energy stored in the system. Diversifica-
tion also increases in typical cases. In African biotopes the biomass of
diversified, free-living hoove animals reaches 15 to 28 tons per square
kilometre, fifteen-fold the biomass of deer in medium Alpine ranges and five-
to ten-fold the biomass attained by African cattle raising. Only European
cattle raising, at 20 to 22 tons per square kilometre, comes close to this natural
efficiency, due to the intense use of industrial fertilizers (Zwahlen, 1978).

Young ecosystems or ecosystems of low ‘‘maturity’’ are characterized by
species which produce a large number of offspring in each generation, of
which, however, only a small part survives and reproduces. In “mature” eco-
systems, in contrast, those species which produce only a small number of
offspring (such as the mammals), dominate but they take good care of these
offspring and ensure their survival to a high degree. Therefore, the selection
pressure acting from the environment is much more effective in immature
systems and accelerates their evolution. In mature systems, the fluctuations
originating in the system itself play an accelerating role in evolution. This
may be interpreted as a continuation of that development toward higher
autonomy which has started with the appearance of death as a correlate to
sexuality. It is interesting that the complexity of the mature system, expressed
by the number of participating species, generally remains the same, even if the
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species themselves come and go due to emigration, extinction and other factors.

In this dynamics the principle which has already been formulated for
chemical dissipative structures may be recognized. At first, high energy
penetration and maximum entropy production act as stabilization criteria
whereas after the establishment of a basic structure there is a gradual shift
toward a criterion of minimum entropy production per unit of mass.

If we consider the ecosystem as a matter system its first concern is with the
present in view of the organization of energy flows, whereas the evolutionary
aspect emerges at a later stage. The more complex the system becomes, the
larger the share of the energy throughflow which, at a given moment, is
stored in the system (Morowitz, 1968). It is the structures which are capable
of influencing their own future with the least energy that have the least
difficulties in evolving.

If, however, we consider the ecosystem as an energy system which manifests
itself in the organization of matter, maximum ‘‘engagement’ in matter (i.e.
energy storage) and maximum process intensity (i.e. entropy production) are
the criteria for optimal stability. This may explain to some extent why the most
differentiated and mature ecosystems occur at high temperatures. According
to the equation for the total energy E = F+ TS (see Chapter 1), the entropy S
is multiplied with the absolute temperature 7, resulting in a higher share of
entropic energy at higher temperatures. The most mature ecosystems occur in
the tropics, namely, coral reefs and tropical rain forests. But there are also parti-
cularly mature ecosystems at low temperatures in the deep sea and in caves.

In a sociogenetic view, finally, the ecosystem appears as an information
system which, through suitable interactions and corresponding behaviour of
the participating organisms, ensures the continuity of the genetic information
potential. Its thrust is expressed by the slogan “the selfish gene” (Dawkins,
1976).

The angle of view from which an ecosystem appears as a matter-organizing
energy system emphasizes the aspect of novelty, the reverse angle of view (an
energy-organizing matter system) emphasizes the aspect of confirmation,
which also dominates the information system. The flora seems to correspond
more clearly to the energy and information system aspect than the fauna.
Plants do not need the same material continuity as animals. Trees hibernate
without leaves and with greatly reduced metabolism. In periods of drought
many plants retreat from the exchange with the environment but maintain
their chances of a quick come-back with changed environmental conditions by
forming extremely resistant information-storage facilities (seeds, pollens,
spores). The information stored in them may be activated after decades.
Deserts start to bloom with the first rain fall and the “golden” (i.e. dry) hills
of California immediately turn green with the first autumn rains.

Animal populations do not follow equally closely the seasonal and other
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environmental oscillations. They have a higher degree of autonomy.
Accordingly, such notions as autonomy, matter-emphasizing system and con-
firmatiori—but also higher vulnerability—would be linked in some way. Life
which has become emancipated from the environment to a higher degree may
gerierally not retreat from the environmental dynamics (with exceptions such
as hibernation and larval stages) but has to continuously accept the challenge
of physical unfolding.

Margalef (1968) has described the evolution of an ecosystem as process of
information accumulation. Information is not only generated by the
differentiation of the participating species and the structuration of their life
processes, but also in the establishment of paths, burrows, signals and other
physical structures which result from multiple confirmation of life processes.
The environmental information gained by the system is subsequently applied
to the acquisition of higher autonomy and thus, paradoxically, to the partial
blocking of further information intake from the environment.

Novelty is continuously transformed into confirmation, as in every life
process. Novelty alway enters with fluctuations which break through.
However, it is decreasingly environmental influences which dominate but the
evolutionary self-organization dynamics of the system itself. We may
recognize again the urge toward higher autonomy which may be interpreted
as an urge toward higher consciousness.

In mature ecosystems the fluctuations arriving from the outside, such as
climatic oscillations, become increasingly damped. Instead of a rhythm
dictated by reactions to environmental events, the endogenous rhythm of the
system unfolds to an increasing extent. A mature ecosystem, even in the
tropics, is not a confused tangle of wild growth, but incorporates a very fine
order. The richly orchestratéd vibrations of this order may be felt strongly and
clearly before the outbreak of a tropical thunderstorm. The “law of the
jungle” is a very high law.

The Canadian ecologist Holling (1976) has vigorously emphasized that
healthy, resilient ecosystems are those which live with high local fluctuations.
This may already be recognized in the complicated, wave-shaped boundaries
of mature ecosystems. In Chapter 4 examples were presented for the ways in
which a management geared to equilibrium may ruin ecosystems.

Nature, however, always has fluctuations in store which may shake up from
the outside even the most autonomous ecosystem. According to recent
concepts, the sun is not nearly a steady-state, but a globally oscillating system
(Eddy, ed., 1978). But these fluctuations do not only affect the earth’s climate
(e.g. through glacial periods). The magnetic field of the earth, too, is subject
to oscillations. This is known because sedimentary rock keeps the magnetiza-
tion impregnated by the magnetic field of the earth at the origin of this rock
(Cox, 1973). Already in 1906 the French physicist Brunhes pointed out that
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certain minerals are reversely polarized. Around 1960 further effects of the
same type were discovered in volcanic rock formations the precise age of
which is known. The world-wide agreement among these data permits us to
conclude with a high degree of certainty that the magnetic field of the earth
has been repeatedly reversed at least over the past 5 million years. The
present polarity has existed only since 690,000 years (Lowrie, 1976). The
reversal of the magnetic North and South poles does not occur in an instant.
The magnetic field becomes weaker over a period of perhaps 5000 years and
rebuilds equally slowly with reversed poles. This, however, implies that the
earth is subjected during this period of a weakened or absent magnetic field to
the hard solar radiation (the ‘“‘solar wind’’ remembered from lunar experi-
ments) and cosmic radiation to a much higher extent. Within each epoch of
polarization there seem to be shorter intervals in which the magnetic fields
becomes reversed. Apparently very small shifts in the outer earth core are
capable of reversing the dynamo properties of the rotating earth.

In evolution, many things must have come into motion with such
fluctuations. A possible correlation between the reversal of the magnetic field
and the extinction of certain species of the ocean fauna has been found. But
extinction is hardly the only effect. Sometimes I cannot help imagining a
powerful Mother Evolutien stirring the soup in the pot of life with no other
purpose in mind than to keep things moving and thereby stimulate
innovation. Novelty may break into life at many macro- and microlevels. On a
grand scale, the galactic shock-wave triggering every 100 million years nearby
supernova explosions (see Chapter 5) is bound to leave its mark on evolution.
Some scientists make it responsible for the sudden extinction of the dinosaurs
64 millions years ago—and thus for a decisive stimulation in the development
of the mammals. ‘

Evolution is certainly not the ‘“‘game with sticky cards” as the British
philosopher Jacob Bronowski (1970) has described it. According to his
scheme, with every shuffling of the cards more of them would stick together
and ultimately all cards would form a solid block. This is pure equilibrium
thinking. If something happens in nature, for example in a mature ecosystem,
there is soon a new dimension of openness or an entirely new level of
evolutionary mechanisms at which true autopoiesis in high non-equilibrium
may become re-established. Perhaps the natural macrofluctuations serve
basically the maintenance of openness. Life as a total phenomenon has never
been seriously threatened by them.

The feedback loop between organism and environment—
epigenetics and macroevolution

With the advent of sexuality, the genetic information transfer is ensured by
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vertical and horizontal vectors. The horizontal genetic vector takes care of
mixing the genes from an entire ancestral tree from the past. Phylogeny,
however, is not only the result of genetic information transfer, but also, and
very importantly, of ecological conditions. Each generation of a phylogeny
becomes involved in horizontal processes which play in the ecosystem. Micro-
evolution in phylogeny and macroevolution in the history of ecosystems angd
the entire biosphere enter in a mutual relationship. In this relationship there
is never full adaptation, never perfect equilibrium. Just as non-equilibrium
forms a prerequisite for the self-organization of dissipative structures, it does so
also for the co-evolution of living systems. The tension which acts between a
multiplicity of phylogenies and the history of the ecosystem becomes, in a
long-range perspective, the creative drive of co-evolution.

The principle which has already been pointed out in the history of the
prokaryotes acts also at other levels. Life itself creates the conditions for its
further evolution. Four hundred and fifty million years ago, plants started to
colonize land and preceded animals by about 50 million years—they had to be
first since only they understand how to harvest solar energy. Today, plants
also act as pioneers in the settling of new land; newly emerging islands, for
example. Sometimes, they even create this new land in an unselfish way. On
the west coast of Florida, for example, huge colonies of red mangroves
growing in shallow water lead to the formation of new islands. Thus, they
generate the conditions of life for several species of pioneer plants including
another type of mangrove. But while the young ecosystem differentiates
quickly, the red mangroves become extinct; they oenly grow in water. A similar
role in other biotopes is played by papyrus plants. Again, the ultimate
principle of evolution does not seem to be adaptation, but transformation and
the creative diversification of evolution. Similar to the death of individuals,
the death of whole species in ecosystems, too, furthers evolution.

In the equilibrium thinking of Darwinism the interaction between macro-
and microworld focuses on the genetic adaptation of microevolution in small
steps to an environment the origin and changes of which remain outside this
consideration. There is no feedback link between organism and environment.
The subject of Darwinian selection is the phenotype (the individual
organism) which, by virtue of its morphology—a spatial structural concept!—
attains advantages in the prolongation of its life and thereby in the production
of a larger number of offspring. Neodarwinism uses the same scheme, applied
to groups. All Darwinism belongs to structure-oriented thinking. Basically, it
considers the stabilization of certain organismic structures by adaptation to a
given environmental structure. A dynamic factor only enters with the
competition for scarce resources.

However, the processes which determine the evolution of a species within
an ecosystem are not only of a genetic nature but also result from the ways in
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which the organism copes with its environment. True, genes determine form
and to some extent also behaviour. But it is far more important which rela-
tionships with the environment have led in phylogeny to the development of
particular physiological and behavioural patterns. It is not successful
adaptation to a given environment which is the foremost formative factor in
life, but the web of ecological processes in an environmental system which
shape physiological and behavioural patterns which subsequently may
become genetically anchored.

Relying on a scheme proposed by the British biologist Conrad Waddington
(1975) we may distinguish at least five subsystems of the biological evolu-
tionary process system. They are sketched in Figure 29. Each subsystem
introduces a new dimensions of basic indeterminacy. But they are all sys-
temically interlinked.
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Fig. 29. The systems of biological evolution which, in their interaction, determine the direction
taken by evolution. After C.H. Waddington (1975), with the addition of the ecosystem and several
feedback loops.

The choice of habitat and thereby of the exploitive system may, of course,
be heavily determined in a genetic way. For functions which are closely linked
with reproduction, ranging from courtship and pairing to birth, many
animals choose not only a particular type of environment, but actually the
same locations. Fish populations stay faithful to their breeding grounds even
under great difficulties and birds have their particular trees for courtship.
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The Monarch butterfly alternates between the same deposits for its eggs in
North and South America, even if usually each generation of caterpillars/
butterflies makes the trip only once, in one or the other direction. How such a
precise geographical memory functions genetically is one of the great
mysteries of nature. But the Monarch, as we have seen in Chapter 4, is a
champion of co-evolution in other respects, too. Another factor in the
determination of the exploitive system, which is obviously genetically in-
fluenced, is the choice of the sexual partner which, with evolution proceeding
to more complex organisms, becomes ever more specific.

The environment which is modified by the organism forms an ecological
niche. This niche, however, undergoes further changes in co-evolution with
other niches in the ecosystem. This mechanism of the ultracycle has already
been mentioned in earlier chapters. Each niche, in turn, exhibits certain
elements to which the organism is not well adapted and which give rise to a
state of tension or ‘“‘stress”. With this stress, certain genetically available
potentials are brought into play which, in turn, may contribute to the modifi-
cation of the niche. The phenotype thus is formed in the living-out of
relationships. This mechanism forms the core of the epigenetic subsystem, as
Waddington has called it. In this subsystem it is determined which part of the
total genetic potential is activated.

It is evident that the choice and the modification of the exploitive system as
well as the processes of the epigenetic system influence natural selection to a
large extent. With the habitat, for example, the natural enemies and their rela-
tive importance vary. It is also of importance whether an animal feeds during
the day or at night, where it sleeps and under which circumstances its off-
spring are born. In the same way, natural selection will be strongly influenced
by the activation of genetic potentials in reaction to stress in the epigenetic
system. Thus, the individual may itself determine within relatively wide
boundaries to which natural selection it subjects itself. It may often be
observed that the principle of natural selection itself is not questioned. In the
animal-rich regions of East Africa, for example, one may often observe herds
of gnus or gazelles grazing in the immediate neighbourhood of groups of
lions. Each evening one of the animals will lose its life—but the life of the
herd continues.

We may recognize here at a higher level of evolution the same principle of
partial self-determination which was already evoked in connection with the
choice of autopoietic structures in the evolution of chemical dissipative
structures. Again, we may speak of the self-finding of optimal stability
although multiple criteria may be in play here. The principle of the co-
evolution of macro- and microworld acts also on this level. As the individual
organism contributes to the shaping of the ecosystem, it determines itself the
type of natural selection which will influence the genes of generations to
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follow. And as the ecosystem provides selection mechanisms which influence
the evolution of its members, it changes itself the structure of the relation-
ships by which it is constituted.

Epigenetics and microevolution

Epigenetic development eventually reflects in genetic changes. Such
changes also affect tested behavioural patterns which, in their genetic fixation,
manifest themselves as instinct. There is no detailed description of these
processes in terms of molecular biology. Certainly, the ‘“wiring” of the
information units arranged in the DNA molecule plays an important role
(Riedl, 1976). Such a wiring-up may, for example, work with the help of
“operons” which block certain parts of the DNA strand by sending out
molecules of specific shape; or, on the other hand, such operons may also
activate information. Such processes have actually been observed in bacteria,
i.e. in prokaryotic cells.

In eukaryotic cells the processes are far more complicated. The chromo-
some field theory by Antonio Lima-de-Faria (1975, 1976) is an interesting
approach to clarifying matters. It emphasizes the co-ordinated and integral
character of the chromosome as a holistic system which organizes itself on the
basis of a mechanism of molecular messages. In other words, an ordering
principle is active at the level of the chromosome which makes self-organiza-
tion possible. This would contradict the conventional view that chromosomes
develop in accordance with random laws and natural selection. Whereas the
prokaryote chromosome has a fixed sequence and a fixed number of operons,
the eukaryote chromosome, according to Lima-de-Faria, is a dynamic self-
organizing system capable of dismantling and rebuilding its operational units
depending on the physiological functions required by its own genes and by
the cell environment. Structure and function are not fixed but evolve jointly.
But the chromosome does not constitute a complete autopoietic system since,
for this dynamics, it requires the metabolic functions of the cell. Self-
organization dynamics is co-ordinated at the level of the cell. With this
approach, it may become possible to elaborate the ‘““behavioural epigenetics”’
with which Gunther Stent (1975) wants to replace the conventional
“behavioural genetics” which, in a strict sense, would only hold for pro-
karyotes.

The chromosome field becomes observable not only in the positioning of
partial developments in the embryo but also in the fusion of plant and human
cells (Dudits ez al.,, 1976) in which a new order spontaneously establishes
itself. Perhaps the chromosome field also cancels out many of those
deleterious mutations which seem to run against evolution. At a molecular
level 99 per cent of all mutations are believed to be deleterious—and yet
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evolution has continued to proceed toward ever higher complexity and new
levels of functioning. If this was exclusively the result of Darwinian selection,
such a correcting factor would have been eliminated from the human world
with its health and nutritional technology and the cumulative evolutionary
consequences would show up eventually in the form of biological decadence.
A new ordering principle at a supramolecular level, however, as is implicit ip
the idea of the chromosome field, would be able to correct errors in the same
way in which the hypercycle of the Eigen type has corrected errors at the
molecular level.

In the 1950s, when molecular biology started with great elan to study
the grammar and syntax of the genetic lanaguage, it neglected semantics, or the
context of meaning in a specific situation. Such a semantic reference is ex-
pressed, for example, in the three-dimensional spatial structure of the protein
molecules built on the basis of genetic information. When a protein molecule
has been built in a one-dimensional way by joining amino acids together in a
specific sequence, it folds into a three-dimensional structure. Only then is it
capable of certain catalytic functions. Gunther Stent (1975) speaks of the
“‘context hierarchy” of genetic information, the first level of which is repre-
sented by the protein-folding process, and the second level by the principles
of chemical catalysis, both of which are not given with the DNA nucleotide
base sequence. There is an implicit semantic content of genetic information.

Conrad Waddington (1975) has graphically described the development of an
embryo from a fertilized egg cell in terms of an ‘“‘epigenetic landscape”, an
image which has stimulated the development of catastrophe theory based on
differential topology. While the embryo crosses the topology of the epigenetic
landscape along the time axis, it activates functional relationships which
describe both the organism and its environment and which become manifest
in chemical and physical processes giving shape to the embryo. Biological
gestalt is not built from the joining of spatial structures, but emerges from the
interaction of processes in a self-organizing space-time structure. The organs
do not develop independently of one another, but shape one another to a
certain extent so that their later integration in the functions of the organism as
a whole poses no problem. The muscle tone partly determines the shape of
the bones with which they are connected. In animal experiments it has been
shown that different body regions have their own epigenetic landscapes. If a
part of the embryo is transplanted into another part, everything becomes
disordered.

However, as Waddington puts it, there is a ‘“‘subtle balance between
flexibility and lack of flexibility”’. Only certain types of cells develop and no
intermediary types. Development is canalized into specific process chains
which Waddington calls chreods. These chreods represent at the level of the
cell the evolutionary paths of autopoietic structures as they already become
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observable in chemical dissipative structures. In biological development,
however, there is not the same measure of indeterminacy since the individual
evolutionary paths are embedded in a system of innumerable chreods and
thus, in a macroscopic perspective, themselves become a more or less
unambiguous chreod. Along such a path (called histogenesis) a cell may
exercise different related functions in the embryo and repeatedly participate
in the formation of tissue of a new kind until the stability which corresponds
to the adult organism has been reached. In this process, a positional field is
always established first, whereupon the cells interpret their integral genetic
material in specific ways according to their position. If the epigenetic process
in unicellular organisms is characterized by the selection of individual genes
and the synthesis of certain chemical substances with their help, interactive
chreods are the subject of selection in multicellular organisms and they
control the growth of whole body systems (such as the digestive or the repro-
ductive system). This means that no single genes are activated or inhibited,
but entire gene groups which belong together in their developmental
functions. It becomes clear now why only eukaryotic cells are capable of
forming tissue and multicellular organisms. With their chromosome field,
they mark the beginning of true epigenetics.

Of particular interest in this connection, of course, is the change from the
caterpillar to a butterfly. In the transition only the brain, the hind guts and
the heart of the larva remain functionally intact. The rest of the body is
broken down into its molecular parts and reused by cells standing by in
baglike annexes called imaginal discs. At an early stage, when the larva
consists only of about 6000 cells, the cells are divided into two development
lines, one for the body of the larva and the other one for the imaginal discs
(Diibendorfer, 1977). The latter come into play only after the metamorphosis.
The caterpillar/butterfly system thus evolves through two entirely different
structures, characterized by two sets of chreods which exist from the
beginning.

A much faster acting process which is physiologically anchored in epi-
genetic development may be found in the central nervous system. The full
number of nerve cells which the organisms will ever possess are apparently
there at birth. However, these nerve cells may form many new filaments
(dendrites) and, through them, become ‘‘wired” in many new ways with
adjacent cells. Brain growth, especially in certain phases of childhood and
adolescence, is not growth in the number of cells, but growth of dendrites of
which each cell may have as many as thousands or tens of thousands.

The same flexibility which is expressed in the frequently mentioned com-
plementarity of structure and function also becomes evident in the develop-
ment of whole organisms. With social insects, such as bees or ants, the further
development of an egg produced by the queen as a “‘central mother” is not
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prejudiced. It depends on the treatment by worker insects (acting as nurses)
whether soldiers or workers or even a new queen will come out of such an egg.
The type of treatment required is regulated in a chemotactic way by an
enzyme diffusing through the colony and inhibiting the formation of a new
queen. When the colony becomes too big in size, this chemotactic control
starts to fail, a new queen is produced and the colony divides.

Manipulation of history in long-range evolutionary strategies

Another principle from the last century besides Darwinism, Ernst
Haeckel’s biogenetic law—‘‘ontogeny recapitulates phylogeny’’—has long
dominated the image formed of biological evolution. This law implies that
evolution acts in an additive way, so that new achievements are added at the
end of a long liner development. Each organism then carries the entire history
of the phylum within itself. This is not altogether wrong, but the law does not
act in a rigid and structurally oriented way, but in the sense of the flexible
modification of a space-time structure.

In the same way as the individual chreods in the development of the
embryo, the “macrochreod” of phylogeny also makes its insistence felt with a
certain stubborness. Mammals and humans, too, in their embryonic phase
first develop those gills which their evolutionary ancestors in the oceans used
for breathing. With the conquest of land the vertebrates developed bone
structures and lung breathing. But those marine mammals which about 60
million years ago returned to the sea, for example whales and dolphins, kept
these features. Whereas fins grew over the bone structures of the hand and the
feet, lung breathing still forces the animals to surface periodically (the
blowing of the whales)—certainly no great adaptation to the wet element. But
the interesting aspect is that in the whale embryo there are gills still which
grow at first and vanish eventually. Ontogeny cannot branch off from this early
phylogenetic advantage. It has to pass through the ‘“land stages” to develop
the later, and somewhat cumbersome, marine features. The flexibility which
facilitated the double change of environment emerges in another way.

The genetically transferred experience and the physiological programmes
connected with it are indeed transferred in phylogeny. Their application in
ontogeny, however, by no means has to be rigid. On the one hand, as has been
discussed, the genetically available, rich information is only partially utilized,
depending on environmental conditions. It is estimated that humans and
higher mammals utilize only between 2 and 50 per cent of their genes, with 15
per cent as a frequently cited average value. The rest is epigenetic reserve. In
the 300 generations of humans which have lived since the Stone Age, the
genetic heritage has been changed only insignificantly. But the environmental
relations which we master have changed tremendously.
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On the other hand, the activation of genes in ontogeny may shift in the time
dimensions (heterochrony). In particular, certain bodily features and puberty
may either become accelerated or delayed. This may happen by a simple shift
in the balance of endocrinal secretions. Heterochrony apparently plays an im-
portant role in the interactions of phylogeny with the evolution of ecosystems,
that is to say, in the co-evolution of macro- and microsystems (Gould, 1977).
Both effects together, selective utilization of genes and heterochrony, form the
most important elements of epigenetic development known today. They are
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