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Abstract: Biological evolution is a creative development that proceeds
from simple to complex as a result of system formation and biotic
(bipolar, mutual and bi-hierarchical) feedback. Evolution results from:
(1) Bipolar feedback: synergistic processes such as aggregation,
endosymbiosis, pluricellularity, sexuality and sociality, as well as
antagonistic interactions such as predation and competition. Synergistic
mutual selection is as important as competition. (2) Priority of the
simple: simple materials combine to form complex systems (molecules
form biomolecules that form cells) and the production of materials by
simple organisms propels the creation of higher species. (3) Supremacy
of the complex: evolution creates complex processes such as
photosynthesis, sexuality and brain function that redirect natural
selection and evolution itself. The evolutionary changes generated by the
production of oxygen by living organisms are paradigmatic of creative
biotic feedback. Heterotrophy embodies both an antagonistic interaction
more important than competition and the incorporation of simpler
components to generate complex systems.
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Biological evolution is a fact,' but its mechanisms are theory. Natural
selection accounts for many evolutionary processes,” but there are other
processes that contribute to evolution.” Here I advance the hypothesis
that biological creation results from biotic processes and the
synthesis of systems from preformed materials. As a biotic process,
evolution involves causal action (not random change), bipolar and
mutual feedback (synergy and antagonism) that generates bifurcation
cascades, and the conservation of matter (genes). Preformed materials
combine to form complex systems. Synergy and antagonism, bifurcation
and synthesis, the priority of simpler processes and systems and the
supremacy of complex ones, are three sets of complementary opposites
that co-create evolution.

Standard evolutionary theory postulates that biological variation
results from accidental events (such as random mutations and giant
meteorite crashes), and that evolution results from selection of these
variations by competition for survival. In contrast, creation theory
regards most variations as causal and self-generated, highlights the equal
importance of synergistic and antagonistic feedback, and points to the
role of complex processes for selection beyond survival. Bipolar and
mutual feedback generate greater than random novelty, diversity,
complexity, and extreme sensitivity to external inputs and past events.
Simple and complex processes are also connected in feedback processes:
The physical and chemical processes and products of abiotic evolution
initiate and modulate biological evolution (priority of the simple). The
complex processes generated by evolution, such as photosynthesis,
sexuality and behavior, feedback upon evolution itself (supremacy of the

' All over the world, evolution is recognized by the educated regardless of their religious beliefs.
Pope John Paul II recognized evolution as a fact in 1996. Yet, it is questioned by a large number of
educated Americans who misinterpret the term “theory” to mean mere speculation and regard
religious metaphors as fact. “Science teaching worldwide treats evolution as routine. The United
States is the exception. This controversy is not really about science but about religion and politics,”
states a recent report (Lerner, L. L. Good and bad science in US schools. Nature 407: 287 — 290,
2000).

2 Smith, M. I., and Szathmary, E. The Major Transitions in Evolution. Oxford: Freeman Press, 1995.
Gould, S. The Structure of Evolutionary Theory. Cambridge, MA: The Belknap Press of Harvard
University Press, 2003.

* Crutchfield, J. P. and Schuster, P. (2003). Evolutionary Dynamics. Oxford University Press.
Margulis, L. and Sagan, D. (2002). Acquiring Genomes. A Theory of the Origins of Species. Basic
Books.
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complex). The generation of materials such as oxygen and carbohydrates
by simpler organisms provides necessary components to propel the
creation of higher species. This is the material hypothesis of evolution
that I proposed in Union of Opposites.

13.1 Biotic Patterns in Evolutionary Processes

Evolutionary trajectories are consistent with biotic patterns generated by
bipolar feedback, showing five major characteristics: (1) long periods of
gradual change; (2) the coexistence of progressive and involutional
processes; (3) novelty, diversification and complexification; (4) repeated
cases of functional or material convergence; (5) irreversibility.
Evolutionary dynamic models such as those of Bergman and
Feldman®, Crutchfield,’ and Schuster’ display patterns that strongly
resemble bios: periods of noise-like rough aperiodic variation with
significant leaps. Biotic feedback represents a specific formulation of the
kind of “stochastic determinism” that these researchers have considered
in their models. In mathematical recursions, biotic feedback generates
fractal trajectories interspersed with leaps, consistent with the pattern of
punctuated equilibria described by Eldredge and Gould in which
speciation events are separated by long periods of relative equilibrium.’

13.2 Biotic Feedback as a Cyclic Engine of Evolution

In standard accounts of evolution, the planet changes and organisms
adapt. Actually, organisms are active participants generating change.
Animals choose where they live, how they construct their nest, and what
they feed on. Through their behavior, organisms select the forces that

* Bergman, A. and Feldman, M. W. (2003). On the Population Genetics of Punctuation. In
Crutchfield, J.P. and Schuster, P. Evolutionary Dynamics. Oxford University Press.

* Crutchfield, J. P. (2003). When Evolution is Revolution- Origins of Innovation. In Crutchfield, J.P.
and Schuster, P. Evolutionary Dynamics. Oxford University Press.

¢ Schuster, P. (2003). Molecular Insights into Evolution of Phenotypes. In Crutchfield, J.P. and
Schuster, P. Evolutionary Dynamics. Oxford University Press.

7 Eldredge, N. The Sloshing Bucket: How the Physical Realm Controls Evolution. In Crutchfield, J.
P. and Schuster, P. (2003). Evolutionary Dynamics. Oxford University Press. Gould, S. (2003). The
Structure of Evolutionary Theory. Cambridge, MA: The Belknap Press of Harvard University Press.
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select them. Organisms actively change their immediate environment or
niche. Climate and living organisms co-evolve.® Climate changes
organisms and organisms change climate. “Natural selection” is a bi-
directional, mutual feedback. Interactions are both synergistic and
antagonistic. This bipolar feedback process serves as a cyclic engine of
evolution. Feedback also carries across generations, as each new
organism lives in an environment generated by its ancestors and enacts
behavior gained from them. A noteworthy example is how lactose
tolerance increased in human populations that domesticated cattle.’

The production of physical materials is an important component of
this creative feedback. Living organisms modify themselves through the
alteration of the composition of the environment. The early atmosphere
was primarily composed of nitrogen and contained methane and
ammonia. These compounds created a reducing environment that
allowed for the spontaneous evolution of organic molecules (see later).
Oxygen, which is extremely toxic for many organisms, was not present
in the air. This atmosphere was fundamentally changed by biological
photosynthesis.'’ Early Cyanobacteria began breaking down water and
releasing oxygen. As oxygen began to dominate the atmosphere, the
biological population of the planet changed to include respiring
organisms that utilize oxygen and produce carbon dioxide.
Photosynthesis and respiration depend on the products of the other. This
process exemplifies co-creation by the cyclic interaction of opposites.''

Organisms are not passively selected by their environment; instead,
changes in the environment, sometimes produced by the organisms

8 Schneider, S. and Londer, R. (1984). The Coevolution of Climate and Life. San Francisco: Sierra
Club Books.

? Odling-Smee, F. J., Laland, K. N., and Feldman, M. W. (2003). Niche construction: the neglected
process in evolution. Princeton University Press.

1 Photosynthesis is the process that uses sunlight energy to form carbohydrates from atmospheric
CO2, carried out by organisms that contain chlorophyll or related pigments. Electrons for this
reduction reaction ultimately come from water, releasing oxygen. Cyanobacteria and their relatives
are responsible for a major part of photosynthesis in the oceans.

' Alternative conceptualizations include cyclic and dialectic models. The static view of planetary
cycles as homeokinetic processes fails to explain a most fundamental event in evolution, the
“oxygen revolution”. In the Hegelian terminology of dialectics, the production of oxygen by
photosynthetic organisms led to their “negation”, namely respiring organisms. But photosynthetic
organisms have not been replaced by respiring ones. On the contrary, both coexist in new and more
complex systems, and respiration and photosynthesis coexist in every plant.
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inhabiting it, cause changes in their metabolism and behavior.
Photosynthetic organisms created a new cyclic engine for creation. The
generation of new molecules not previously available in the environment
is a component of the creative feedback processes through which living
organisms modify themselves. Bacteria and plants provide animals with
organic compounds, including carbohydrates, vitamins, and other
essential components that higher organisms cannot synthesize. The
creation of new and more complex organisms as a result of the previous
formation of materials by other organisms is the materialist theory of
evolution, meaning, the production of complexity by the assembly of
preexisting materials.'” Pre-formed materials sometimes perform only a
“permissive action”, to borrow an expression used in endocrinology.
That is to say, they passively enable active processes to generate
complex organisms. In other cases, pre-formed materials drive and direct
change, as in genome transfers.

13.3 Co-Creation

Genetic exchange is co-creation. Organisms can supply each other with
genes and even complete genomes.” Bacteria regularly transfer genes to
other bacteria that can use the accessory DNA to perform additional
functions.'* The American biologist Lynn Margulis of the University of
Massachusetts has proposed that all bacteria have access to a single gene
pool, which is to say, transfers are so extensive that the existence of
separate species of bacteria is to be questioned. In higher organisms,
such horizontal transfers are more limited, so species can be
differentiated. Thus, species differentiate from the initial biomass of
gene-transferring bacteria. The collective precedes the individual. This is
in agreement with the creation theory view that individuals differentiate
within pre-existing systems as contrasted to the standard view that
systems form by the aggregation of pre-existing individuals.

2 Sabelli, H. (1989). Union of Opposites.

¥ Syvaken, M. and Kado, C. 1. (2002). Horizontal Gene Transfer. Academic Press.

' Sonea, S. and Mathieu, L. Prokaryotology. Montreal, Canada: Les Presses de 1’Université de
Montreal.
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Margulis proposes that similar transfers of complete genomes may be
responsible for evolutionary processes in higher species. One of the main
conclusions presented by the International Human Genome Sequencing
Consortium is that “hundreds of genes appear to have resulted from
horizontal gene transfer from bacteria at some point in the vertebrate
lineage.”" The horizontal transfer of genes explains the development of
complex functions; single mutations can hardly be expected to have
created a complex organ such as the eye.

Horizontal gene transfer may also explain the development of new
species. Hybridization can produce speciation in yeast.' Up to now, the
formation of new species was thought to be gradual and require isolation.
In Margulis’ view, evolution may be punctuated and driven forward by
bacterial mergers. Genomic sequence analyses have shown that
horizontal gene transfer occurred during the origin of eukaryotes as a
consequence of symbiosis, the bodily association of two organisms.

Endosymbiosis co-creates complex systems. Living organisms
promote their own evolution by assembly. Margulis has advanced the
serial endosymbiotic theory that posits the origin of cellular organelles
by hereditary symbiosis,'” now supported by scientific evidence.

Margulis’ symbiogenesis theory states that species arise from the
merger of independent organisms through symbiosis. Cyanobacteria (or a
closely related prokaryote) entered into symbiotic relationships with
large eukaryotic, non-photosynthetic cells, becoming engulfed inside
them (phagocytosis) and thereby forming an intracellular organelle, the
chloroplast. In this mutually beneficial relationship (endosymbiosis), the
photosynthetic organism shares the carbohydrates it produces with the
host, and the host provides the photosynthetic bacterium with other
compounds as well as protection. The formation of chloroplasts by
endosymbiosis has not been the result of a single “chance” event, but has
apparently occurred multiple times, indicating a necessary process.

'3 International Human Genome Sequencing Consortium. Nature 409: 860-921, 2001.

16 Greig, D., Louis, E. J., Borts, R. H., and Travisano, M. (2002).Hybrid speciation in experimental
populations of yeast. Science 298: 773-774.

'7 Margulis, L. and Sagan, D. (2002). Acquiring Genomes. A Theory of the Origin of Species. New
York: Basic Books.
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Similarly, mitochondria, the intracellular organelles responsible for
respiration, appear to have originated from the phagocytosis of aerobic
bacteria by larger eukaryotic cells. Mitochondria provide oxygen-derived
energy and waste disposal in return for food and shelter.

Endosymbiogenesis, the merging of organisms into new collectives,
is a major source of evolutionary change on Earth. The very origin of
eukaryotes may have been a cellular fusion between bacteria and
archea.'"® Far from leaving microorganisms behind on an evolutionary
ladder, we more complex creatures are both surrounded by them and
composed of them. Growing knowledge of biology alters our view of
evolution as a chronic, bloody competition among individuals and
species. Life did not take over the planet by combat, but by networking.
Life forms multiplied and grew more complex by incorporating others.
Symbiogenesis represents synergy. Such synergy is so vital that
eukaryotes without endosymbionts have become extinct.'’ Further,
endosymbiosis allows pluricellularity. There are no multicellular
organisms composed of prokaryotic cells. Endosymbiosis and
pluricellularity highlight the role of synergy in evolution.

Exosymbiosis co-creates complex systems. The importance of
synergistic processes for life and its evolution is well known although
surprisingly absent from neo-Darwinist discussions. Co-evolution must
necessarily be the rule rather than the exception.

Animals and plants live symbiotically with microorganisms. We are
all inhabited by intestinal flora, harmless microorganisms that are
essential for nutrition.”'

Also, symbiotic microorganisms can make colonization by
pathogenic bacteria more difficult. Destroying these symbiotic organisms
endangers not only the hosts but also other organisms. Some of the
microorganisms that inhabit us die (depriving us of their services) and

'® Gupta, R. S. and Golding, G. B.. The origin of the eukaryotic cell. Trends Biochem. Sci. 21: 166-
171, 1996.

' De Duve, C. (2002). Life Evolving. Oxford University Press.

 One quarter of all documented fungi are lichenized, that is to say, they live photosynthetically with
green algal or cyanobacterial partners. Trees need fungi to develop. Ants have cultivated fungi for
over 50 million years. Beyond symbiotic twosomes, threesomes have evolved several times.

2! The bacteria obtain nutrients from the host and supply nutrients that the host cannot synthesize
itself or obtain from its food. Humans depend on their intestinal flora for essential nutrients.
Ruminants also depend on their intestinal flora for digestion.
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others mutate, developing resistance to antibiotics that they can transmit
to other pathogenic microorganisms. It is for this reason that antibiotics
should not be prescribed unless needed. In a similar manner, antibiotics
in farm animal feed cause changes in the intestinal bacterial flora of
farmers®?, in their neighbors, and in consumers.

Symbiosis shows that synergistic processes are fundamental in
evolution. On the other hand, synergistic relations do not exclude
conflict. Some microorganisms that live harmlessly in most of us can
cause infections in immunodeficient persons. Long-term symbiosis may
be a major engine of evolution (symbiogenesis).*

Sexuality is another process of co-creation. It is often questioned why
biological organisms developed sexuality. A most obvious reason (not
necessarily the only one) is that sexuality produces diversity. Meiosis
and recombination work far faster than mutation to generate variety.
Diversification is adaptative. The offspring of closely related organisms
are often less healthy than the offspring of more distantly related
organisms. Genetic diversity enables a species to overcome
environmental changes by relatively fast adaptive change.**

At all levels of organization, synergistic relations are essential for the
maintenance and evolution of life. Bacteria associate in colonies when
stressed. Eukaryotic cells associate permanently to form pluricellular
organisms; pluricellularity allows for specialization of cells into tissues
and the formation of organs and systems. Animals form societies without
which they cannot exist. Mind develops in the brain of humans and other
higher animals through the interaction of individuals. These examples
illustrate the importance of co-creative processes in evolution.

2 Levy, S.B., FitzGerald, G. B., and Macone, A. B. (1976). Changes in intestinal flora of farm
personnel after introduction of a tetracycline-supplemented feed on a farm. New England J Med.
295:583-8.

2 This concept was developed in the nineteenth century by a number of European biologists,
particularly in Russia, and later championed in America by I. E. Wallin and more recently by
Margulis who generously acknowledges her precursors.

 Supporting the view that sexual reproduction promotes diversity, individuals and populations of
the crustacean Darwinula stevensoni, which has been reproducing asexually for at least 20 million
years, vary very little from one another genetically; the genetic distance between individuals is
approximately one quarter than that of closely related species that reproduce sexually. This
observation contradicts an alternative explanation for the prevalence of sexual reproduction, namely
that shifting DNA would help to get rid of mutations, which are mostly harmful. Most random
mutations may be harmful, but sexual diversification is useful.
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Lynn Margulis Ste};hen Jay Gould

Synergy allows and promotes the differentiation of cells into tissues.
In contrast, cancer cells do not differentiate; they compete with other
cells, killing the organism and thereby themselves.

Two obvious but not trivial facts: There is no life other than as
individual organisms, and individual organisms do not thrive for long
without interacting with others of their species. This indicates that
selection must occur at both the individual and group level. In the name
of parsimony, some ecologists® have argued that group selection should
never be invoked except in cases when individual selection has been
demonstrated to be inadequate. This is clearly ideological. One could
argue instead that individual selection should never be invoked except in
cases when group selection has been shown inadequate. Assumptions
determine conclusions.

13.4 Competition, the “Negative” Component of Bipolar Feedback

In their first report on evolution,® Wallace portrays the struggle for
existence as hard work? while Darwin declares that war governs

» Williams, G. C. (1996). Adaptation and Natural Selection. Princeton: Princeton University Press,
p-159.

% When Darwin received his setting out an outline of the theory of natural selection in June 1858, he
promptly arranged a meeting of the Linnaean Society for July 1, at which two papers by Darwin
were read first and then Wallace's letter. Competition was not only a theory of evolution but a reality
of science.

7 “The life of wild animals is a struggle for existence. The full exertion of all their faculties and all
their energies is required to preserve their own existence and provide for that of their infant
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nature.”® In the Origin, Darwin explained his idea of struggle as a
metaphor, but in the context of the Victorian British Empire, his view of
nature encouraged an ethos of conquest and unbridled competition that
acquired the name of Social Darwinism. In the context of Darwinism,
Tennyson’s metaphor of “nature red in tooth and claw”® became
“science.” “From the point of view of the moralist the animal world is
about on a level of a gladiator’s show. The creatures are fairly well
treated, and set to fight— whereby the strongest, the swiftest, and the
cunningest live to fight another day. The spectator has no need to turn
his thumbs down, as no quarter is given,” wrote T. S. Huxley in The
Struggle for Existence in Human Society.

According to standard evolutionary theory, competition for scarce
resources selects among individuals of the same species as well as
among species. Darwin adopted this focus on scarcity from the
exponential model for population growth developed by Malthus (Chapter
3). Scarcity undoubtedly plays an imperative role under certain
conditions, yet just as important is the ease with which life emerges as
soon as a minimal set of conditions make it possible. Archaeans live in
thermal vents or hypersaline water. Lichens grow in bare rocks. Life
emerges and evolves also because there are natural resources. Abundance
is as significant as scarcity; the feedback is bipolar.

13.5 Predation

The feedback is also bipolar because living organisms are the “natural
resources” that feed others. Death nourishes life. Far from going from
dust to dust, we go from dust to food. Organisms that are unable to
synthesize energy-rich organic compounds through photosynthesis must

offspring.” (A. R. Wallace. Letter to Darwin communicating the theory of evolution by natural
selection, read at the Linnean Society, 1 July 1858).

% “De Candolle, in an eloquent passage, has declared that all nature is at war, one organism with
another, or with external nature. Seeing the contented face of nature, this may at first be well
doubted; but reflection will inevitably prove it to be true. The war, however, is not constant, but
recurrent in a slight degree at short periods, and more severely at occasional more distant periods;
and hence its effects are easily overlooked.” (C. Darwin, Linnean Society July 1, 1858).

» Who trusted God was love indeed / And love Creation's final law —/ Tho’ Nature, red in tooth and
claw /With ravine, shriek'd against his creed — Alfied Tennyson, In Memoriam (1850).
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