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Reframing Complexity:
Perspectives from the North and South

avana’s Instituto de Filosofia’s First Biennial

International Seminar on the Philosophical,

Epistemological and Methodological Implications of
Complexity Theory, held in January 2002 in Havana, Cuba’s
capital city, was aimed at familiarizing Cuban researchers
and professorsin a more direct way with some of the current
trends — and widespread scope — of the expanding field of
complexity thinking, affording them the possibility of
personal contacts with some of the people engaged in that
effort.

Although the organizers launched the call for papers barely six-
months before the seminar’s opening day, they could not have found
a more encouraging response: the seminar was attended by specialists
from fifteen countries, ranging from Chile to Australia along the West-
Eastaxis, and from Norway to South Africaalong the North-South one.
There were participants from developed and underdeveloped countries.
Of course, Cuban colleagues were amply represented.

Itis also fair to say that in spite of the September 11'"'s terrible trag-
edy, only a few months before the seminar, the presence of the ten US
delegates who did come to Havana, and who made a significant con-
tribution to the success of the seminar, was much appreciated. They
were publicly welcomed and applauded at the seminar’s opening. That
was, in fact, the first of a series of January gatherings, on even years,
that has now issued the call for paper for its fourth edition, each time
counting with an ever increasing number of foreign participants, which
have included relevant personalities in the complexity thinking area as
Fritjof Capra, Isabelle Stengers, Edgar Morin, Gregoire Nicolis and John
Cast, among others.

The first seminar opened with a two-hour Special Lecture on “Com-
plexity and Life” (Chapter 1) by Prof. Fritjof Capra - University of Cali-
fornia at Berkeley — who also presented the seminar with a copy of his
most recent book, The Hidden Connections, closely related to the topic
of his opening lecture. In his lecture Prof. Capra focused convincingly
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on how a complexity approach can help usattain a better understanding
of the unity of the dynamics of non-living and living phenomena. He
also stressed the central role played in living phenomena by epigenetic
nerworks of nonlinear biological interactions — cellular, tissue, organic,
organismic and ecological - thus challenging the ‘genetic determinism’
that is still widespread in many quarters.

The seminar also benefited from special lectures by Prof. Paul Cil-
liers (University of Stellenbosch, South Africa), who discussed issues
relating complexity and post-modernism, and by Prof. William Bechtel
(Washington University, St. Louis), who explored the topics of mecha-
nism, dynamics and cognition. Panels/round tables on ‘Complexity
and Subjectivity’, ‘Complexity and Society’ and 'Complexity, Ecology,
Environment’ were also held, with the participation in all cases of visi-
tors and Cuban specialists.

The ideas expressed at the seminar — and this came as no surprise
—made clear that current developments in complexity stem from cir-
cumstances linked to the profound change thatis taking place in human
practice, both inits material and in itsideal or spiritual dimensions. This
change, and its characterization, are having (and could not avoid having)
asignificant influence on contemporary philosophical thought.

Thus, Havana contributions by Capra (US), Delgado (Cuba), Ula-
nowicz (US), and Rubine (US) among others, focused on the mutual
implications of complexity and life. From an ontological perspective,
complexity thinking gives us a new understanding both of the origin
and of the nature of life itself as an emergent phenomenon with myriad
forms, dynamically constrained but neverthelessunpredictable. Froman
epistemological angle, complexity thinking clearly points to the limits
of our knowledge of the living. These two facts together should help us
become aware of the enormous responsibility we have taken on when
we try to develop such fields as biotechnology and genetic engineering.
They should be put to the service of life and not vice versa.

When we face our inherently limited epistemic possibilities with
regard to the emergence of new forms of the living with unforeseen
and unpredictable characteristics, we would do well to take into con-
sideration what Cilliers stressed: human knowledge, having limits, has
no bovders or frontiers. We should distinguish between the two. Our
world has borders that can be “approached from both sides,” while
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our knowledge of the world has limits which allow only “approaches
from one side.” Where the limits of our knowledge lie, there precisely
begins the domain of ethics. Any careless trespassing of those limits is
epistemically naive and worse, ethically wrong.

As Cilliers also stressed, this topic, concerning the relationship
berween our descriptions of the world and the world itself — the old
philosophical problem of the dialectical correlation between ‘the onto-
logical’ and the ‘epistemological’ - has nothing to do either with an “end
of science” or with the impossibility, or the undesirability, of building
models. Ithas to do only with the undeniable circumstance that we have
to deal with the world in real dime and with finite means.

Delgadeo also talked about limits — in this case about the cultural limits
of Western man and Western civilization. His topic was complexity and
environmental education, and he asked how deeply environmental edu-
cation must question the culrural foundations of Western man’s model
of the relations between himselfand nature. Delgadourped us toseek an
answer to those cultural limits along three directions: epistemological,
socio-political and educational.

Man’s current material damage to the environment is a consequence
of a predatory model of man’s relations to nature that stems from our
spiritual consideration about what that environment is, and what it
means to us, This model was framed by Western culture’s view of na-
ture as a dichotomous domination and opposition between an external
—natural —world and an internal - social - one. From this perspective we
could argue that the “environmental problem” is nota problem of man's
relation to his natural surroundings, but first and foremost a problem
of man’s relation to himself. It is not enough, then, to talk about - and
work on — environmentally ¢lean technologies, or to further enhance
our environmental education efforts, or even to better understand the
dynamics of natural processes from a complexity perspective. Fine ef-
forts as they are, they will fall short if at the same time we do not place
before us as the central problem the cultural limits of that predator-man
provoking the environmental damages.

Sotolongo (Cuba) explored how life is also threatened, not only
through environmental damage, but also through economic exclusion
and cultural impoverishment by the ongoing process of neoliberal
globalization. Not by globalizatien as such, which is irreversible and
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unaveidable, but by its present neo-liberal character, which is not in-
evitable and ought to be reversed towards a more solidarity-minded
type of globalization in which economic exclusion and cultural ho-
mogenization had no place. The complexity approach is instrumental
for understanding both current trends in neo-liberal globalization and
possible wavs of reversing it,

All these facts therefore point to the need to keep in mind:

» the fortuitous character of life;

= thelimits in our knowledge of the living and its forms;

+ the unpredictability of the emergence of new forms of life;

+ the precarious character of life under neo-liberal globalization.

All of which lead to an ethics of life, that is, of a concern for life, a
responsibility for life, and a defense of the sustainability of life. In
Delgado’s words: they lead to a “global bio-ethics”.

Furthermore, the fortuitous character of the origin of life mentioned
above, including our own origin, should not thrust us into despair,
urged Rubino, as he focused on the consolations (and the hopes) of
uncertainty. Although the longing for order, perfection and certainty
has deep roots in Western culture, a longing that goes hand in hand
with Western man’s desire for immortality, the acceptance of our hu-
man condition - of mutability, disorder, and “the end of certainty™ (as
Gould and Prigogine have shown us) - should prompt not despair but
an abiding confidence in the future and our place in it. We stand on the
threshold, as Prigogine says, of “a period of multiple experimentation, of
anincreased awareness of both the incertitude and the great possibilities
implied by our human condition.” We are embedded in nature, not set
apart from it, playing the role of spectators - and this should be a cause
for rejoicing, not of despair, Rubino noted.

Ulanowicz also examined the links between complexity and life.
He argued in favor of a so-called “ecological metaphysics,” that is, a
metaphysical middle ground, as he called it, that treats life’s originasan
ecosystem dynamic. This approach should prove more neutral towards
both the living (the quick) and the non-living (the dead) in terms of
funcrional correlations between dead and live components.
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Ulanowicz argued that if prior to the 17™ century life was seen as
ubiquitous and ascendant and death as exceptional (an ontology “of the
living”'}, and the origin of life was no problem, the origin of life became
aproblem after the Enlightenment. Life itselfbecame irreversible, con-
tingent, asymmetrical and death was now preeminent and inexorable
(the equivalent of an ontology ‘of the dead’). The proposed metaphysical
“middle ground” should restore the lost balance between the living and
the non-living. Instead of earlier metaphors such as those of the “dead
machine”, “stochastic units” or “living organisms,” we should turn to
a “ecosystem” metaphor, the combination of a living community of
organisms interacting with the non-living elements of their environ-
ment as a whole functional unit.

Other contributors to the seminar turned their attention to other
links between complexity and globalizadon, emphasizingits economic
mechanisms and significations (Cole, UK}, its networked character and
its emergent phenomena. Likewise, Falconer (Canada), and Mateos,
Valderas, et al. (Spain) focused on various aspects of a Complexity ap-
proach to management, business and economics, and examined topics
such ascooperating firms, small enterprises, change in organizationsand
the links between chaos and the economy. These efforts to understand
globalization, economics, management and business, as well as those
otherefforts interpreting physical, chemical and biological phenomena
from a complexity perspective - Moreno, et al. (Spain) in this last case
~shed light on the relevance of knowledge about the world that is cur-
rently being articulated around complexity thinking. This approach
moves us away from a focus on isolated objects and linear processes to
a focus on complex networks of distributed non-linearly interacting
COmMpOnents.

Indeed, complexity thinking is inherently linked to our experienc-
ing both what is relevant to the world that surrounds us, and in which
we are immersed, and what is relevant in our interactions in this world
as a very complex web of mutually linked networks of nonlinear, and
distributed, interactions of local and non-hierarchical components out
of which, in a non-predictive fashion, new patterns of complex order
spontaneously emerge,

This appreciation of a web-like world also leads us to acknowledge
the ontological creativity of the entire world —notexclusively of human
beings—asaworld of multiple possible alternatives always dynamically
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creating themselves along with the dynamical constraints that even-
tually favor some and disfavor other possible evolutionary alterna-
tives, This complex understanding of the creative nature of the world
emphasizes the emergent character of phenomena. The world and its
instances are never “ready and finished” and are not “waiting there for
us to explain them.”

The complexity approach, furthermore, legitimizes the ontological
role of instabilities, asymmetries, chance and disordered phenomena.
We learn that these processes show no entological disadvantage vis
a vis stabilities, symmetries, and causal and orderly phenomena. The
latter would not come to be without the former. This assertion, which
mythical and ancient knowledge mastered so longago, but was later lost
along the way, is returning to us again (walking backwards) along with
the complexity approach. At long last we have another chance, hope-
fully not the last one, to allow us to accept the world, the societies we
build and live in, and ourselves as unrepeatable human subjectivities,
as a world of heterogeneities. Let us understand that we should not try
to homogenize itartificially in our ideal of comprehending it.

Complexity thinking thus points to the fact that this creative world
has no privileged ontological level. As scientific data from mega and
ultra-micro dimensions of this world increasingly show, our world
“bites its tail” as a true cosmic Uroborus. In it, we always face - and are
ourselves part of — an ever changing multiplicity of mutually linked
entropic and synergic processes involving flows of mass, energy, infor-
mation and meaning with morphogenetic endogenous capacity.

This becomes a major methodological challenge for complexity stud-
ies: we should take into consideration not only the “focus level” we are
interested in characterizing, but also two other ontological levels’: that
of the interacting dynamical components (the “underlying level’) and
that of the environment (the ‘overlying level’). None of them has any
“ontological preeminence” over the other twos in fact, the focused level’
isalways “nested” or “embedded” between the ‘levels of the components
and the environment’. The emergent pattern of new complex order is
then the result of atleast four ‘inter-level’ interactions: environmental
constraints, compositional constraints, emergent constraints, and com-
ponent-environment affordances.
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Epistemological implications of complexity thinking werealsoamply
presentat the seminar. Thus Najmanovich (Argentina), Cilliers, Strand
(Norway), Mateos, Valderas, et al.,, and Delgado, among others, spoke
atlength about reframing our understanding of the cognitive processes
under the impact of complexity thinking.

Epistemologically, we have departed from the absolute and transcen-
dental subject of cognition so dear to modern philesophy, and have to
deal instead with an involved and specific (historically and socially)
subject of cognition. We must come to grips with a reflexive subjectiv-
ity that must give account of itself, its whereabouts, and its activity in
the cognitive process. After centuries of pretended uncontaminated
objectivism, this brings to the forefront the interpretative, or herme-
neutical, dimension of the cognitive enterprise and the intertwining of
values and knowledge.

Along with other contemporary lines of thought, the complexity ap-
proach allows us to view the characteristic objectivism of modernity as
analleged “non-narradve narrative” (in Derrida’s words), as a discourse
thatdeniesitselfasadiscourse, a speech without a speaker, and without
aspeaking modality. This alleged “pure truth of facts”, as Najmanovich
reminds us, is the “trick” of modernity’s objectivism, the founding
paradox of positivist philosophy and of “simplicity thinking.”

Theimmense success of modernity's philosophy, she stressed, proves
its power, not its truthfulness. Modernity’s emphasis on methodic
thinking served the needs of the time to change the criteria of what had
to be considered relevant and legitimate. In doing so Modernity shaped
the need for new ways of producing, circulating and legitimizing knowl-
edge. That methodological emphasis was the weapon of a new rising
ruling class against the speculative knowledge of traditional religious
authority. Today, several centuries later, that emphasis is an obstacle to
understanding complexity thinking. Complexity thinking involves a
radical transformation of the global system of production, circulation
and validation of knowledge.

The foregoing, however, does not mean the rejection of different
methodologies, procedures or technologies to obtain new knowledge.
It only emphasizes that method is not independent from — nor does it
precede — experience; and also that there are always many alternatives
to explore, think and make sense of in our interactions with others and
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with the world at large. These various possibilities arise from man’s
everyday life practices. As Strand expressed it: “through complexity
thinking we are developing a new understanding of the links between
knowledge and action.” Passion for knowledge cannot be excused nor
accepted if divorced from moral considerations. Modernity’s alleged
axiological neurtrality disguises its true value commitments with an in-
strumental rationality. Whether we like it or not, we cannotand should
not hold an unconditional love-cult and trust in science and in technol -
ogy any longer. We should consider their merits by judging science and
technology’s contributions to a sustainable future for humanity and its
natural environment

Complexity thinking, together with relativity theory and quantum
mechanics, phenomenology and cognitivism, constructivism, dialectics
and hermeneutics, has led us further to recognize the inseparability of
subject and object of cognition. Today we know that we must not only
construct explanations about our objects of cognition; we have also to
be able to comprehend the subject of cognition that explains them and
the conditions and circumstances from which s/he does it.

The importance of complexity thinking for the comprehension of
society and of its individual members was stressed by Juarrero (US) and
by several Cuban speakers (e.g., Sotolongo, Franco}, among others.

Sotolongo focused on how a complexity approach could shed new
light on the old, but nevertheless still unresolved, problem of the cor-
relation between the so-called ‘macro’ social and the so-called ‘micro’
social phenomena, He argued that both of these social dimensions — that
is, objective (‘macro’) social structures and individual ("micro’) social
subjectivities — emerge simultanecusly and in a parallel way from the
concomitant processes of social objectivation and social subjectivation
of various patterns of social collective practical interactions in everyday

life.

Each of these patterns of social interactions is no more — but no less
~ than characteristic regimes of collective practices (family practices,
educational practices, labor, religious, classist, gender, race and /or ethnic
practices, and so forth) that act as true dynamical social attractors for
those inveolved in them, through the tacit and thus prereflexive process
of building up mutual expectations about each other’s social behavior
in everyday life (a sort of proto-normative fiber of every society). The
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“social cement” that glues together these attractor patterns of everyday
life are those mutual tacit social expectations, and its “ingredients” are
our prereflexive “local” practices of power, of desire, of knowledge and
of discourse (“local” in the sense that they take place within the so-
called “situations of social interactions with co-presence” in which we
are constantly involved).

In turn, these local practices of power, desire, knowledge and dis-
course set themselves up against the background of four types of social
affordances, which characterize basic social asymmetries (power in-
ducing and /or power induced; desire inducing and/or desire induced;
knowledge inducing and/or knowledge induced; discourse inducing
and /or discourse induced) in the interactions of social individuals - as
the basic ontological component-level of society — with their specific
social environment. Each one of these basic social asymmetries is capable
of triggering social complexifying processes, and is linked “circularly”
with the others.

Franco (Cuba) stressed the importance for managers of social organi-
zations to cope with the need to provide both what he called a “control
zone” and a “creativity zone” within each organization (linked by what
he called a “filter area™) in order for it to be able not only to implement
forecasts, plans, tasks and objectives, but also to be creative, flexible,
democratic and to adapt to the inevitable presence of non-predictable
variations in the organization’s environment. Mateos, Valderas, et al.
emphasized the importance of organizational learning, creativity and
innovation for strategic management.

We were reminded by Cilliers, Juarrero, Najmanovich, Sotclongo,
and others thathuman subjectivities are neither independent wholes nor
ffee—ﬂoau'ng egos, and thatthey are notreducible to either mere subjec-
tive observations or decisions. On the contrary, subjectivity is a complex
Pl}enumen{m initself, and should be approached asaweb of interactions
mth other subjectivities and with the world at large. It is precisely from
this intersubjective web of interactions that rmeaning emerges asaresult
ofa process of interpretations. In other words, subjectivities are always
cunte_}:tua]jzed, situated and immersed in a process of intersubjective
constitution that extends from birth to death. Asis the rest of the world,
subjectivities are also never “completed” and "ready”.



ban Editarial

SR T

Juarrero focused on the problem of complex dynamics and identity.
As old as philosophy itself and invelving questions relating to the
dialectics of permanence in change, and “sameness” within difference,
this important problem is of concern to complex dynamical thinking.
As something changes, is it the same thing (as before)? — an ontological
question. By what criteria do we tell if itis or isn't? — an epistemological
question. Because complex dynamical systems are “structures of pro-
cess” existing in time, any attempt to formulate criteria for identifying
agiven dynamical system as the same oneasbefore, or as the same type
as another, becomes very difficult. For example, with international
corporations and web-based communities in effect decoupled from any
particular spatial location, what identifies such organizations and asso-
ciations as that corporation or community? The lesson of complexity’s
sensitive dependence on initial conditions is that there exist only par-
tcular, individual - and increasingly individualized - phenomena. But
these are processual individuals, notstatic, thing-like objects. Moreover,
they have the potential to qualitatively evolve, not just develop.

side from the ideas expressed at the seminar, some of which

have been outlined above, a remarkable human phenomenon

emerged in Havana. Very different people indeed, who had
come from near and far — Europeans, Latin-Americans, Asians,
Africans, and North Americans, including US citizens — and who had
never met before, gathered together in Cuba's capital in an amiable,
open and democratic manner, made new friends, and felt at home with
each other. This wonderful and emergent human atmosphere was
also a most remarkable result of the Havana seminar and has further
developed in the subsequent editions of the seminar.

In many ways, the seminar was also a huge success because, in addi-
tion to coming from very different geographical locations, participants
were also from a great number of disciplinesand backgrounds. Asaresult
the talks not only spanned the entire field of complexity studies, they
also carefully considered implications and applications of complexity
theory to fields other than their own.

In the field of organization studies and management res earch, com-
plexity theory has been in vogue for quite a while and many articles
have been dedicated to finding ways of ‘making this complexity thing
work for organizations.’ Atleasttwo interesting things can be said about
the way in which ideas and concepts from the field of complexity are
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brought to the field of organization studies.

One practice worth mentioning is thatstudents of organization who
have imported ideas and findings from complexity scientists have done
sovery selectively. For example, complexity concepts such as self-orga-
nization, edge-of-chaos, and fitness landscapes can already look back on
successful careers in the field of organizations. That is, for one reason
or the other, organization researchers felt that it made sense to intro-
duce these words into their discipline. At the same time, and again for
various reasons, other ideas and concepts from complexity discourse
- like gradients, situatedness, or multiplicity — have received little or no
attention in organization studies. So, students of organization have
not accepted the complexity sciences whole. Instead, some ideas were
embraced and others have largely been ignored.

What is also interesting to mention about the use of complexity
theory in organization studies is that, as is always the case when stu-
dents of organization ‘borrow’ insights from their disciplines, there is
confusion and disagreement as to what exactly complexity concepts
(are supposed to) mean in their new habitat. Pick up any two books on
complexity and organization and you will find two very different views
of what, for instance, "emergence’ means in an organizational setting.
Everything about complexity is open to many interpretations.

According to some authors, both these practices should be regretted.
Theirargumentis that you either accept everything tharthe complexiry
sciences have to say or you simply don’t accept them at all. And when
youdo embrace the complexity sciences, unless you are willing to work
with ‘unfounded’ and ‘faddish’ applications of complexity theory to
the field of organizarions studies, you must accept that the message of
complexity is to be interpreted in only one way.

_ Ourview is rather different. If we believe that complexity is a very
rich source to draw from, imposing strong limits on what the numerous
conceprs of complexity can mean smothers complexity’s great potential.
In the very same way that ‘once awkward-now indispensable’ business
£oncepts such as ‘strategy’, ‘culture’, or ‘mission’ were massaged in
_ﬂm_ier to make them of any use to organizations, complexity discourse
fannot be understood as something that ‘just is”. For concepts such as
: E;H?IEEDEE', ‘attractors’, ‘ﬁtn_ess !and.sca]:fes’ and ‘self-organization’ to
‘e useful to students of otganization, itisimportant that they are never
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quite fixed in their meaning. The notion of *strategy’, for example, re-
mains helpful to those who use it to make sense of organizations because
the question of what ‘strategy’ means is never answered once and for
all. People play with the concept of ‘strategy’, they turn it upside down,
they adjustit, undermine itagain, look atit from anew perspective,and
so on. And that is how ‘strategy’ is kept meaningful. Were the concept
not open to reinterpretation at some point it simply would have stopped
being of use,

The same applies to the concepts of complexity. Already, the mean-
ing of notions such as ‘emergence’, “attractors’, etc. have come to be
taken for granted to some degree. And while there is nothing wrong
with that in itself, it is important to bear in mind that it could very
well be warthwhile to put the many complexity concepts into a new
perspective. One particular way of doing just that — but not the only
one - is by presenting the views of complexity scholars from different
parts of the world, especially from its North and from its South. The
world — and complexity thinking — is not always the same from these
two world regions.

Another way to do it is by going back to what we might consider to
be the roots of complexity research. This has at least two advantages.
First, by going to the basement of the house that is complexity theory-
informed organization studies, we may come across concepts or ideas
that have not been picked up before but which seem worthy of explora-
tion now. The second benefit comes from re-reading the material that
led us to specificunderstandings of the concepts that we already use. By
going beyond the meanings of notions of complexity as they hardened
in organization studies, and by revisiting the ‘basics’ and exploring
some of the general philosophical implications of complexity, students
of organizations allow themselves to open things up, thereby freeing
themselves to look for possible new ways to apply complexity theory
in the field of organization studies.

Havana's complexity seminar allows us to march along both ways.
And thar is what the editors aim to achieve with this book.

The selection of the papers and the way they are structured in this
book reflects that ambition. The editors selected the fourteen submitted
papers they thought would be most appropriate and useful to readers.
The selected papers have been organized in four parts:

.l'-!.;gfinmn'ug Complexity Wi%
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. Sources of Complexity: Science and Information.

iI. Philosophical, Epistemological and Methodological implications.
[II. Organizational Implications.

V. Global and Ethical Implications.

The papers in Part | can be said to approach the phenomenon of
complexity atavery basiclevel. Here the issues being addressed revolve
around the very fundamental question of why the complexity sciences
are so important: What are the most fundamental lessons to be learned
from studying complex systems? Papers included in Part IT engage in
a broader, philosophical investigation of some of the most general on-
tological, epistemologicaland methodological implications of the com-
plexity approach, showing how very old questions are currently being
reformulated and/or reinterpreted in the light of complexity thinking.
Papers that appear in Part I1] address various important issues about
the links berween complexity and social, organizational, business and
management questions. Finally, Papers in Part [V return once again to
more global implications of Complexity thinking, this time dealing with
Ethical and Glabalization issues of contemporary world.

In a time all too often plagued by repeated misunderstandings be-
tween North and South, Complexity 2002 demonstrated how fruitful
and enriching the dialogue between the two hemispheres canbe. Each
of us lives in a complex personal and social world, and if complexity
thinking has anything to offer, it is a more nuanced appreciation of the
divergences and convergences of different perspectives.

 Wetheeditors invite you to participate in this invigorating and excit-
ingintellectual exchange between recognized scholars from the North
and South. Originally published in electronic format the essays herein
Appear now (updated and revised) for the first time in print, thanks to
the auspices of ISCE Publishing.

?ﬂﬂf?pkxiry 2008 willbe held in 15*-18% January, 2008. We heart-
¥ nvite you to join us at this upcoming, fourth Biennial Seminar on
the Philosophical, Epistemological and Methodological Implications of
-0mplexity Theory, in Havana, Cuba, and sponsored by the island’s
V:dCathedran of Complexity Studies, and the Camagiiey Center for

€icine and Complexity. For more information see www.complex-
“fuba.org,
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Intreoduction

y theme here is “Complexity and Life,” and I shall

present my thoughts to you in two parts. In the

first part, [ shall discuss the nature of biological life
and the relevance of complexity theory to understanding
living systems. In the second part, I shall review the recent
achievements, current status, and future promises of
complexity theory.

The Nature of Life

in our understanding of the nature of life (Capra, 2002). Over

the past ten years, molecular biologists have been engaged in
one of the most ambitious projects in modern science - the attempt to
identify and map the complete genetic sequence of the human species,
which contains tens of thousands of genes,

l et me begin by discussing some dramatic recent developments

As you know, the firststage of the Human Genome Project was suc-
cessfully completed about a year ago. The results of this tremendous
achievement, together with the successful mappings of other genomes,
have triggered a conceptual revolution in genetics thatis likely to radi-
cally change our understanding of life (Keller, 2000; Capra, 2002: 142).
To appreciate these changes, let me briefly review the history of the
modern scientific conceprt of life.

In 1944, the Austrian physicist Erwin Schrédinger wrote a short
book titled What is Life?, in which he advanced clear and compelling
hypotheses about the molecular structure of genes. This book stimu-
lated biologists to think about genetics in a novel way and opened a new
frontier of science, molecular biology.

During subsequent decades, this new field generated a series of trium-
phant discoveries, culminating in that of the DNA double helixand the
unraveling of the genetic code. For several decades after these discover-
ies, biologists believed that the “secret of life” lay in the sequences of
genetic elements along the DNA strands. [f we could only identify and
decode those sequences, so the thinking went, we would understand
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the genetic “programs” that determine all biological structures and
processes. This view of life, known as “genetic determinism,” is now

being seriously challenged.

The newly developed sophisticated techniques of DNA sequencing
_and of related genetic research increasingly show that the traditional
concept of a genetic program, and maybe even the concept of the gene
jtself, are in need of radical revision. And so more and more biologists
are looking fora different answer to Schrodinger’s old question, “What

s Life?”

The conceptual revolution that is now taking place in biology is a
profound shift of emphasis from the structure of genetic sequences to
 the organization of metabolic networks. It is a shift from reductionist
to systemic thinking. The issue, simply stated, is this: to understand
the nature of life, it is not enough to understand DNA, proteins, and
the other molecular structures that are the building blocks of living
_organisms, because these structures also exist in dead organisms, e.g.,
inadead piece of wood or bone.

The difference between a living organism and a dead organism lies
in the basic process of life — in what sages and poets throughout the
- ages have called the “breath oflife.” In modern scientific language, this
process of life is called “metabolism.” Itis the ceaseless flow of energy
and matter through a nerwork of chemical reactions, which enables a

 01ganism to continually generate, repair, and perpetuate itself
pra, 2002: 5).

"

Metabolism and the Epigenetic Network

he understanding of metabolism includes two basic aspects.
Oneis the continuous flow of energy and matter. Living svstems

are open systems. They continually take in food and produce
¢ In other words, a living system operates far from equilibrium.

f-;ﬂnt:inua]_l}r flows through it, and yet the system maintains a
Torm.

“S_t_laliZE this non-equilibrium state, think of avortex: awhirlpool
.tulh.fﬂriecxample. Water continually flows through the vortex,
aracteristic shape remains stable. Metaphorically, we can visu-
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alize a living organism as a whirlpool — that is, as a stable structure with
matter and energy continually Aowing through it.

The second aspect of metabolism is the metabolic network — a net-
work of chemical reactions that breaks down the food and uses the
nutrients to grow the organism'’s biological structures. One of the most
important insights of the new understanding of living systems is the
recognition that netwaorks are the basic pattern of life. Ecosystems are
understood in terms of food webs (networks of organisms); organisms
are networks of cells, organs, and organ systems; and cells are networks
of malecules. The network is a pattern that is common to all life. Wher-
ever we see life, we see networks.

The first key characteristic of these living networks is that they create
their own boundary. A cell, for example, is enclosed by the cell mem-
brane which discriminates between the system — the “self” as it were
— and its environment. The membrane is semi-permeable, keeping
certain substances out and letting others in, and in this way it regulates
the cell’s molecular composition and preserves its identity. These semi-
permeable membranes are a universal characteristic of cellular life.

The second key characteristic of living networks is that they are
self-generating. In a cell, all the biological structures — the proteins,
enzymes, the DNA, the cellmembrane, etc.—are continually produced,
repaired, and regenerated by the cellular network. Similarly, at the level
of amulticellular organism, the bodily cells are continually regenerated
and recycled by the organism’s metabolic nerwork.

When we try to describe the metabolic network of a cell in detail, we
see immediately that it is very complex, even for the simplest bacteria.
Most metabolic processes are catalyzed by enzymes and receive energy
through special phosphate molecules known as ATP. The enzymes
alone form an intricate network of catalytic reactions, and the ATP mol-
ecules form a corresponding energy network. Through the messenger
RNA, both of these networks are linked to the genome, which is itself
a complex interconnected web, in which genes directly and indirectly
regulate each other’s activity. In other words, the metabolic network
includes the generic level but extends to levels beyond the genes. Itis
therefore also known as the “epigenetic” network.
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Therecentadvances in genetics have shown that this epigeneticnet-
- work playsacritical role in all biological processes involving genes. The
fidelity of DNA replication, the rate of mutations, the transcription of
coding sequences, the selection of protein functions, and the patterns
of gene expression are all regulated by the epigenetic network in which
the genome is embedded. This network is highly nonlinear, containing
multiple feedback loops, sa that patterns of genetic activity continually
‘change in response to changing circumstances.

Let me now summarize my description of metabolism by identifying
four key characteristics of biological life (Capra, 2002: 13).

‘1. A living system is materially and energetically open — it needs to
- take in food and excrete waste to stay alive;

2. Itoperates far fromequilibrium - there is a continual flow of energy
and matter through the system;

‘3. Itis organizatonally closed — a metabolic network bounded by a
membrane;

4. Irisself-generating - each component helps to transform and replace
‘other components.

Nonlinearity

ese four characteristics all have one thing in common: they

are characteristcs of a system whose dynamics and pattern

- of organization are nonlinear. Non-equilibrium systems are

ear systems; networks are nonlinear patterns of organization.

where complexity theory comes in. It is so important for

erstanding living systems, because it is a nonlinear mathematical
Y. Indeed, its technical name is “nonlinear dynamics.”

ience, until recently, we always avoided the study of nonlinear
stems, because the mathemarical equations describing them are
cult to solve. Whenever nonlinear equations appeared, they
“linearized,” i.e., replaced by linear approximations,
cribing the phenomena in their full complexity, the equa-
classical science deal with small oscillations, shallow waves,

es of temperature, and so on, for which linear equations
Mulated. This became such a habit that most scientists and
me to believe that virtually all natural phenomena could be
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described by linear equations.

The decisive change over the last three decades hasbeen to recognize
the importance of nonlinear phenomena, and to develop mathematical
technigues for solving nonlinear equations. The use of computers has
played a crucial role in this development. With the help of powerful,
high-speed computers, mathematicians are now able to solve complex
equations that had previously been intractable.

In doing so, they have devised a number of techniques, a new kind
of mathematical language that revealed very surprising patterns under-
neath the seemingly chaotic behavior of nonlinear systems, an underly-
ing order beneath the seeming chaos. Indeed, chaos theory, an important
branch of nonlinear dynamics, is really a theory of order, but of a new
kind of order that is revealed by this new mathematics.

Phase Space and Attractors

et me now review some of the main features of nonlinear

dynamics, the theory of complexity (Capra, 1996: 112). When

you solve a nonlinear equation with these new mathematical
techniques, the result is not a formula but a visual shape, a pattern
traced by the computer known as an “artractor.” The mathematics of
complexity is essentially a mathematics of patterns.

To illustrate this, let me show you a typical example, known as the
“chaotic pendulum,” which was studied first by the Japanese mathema-
tician Ueda in the late seventies. Itis a nonlinear electronic circuit with
an external drive, which is relatively simple but produces extraordinarily
complex behavior. Each swing of this chaotic oscillator is unique; the
system never repeats itself. However, in spite of the seemingly erra'::n;
motion, the attractor representing the system’s complex dynamics 15
simple and elegant. It is now known as the Ueda attractor (Figure 1).
As you can see, itgenerates patterns that almost repeat themselves, buE
not quite. This is a typical feature of the so-called “strange attractors
of chaotic systems.

Let’s take a closer look at this attracter. It is a pattern in two dimen-
sions, which are defined by the two variables needed to describe

pendulum — its position (or angle) and its velocity. These two variables.
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Figure 1 The Ueda Attractor

ne a mathematical space called “phase space.” Each point in the
determined by the values of the system’s two variables, which
n completely determine the state of the system.

In other words, each point in phase space represents the system in
ular state, As the pendulum moves, the point representing it
ta trajectory that represents the dynamics of the system. The
tor is the pattern of this trajectory in phase space. By the way, itis
‘attractor,” because it represents the system’s long-term dynam-
‘Anonlinear system will ty pically move differently in thebeginning,
ding on how you start it off, but then will settle down to a char-
long-term behavior, represented by an attractor. Metaphori-
peaking, the trajectory is “attracted” to this pattern whatever its

0

g point may have been.

Ifiﬁilnpnrtant torealize that this trajectory in phase spaceis not
fysical trajectory of the chaotic pendulum. It isavisual representa-
: ﬁ??’?n&ulum’s complex dynamics in an abstract mathematical
In th-ls case, the phase space has two dimensions, because the
determined by only twovariables. Formore complex systems,

S Epace will have more than two dimensions, one for each vari-
 system.
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Fractal Geometry

1en we magnify the picture of the Ueda attractor, we

discover a multi-layered substructure in which the same

patterns are repeated again and again. This property of
similar geometric patterns appearing repeatedly at different scales is
known as “self-similarity” and is the defining characteristic of fractal
geometry, which is another important branch of nonlinear dynamics.

Fracral geomerry was developed originally by Benoit Mandelbrot to
study the geometry of a wide variety of irregular natural phenomena,
and it was only later that its connection with chaos theory was discov-
ered. Since then it has become customary to define strange attractors
as trajectories that exhibit fractal geometry.

Over the past twenty years, scientists and mathematicians explored
a wide variety of complex systems. In case after case they would set
up nonlinear equations, and have computers trace out the solutions as
trajectories in phase space. To their great surprise, these researchers
discovered that there is a very limited number of different attractors.
Their shapes can be classified topologically, and the general dynamic
properties of a system can be deduced from the shape of its attractor.

Simplicity and Complexity

he exploration of nonlinear systems over the past decades has

had a profound impact on scienceasa whole, as it has forced us

to re-evaluate some very basic notions about the relationships
between a mathematical model and the phenomena it describes.
One of those notions concerns our understanding of simplicity and
complexity.

In the world of linear equations we thought we knew that sys-
tems described by simple equations behaved in simple ways, while thosé
described by complicated equations behaved in complicated ways. [nthe
nonlinear world —which includes most of the real world, as we begin to
discover - simple deterministic equations may produce an unsu spected
richness and variety of behavior. One of the most fascinating examples
is the now well-known Mandelbrot set (Figure 2), a fractal structure
that displays a richness defying the human imagination and yet can be
generated with a very simple iterative procedure.

Compiexity and Life
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On the other hand, complex and seemingly chaotic behavior can give
rise to ordered structures, to subtle and beautiful pacterns. Indeed, the
term “chaos” has acquired a new technical meaning. The behavior of
chaotic systems is not merely random, but shows a deeper level of pat-
terned order.

A central feature of nonlinear systems is the frequent occurrence of
self-reinforcing feedback processes. This has several surprising conse-
quences, In linear systems, small changes produce small effects, and
large effects are due either to large changes or to a sum of many small
changes. In nonlinear systems, by contrast, small changes may have
dramatic effects because they may be amplified by repeated feedback.

From Quantity to Quality

ecause of the possibility thar small differences may be amplified

by repeated feedback, nonlinear systems are extremely sensitive

to their initial conditions. Minute changes in the system’s
initial state will lead over time to large-scale consequences. In chaos
theory this is known as the “butterfly effect” because of the half-joking
assertion that a butterfly stirring the air today in Beijing can cause a
storm in New York next month.

The butterfly effect was discovered in the carly sixties by the meteo-
rologist Edward Lorenz, who designed a very simple model of weather
conditions consisting of three coupled nonlinear equations. He found
that the solutions to his equations were extremely sensitive to the initial
conditions. From virtually the same starting point, two trajectories
would develop in completely different ways, making any long-range
prediction impossible.

This discovery sent shock waves through the scientific community,
which was used to relying on deterministic equations for predicting
phenomena such as solar eclipses or the appearance of comets with great
precision over long spans of time. Itseemed inconceivable that strictly
deterministic equations of motion should lead to unpredictable results.
Yet, this was exactly what Lorenz had discovered.

Mathematically, this means that we can never predictat which point
in phase space the trajectory of a chaotic system will be at a certain time,
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aven though the system is governed by deterministic equations. The

intis that, in order to calculate the trajectory’s evolution, we always
need to round off the calculation after a certain number of decimal
places, even with the most powerful computers; and after a sufficient
number of iterations, or feedback loops, even the most minimal round-
offerrors will have added up to enough uncertainty to make predictions

impossible.

The impossibility of predicting at which point in phase space the
trajectory of a chaotic attractor will be at a certain time, does not mean
that chaos theory is not capable of any predictions. We can still make
very accurate predictions, but they concern the qualitative features of
the system’s behavior rather than the precise values of its variables ata

icular time. Nonlinear dynamics thus represents a shift from quan-
tity toquality. Whereas conventional mathematics deals with quantities
and formulas, complexity theory deals with quality and pattern.

_ Indeed, the analysis of nonlinear systems in terms of the topological
features of their attractors is known as “qualitative analysis.” A non-
ii“near system can have several attractors, and they may be of several
different types. All trajectories starting within a certain region of phase
space will lead sooner orlater to the same attractor. Thisregion iscalled
the “basin of attraction” of that attractor. Thus the phase space of a
nonlinear system is partiioned into several basins of attraction, each

embedding its separate attractor.

o The qualitative analysis of a dynamic system consists in identifying
system’s attractors and basins of attraction, and classifying them
i terms of their topological characteristics. The result is a dynarmical
icture of the system, called the “phase portrait.” The mathematical
_ forarllalyz.iug phase portraits are based on the pioneering work
: b}' Henri Poincaré at the beginning of the 20 century, and were
¥ developed and refined by the American topologist Stephen
ale in the early 1960s.

Bifurcations

male also discovered that in many nonlinear systems, small
b thEES C:f certain parameters may produce dramatic changes
i e basic cha.racteristics of the phase portrait. Attractors may
ar, or change into one another, or new attractors may suddenly
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appear. Such systems are said to be structurally unstable, and their
critical points of instability are called “bifurcation points.”

As there are only a small number of different types of artractors, so
too there are only a small number of different ty pes of bifurcation events,
and like the attractors the bifurcations can be classified topologically.
One of the first to do so was the French mathematician René Thom inthe
1970s, who used the term “catastrophes” instead of “bifurcations” and
identified seven elementary catastrophes. Today mathematicians know
about two dozen bifurcation types (such as saddle node, transcritical,
Hopf, and pitchfork bifurcations for example).

Mathematically, bifurcation points mark sudden changes in the
system's phase portrait. Physically, they correspond to points of in-
stability at which the system changes abruptly and new forms of order
suddenly appear. The discovery of thisspontaneous emergence of order
at critical points of instability is one of the mostimportant discoveries
of complexity theory.

Achievements and Status of Complexity
Theory

et me now turn to the achievements and current status of

complexity theory. We need to remember, first of all, that

complexity theory, or nonlinear dynamics, is not a scientific
theory, in the sense of an empirically based analysis of natural or social
phenomena. It is a mathematical theory, i.e., a body of mathematical
concepts and techniques for the description of nonlinear systems.
As we have seen, to describe nonlinear systems mathematically, and
to solve the corresponding equations, is radically different from the
conventional linear descriptions. The most important achievement of
nonlinear dynamics, in my view, is to provide the appropriate language
for dealing with nonlinear systems.

T have discussed some of the key concepts of thislanguage - chaos, at=
tractors, fractals, bifurcation diagrams, qualitative analysis, etc. Twenty=
five years ago, these concepts did not exist. Now we know what kinds
of questions to ask when we deal with nonlinear systems.

15
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Having the appropriate mathematical language does not mean that
know how to construct a mathematical model in a particular case.
i’i}'u need to simplify ahighly complex system by choosing a few relevant
yariables, and then you need to setup the proper equations to intercon-
nect these variables; or you can try to build a computer simulation. This
is the interface between science and mathematics.

So, the creation of a new language is the overall achievement of non-
linear dynamics. Then there are partial achievements in various fields,
and among those [ shall concentrate on the life sciences, the understand-

ing of living systems.
Theory of Dissipative Structures

e Russian-born chemist and Nobel Laureate Illya Prigogine
was one of the first to use nonlinear dynamics to explore basic
properties of living systermns. What intrigued Prigogine most

was that living organisms are able to maintain their life processes
under conditions of non-equilibrium. During the 1960s, he became
ﬁﬁ!;inated by systems far from equilibrium and began a detailed
investigation to find out under exactly what condidons non-
equilibrium situations may be stable.

:T_h&mi:ial breakthrough occurred, when herealized that systems far
Tom equilibrium must be described by nonlinear equations. The clear
ognition of thislink between “far from equilibrium” and “nonlinear-
opened an avenue of research for Prigogine that would culminare
ade later in his theory of dissipative structures, formulated in the
age of nonlinear dynamics (Capra, 1996: 172).

NAs I.me_ntiuned before, a living organism is an open system that
tains itself in a state far from equilibrium, and yet is stable: the
overall structure is maintained in spite of an ongoing flow and
ange of components. Prigogine called the open systems described
theory “dissipative structures” to emphasize this close interplay
Nstructure on the one hand and flowand change (or dissipation)
other. The farther a dissipative structure is from equilibrium,
"ateris its complexity and the higher is the degree of nonlinearity
®Mathematical equations describing it.
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The dynamics of these dissipative structures specifically include the
spontaneous emergence of new forms of order. When the flow of energy
increases, the system may encounter a point of instability, or bifurcation
point, at which it can branch off into an entirely new state where new
structures and new forms of order may emerge.

This spontaneous emergence of order at critical points of instability,
often simply referred to as “emergence,” is one of the most important
concepts of the new understanding of life. Emergence is one of the
hallmarks of life. It has been recognized as the dynamic origin of de-
velopment, learning, and evolution. In other words, creativity - the
generation of new forms —is a key property of all living systems. And
since emergence is an integral part of the dynamics of open systems, this
means that open systems develop and evolve. Life constantly reaches
out into novelty.

The theory of dissipative structures explains not only the spontane-
ous emergence of order, butalso helps us to define complexity. Whereas
traditionally the study of complexity has been a study of complex strue-
tures, the focus is now shifting from the structures to the processes of
their emergence. For example, instead of defining the complexity of an
organism in terms of the number of its different cell ty pes, as biologists
often do, we can define it as the number of bifurcations the embryo
goes through in the organism’s development. Accordingly, the Brit-
ish biologist Brian Goodwin speaks of “morphological complexity™
(Goodwin, 1998).

Cell Development

etheoryofemergence, knowntomathematiciansas “bifurcation
theory,” has been studied extensively by mathematicians and
scientists, among them the American biologist Stuart Kauffman.
Kauffman used nonlinear dynamics to construct binary models of
genetic networks and was remarkably successful in predicting some
key features of cell differentiation (Kauffman, 1991: 194).

A binary network, also called “Boolean network,” consists of nodes
capable of two distinct values, conventionally labeled ONand OFF. The
nodes are coupled to one another in such a way that the value of each
node is determined by the prior values of neighboring nodes according

o snme “swirchine rale”
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when Kauffman studied genetic networks, he noticed thateach gene
in thegenome s directly regulated by only a few other genes, and healso
knew that genes are turned on and off in response to specific signals. In
otherwords, genes donotsimply act; they mustbe activated. Molecular
biologists speak of patterns of “gene expression.”

This gave Kauffman the idea of modeling genetic networks and
patterns of gene expression in terms of binary networks with certain
switching rules. The succession of ON-OFF states in these models is
associated with a trajectory in phase space and is classified in terms of
different types of attractors.

Extensive examination of a wide variety of complex binary networks
hasshown thatthey exhibit three broad regimes of behavior: an ordered
,rggune with frozen components (i.e., nodes that remain either ON ar
(OFF), achaoticregime with no frozen components (i.e., nodes swirching
back and forth between ON and OFF), and a boundary region between
order and chaos where frozen components just begin to change.

. Kauffman's central hypothesis is that living systems exist in that
jmrundaxy region near the so-called “edpe of chaos.” He believes that
natural selection may favor and sustain living systems at the edge of
ii_hil';_!:!_s, because these may be best able to coordinate complex and flex-
:1'131& behavior. To test his hypothesis, Kauffman applied his model to
ﬁf'IE_EﬂEﬁE networks in living organisms and was able to derive from it
several surprising and rather accurate predictions.

_ In terms of complexity theory, the development of an organism is
?acl:eriz.ed by a series of bifurcations, each corresponding to a new
ell type. Each cell type corresponds to a different pattern of gene ex-
lon, and hence to a different attractor. Now, the human genome
: between 30,000 and 100,000 genes. In a binary network of
Size, the possibilities of different patterns of gene expression are
enomical. However, Kauffman could show that at the edge of chaos
Dumber of attractors in such a network is approximately equal to

quare root of the number of its elements. Therefore, the human
cel k of genes should express itself in approximately 245 different
“SlLtypes. This number comes remarkably close to the 254 distinct cell
entified in humans'.

'It _has been suggested recently, however, that the square root
ship berween number of cell types and number of elements (i.e..
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Kauffman also tested his attractor model with predictions of the
number of cell types for various other species, and again the agreement
with the actual numbers observed was very good.

Another prediction of Kauffman's attractor model concerns the
stability of cell types. Since the frozen core of the binary network is
identical for all attractors, all cell types in an organism should express
mostly the same set of genes and should differ by the expressions of
only a small percentage of genes. This is indeed the case for all living
organisms.

In view of the fact that these binary models of genetic networks
are quite crude, and that Kauffman’s predictions are derived from the
models’ very general features, the agreement with the observed data
must be seen as a remarkable success of nonlinear dynamics.

The Origin of Biclogical Form

biology is the study of the origin of biological form, known

as morphology. This is a field of study that was very lively in
the 18 century, but then was eclipsed by the mechanistic approach to
biology, until it made a comeback very recently with the emphasis of
nonlinear dynamics on patterns and shapes.

g very rich and promising area for complexity theory in

A key insight of the new understanding of life has been that biologi-
cal forms are not determined by a “genetic blueprint,” butare emergent
properties of the entire epigenetic network of metabolic processes.

Tounderstand the emergence of biological form, we need to under-
stand not only the genetic structures and the cell’s biochemistry, but
also the complex dynamics that unfold when the epigenetic network
encounters the physical and chemical constraints of its environment.
In this encounter, the interactions between the organism’s physical and
chemical variablesare highly complexand can be represented in simphi-
fied models by nonlinear equations. The solutions of these equations.
represented by a limited number of attractors, correspond to the limited
number of possible biological forms.

CocVN) is the result of sampling bias and is not generally the case, Bilke and
Sjunnesson (2002) provide strong evidence that the number of cell types (of
limit cycles) grows linearly with the number of elements (N).
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This technique has been applied to a variety of biological forms,
from branching patterns of plants and the coloring of sea shells to the
nest building of termites. A good example is the work of Brian Good-
win (1994 77) who used nonlinear dynamics to model the stages of
development of asingle-celled Mediterranean alga, called Acetabularia,

which forms beautiful little “parasol” caps (see Figure 3).

Like the cells of plants and animals, the cell of this alga is shaped
_and sustained by its cytoskeleton, a complex and intricate structure of
protein filaments. The cytoskeleton is subject to various mechanical
stresses, and it turns out that a key influence on its mechanical state
—its rigidity or softness — is the calcium concentration in the cell. The
eytoskeleton is anchored to the cell wall, and its behavior under the
-mechanical stresses, therefore, gives rise to the alga’s biological form.

- Since the mechanical properties of the cytoskeleton at the molecu-
lar level are far too complex to be described mathematically, Goodwin
and his colleagues approximated them by a continuous field, known in
hysics as a stress-tensor field. They were then able to set up nonlinear
iluquanons thatinterrelate patterns of calcium concentration in thealga’s
cell fluid with the mechanical properties of the cell walls.

& 3 Computer simulations of algal structures, arising from the
between patterns of calcium concentration and mechanical
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These equations contained numerous parameters, such as the diffu-
sion constant for calcium, the resistance of the cytoskeleton to deforma-
tion, and so on. In nature, these quantities are determined genetically
and change from species to species, so that different species produce
different biological forms.

Goodwin and his colleagues proceeded to try out a variety of pa-
rameters in computer simulations to explore the types of form thata
developing alga could produce. They succeeded in simulating a whole
sequence of structures that appear in the alga’s development of its
characteristic stalk and parasol (see Figure 3). These forms emerged
as successive bifurcations of the artractors representing the interplay
between patterns of calcium and mechanical strain.

The lesson to be learned from these models of plant morphology is
that biological form emerges from the nonlinear dynamics of the organ-
ism’s epigenetic network as it interacts with the physical constraints of
its molecular structures. The genes do not provide a blueprint for bio-
logical forms. They provide the initial conditions that determine which
kind of dynamics - or, mathematically, which kind of attractors - will
appear in a given species. In this way genes stabilize the emergence of
biological form.

Developmental Stability

rom the origin of biological form, let me now move on to the

development ofan embryo (Capra, 2002: 152-153). Complexity

theory may shed new light on an intriguing property of biological
development that was discovered almost 2 hundred years ago by
the German embryologist Hans Driesch. With a series of careful
experiments on seaurchin eggs, Driesch showed that he could destroy
several cells in the very early stages of the embryo, and it would still
erow into a full, mature sea urchin. Similarly, more recent genetic
experiments have shown that “knocking out™ single gencs, even
when they were thought to be essential, had very little effect on the
functioning of the organism.

This very remarkable stability and robustmess of biological develop-
ment means that an embryo may start from different initial stages —for
example, if single genes or entire cells are destroyed accidentally - but
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will nevertheless reach the same mature form thatis characteristic of its
species. The question is, what keeps development on track?

There is an emerging consensus among genetic researchers that this
robustness indicates a redundancy in genetic and metabolic pathways.
It seems that cells maintain multiple pathways for the production of
essential cellular structures and the support of essential metabolic
processes. This redundancy ensures not only the remarkable stability
of biological development, butalso great flexibility and adaptability to
unexpected environmental changes. Genetic and metabolic redundancy
may be seen, perhaps, as the equivalent of biediversity in ecosystems. It
seerns that life has evolved ample diversity and redundancy at all levels
of complexity.

The observation of genetic redundancy is in stark contradiction to
genetic determinism, and in particular to the metaphor of the “selfish
gene” proposed by the British biclogist Richard Dawkins. Accordingto
Dawkins, genes behave as if they were selfish by constantly competing,
via the organisms they produce, to leave more copies of themselves.
From this reductionist perspective, the widespread existence of re-
dundant genes makes no evolutionary sense. From a systemic point of
view, by contrast, we recognize that natural selection operates not on
individual genes, but on the organism’s patterns of self-organization.
In other words, what is selected by nature is not the individual gene but
the endurance of the organism'’s life cycle.

Now, the existence of multiple pathwaysisan essential property of all
networks; it may even be seen as the defining characteristic of a network.
Itis therefore not surprising that complexity theory, which is eminently
suited to the analysis of networks, should contribute important insights
into the nature of developmental stability.

In the language of nonlinear dynamics, the process of biclogical de-
velopment is seen as a continuous unfolding of a nonlinear system as
the embryo forms out of an extended domain of cells. This “cell sheet”
has certain dynamical properties that give rise to a sequence of defor-
mations and foldings as the embryo emerges. The entire process can be
Tepresented mathemarically by a trajectory in phase space movinginside
a basin of attraction toward an attractor that deseribes the functioning
of the organism in its stable adult form.
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A characteristic property of complex nonlinear systems is that they
display a certain “structural stability.” A basin of attraction can be dis-
turbed or deformed without changing the system’sbasic characteristics.
In the case of a developing embryo this means that the initial conditions
of the process can be changed to some extent without seriously dis-
turbing development as a whole. Thus developmental stability, which
seems quite mysterious from the perspective of genetic determinism,
is recognized as 2 consequence of a very basic property of complex
nonlinear systems.

Origin of Life

y last example of applying complexity theory to problems

in biology is not about an actual achievement but about the

potential for a major breakthrough in solving an old scientific
puzzle - the question of the origin of life on Earth (Capra, 2002: 17).

Ever since Darwin, scientists have debated the likelihood of life
emerging from a primordial “chemical soup” that formed 4 billion years
ago when the planet cooled off and the primeval oceans expanded. The
idea that small molecules should assemble spontaneously into struc-
tures of ever-increasing complexity runs counter to all conventional
experience with simple chemical systems. Many scientists have there-
fore argued that the odds of such prebioric evolution are vanishingly
small; or, alternatively, that there must have been an extraordinary
triggering event, such as a seeding of the Earth with macromolecules
by meteorites.

Today, our starting position for resolving this puzele is radically dif-
ferent. Scientists working in this field have come to recognize that the
flaw of the conventional argument lies in the idea rhar life must have
emerged out of achemical soup through progressive increase of molecu-
lar complexity. The new thinking begins from the hypothesis thatvery
early on, before the increase of molecular complexity, certain molecules
assembled into primitive membranes that spontaneously formed closed
huhbles, and that the evolution of molecular complexity took place inside
these bubbles, rather than in a structureless chemical soup.

It turns out that small bubbles, known to chemists as vesicles, form
spontaneously when there is a mixture of oil and water, as we can eas-
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ily observe when we put oil and water together and shake the mixture.
Indeed, the Italian chemist Pier Luigi Luisi and his colleagues at the Swiss
Federal Institute of Technology have repeatedly prepared appropriate
“water-and-soap” environments in which vesicles with primitive mem-
branes, made of fatty substances known as lipids, formed spontanecusly
(Luisi, 1996).

The biologist Harold Morowitz has developed a detailed scenario
for prebiotic evolution along these lines (Morowitz, 1992). He points
out that the formation of membrane-bounded vesicles in the primeval
oceans created two different environments — an outside and an inside
—in which compositional differences could develop. The internal vol-
ume of a vesicle provides a closed micro-environmentin which direcred
chemical reactions can occur, which means that molecules that are nor-
mally rare may be formed in great quantities. These molecules include
in particular the building blocks of the membrane itself, which become
incorporated into the existing membrane, so that the whole membrane
area increases. At some point in this growth process the stabilizing
forces are no longer able to maintain the membrane’s integrity, and the
vesicle breaks up into two or more smaller bubbles.

These processes of growth and replication will occur only if thereisa
flow of energy and martter through the membrane. Morowitz describes
a plausible scenario of how this might have happened. The vesicle
membranes are semi-permeable, and thus various small molecules can
enter the bubbles or be incorporated into the membrane. Among those
will be so-called chromophores, molecules that absorb sunlight. Their
Presence creates electric potentials across the membrane, and thus the
vesicle becomesa device that converts lightenergy into electric potential
energy. Once this system of energy conversion is in place, it becomes

possible fora continuous flow of energy to drive the chemical processes
inside the vesicle.

Atthis point we see that two defining characteristics of cellular life are
manifest in rudimentary form in these primitive membrane-hounded
bubbles. The vesicles are open systems, subject to continual lows of
energy and matter, while their interiors are relatively closed spaces in
Which networks of chemical reactions are likely to develop. We can

Iecognize these two properties as the roots of living networks and their
dissipative structures.
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Now the stage is set for prebiotic evolution. In a large population of
vesicles there will be many differences in their chemical properties and
structural components. If these differences persist when the bubbles
divide, we can speak of “species” of vesicles, and since these species will
compete for energy and various molecules from their environment, a
kind of Darwinian dynamics of competition and natural selection will
take place, in which molecular accidents may be amplified and selected
for their “evolutionary™ advantages.

Thus we see thata variety of purely physical and chemical mecha-
nisms provides the membrane-bounded vesicles with the potential
to “evolve” through natural selection into complex, self-producing
structures without enzymes or genes in these early stages.

A dramatic increase in molecular complexity must have occurred
when catalysts, based on nitrogen, entered the system, because cata-
lysts create complex chemical networks by interlinking different reac-
tions. Once this happens, the entire nonlinear dynamics of nerworks,
including the spontaneous emergence of new forms of order, comes
into play.

The final step in the emergence of life was the evolution of proteins,
nucleic acids, and the genetic code. At present, the derails of this stage
are still quite mysterious. However, we need to remember that the
evolution of catalytic netwarks within the closed spaces of the proto-
cells created a new type of network chemistry that is still very pootly
understood. Thisiswhere complexity theory could lead to decisive new
insights. We can expect that the application of nonlinear dynamics to
these complex chemical networks will shed considerable light on the
last phase of prebiotic evolution.

Indeed, Morowitz points out that the analysis of the chemical path-
ways from small molecules to amino acids reveals an extraordinary
get of correlations that seem to suggest, as he puts it, a “deep network
logic” in the development of the genetic code. The future understand-
ing of this network logic may become ane of the greatest achievements
of complexity theory in biclogy.
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Coneclugion

his brings me to the conclusion of my talk. I have reviewed

some of the most important achievements of complexity theory

in the life sciences. At present, the mathematical language of
nonlinear dynamics is still very new, and many scientists are not
familiar with it. However, this is bound to change as we become more
and more aware of the importance of nonlinear phenomenaatall levels
of life. Whenever scientists engage seriously in modeling nonlinear
systems, especially in biology, complexity theory will be an essential
tool. Indeed, according to the neuroscientistand Nobel Laureate Gerald
Edelman, “The understanding of complexity is the central problem of
biology today” (Edelman, 1998). And the British mathematician lan
Stewart writes:

“I predict — and [ am by no means alone — that one of the most exciting
growth areas of twenty-first-century science will be biomathematics.
The next century will witness an explosion of new mathematical
concepts, of new kinds of mathematics, brought into being by the need to
understand the patterns of the living world” (Stewart, 1998: xii).
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Introduction

t a recent lecture hosted by the American Academy

for the Advancement of Science, John Haught

(2001a) outlined two extremes between which
philosophical opinions on the core issues of life and death
have shifted over the last three centuries. By hisaccount, life
wasregarded prior tothe Seventeenth Century asubiquitous
and ascendant. It was perceived to be everywhere, even
in what now is commonly regarded as purely physical
phenomena. The chief problem for pre-Enlightenment
philosophers, therefore, was to explain the exceptional
nature of death.

With the dawn of the Enlightenment, the pendulum swungradically
in the opposite direction. The preponderance of the universe is now
considered to consist of dead, quiescent matter that moves according
to deterministic and inexorable laws, which by their simple natures ap-
pear to leave no room for the irreversible, asymmetric and contingent
phenomena associated with living systems. Under the Enlightenment
vision, ontological priority is accorded to dead material, resulting in
what Paul Tillich has called “the ontology of death”. Haught (2001b)
adds that such ontology leads ultimately to a “cosmology of despair™.
Under such presuppositions, it should come as no surprise that one of
the most pressing scientific and philosophical questions of our day has
become the emergence of life — how could it possibly have arisen from
amongst such a dead universe?

When this shiftin assumptionsis regarded from a millennial perspec-
tive, the possibility that humanity has been entertaining (in sequence)
two unrealistic extremes cannot easily be dismissed. Might not there
exist an excluded metaphysical middle ground - one that is cen rered
more towards the interface between the quick and the dead? We note,
for example, that over the course of the Twentieth Century physicists
have been backeracking ever so slowly from the overzealous application
of Occam’s Razor that had culminated in the Newtonian metaphysics of
the early Nineteenth Century (Capra, 1975.) Biologists, however, have
been reluctant to follow suit (e.g,, Dennett, 1995.) I wish to suggest that
if we are to search for such a middle ground, there is no more appropri-
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ate concept with which to begin than with that of the ecosystem, which
Tansley (1935) defined as the combination of the living community of
organisms, acting with the non- living [dead] elements of their environ-
ment as a functional unit.

Our choice of ecology as a point of departure towards a revised per-
spective is reinforced, furthermore, by the feeling (widespread among
investigators in many fields) that there is something special about
ecology. Why else would so many diverse researchers wish to cloak
their own endeavors with the mantle of ecology? One encounters, for
example, books on “the ecology of computational systems™ (Huberman,
1988) or entire institutes devoted to the "ecological study of perception
and action” (Gibson, 1979.) I wish to suggest that this predilection on
the part of many to assume the guise of ecology for their work derives
at least in part from recognition that ecology spans the interface be-
rween the quick and the dead. In fact, the sub-discipline of ecosystems
research is often pursued under fundamental assumptions that depart

markedly from those that have channeled our worldview over the past
two centuries.

Before we try to formalize those ecological presuppositions, we first
need to review the basic postulates that guided science during its “clas-
sical” period early in the 19" Century, so that we may establish aset of
references against which to distinguish a new ecological vision.

According to Depew and Weber {1995), science during the 19%
Century was overwhelmingly Newtonian in scope. They identified four
postulates under which Newtonian investigations were pursued:

1. Newtonian systemsare causally closed. Only mechanical or material
causes are legitimate. Newtonian systems are dead.

2, T:IE!Wtonian systems are deterministic. Given precise initial condi-
tions, the furure (and past) states of a system can be specified with
arbitrary precision. Newtonian systems are driven wholly from the
outside. i

3. Newtonian systems are reversible. Laws governing behavior work
the same in both temporal directions.

5 o

?\Iewtunian systems are aternistic, They are strongly decomposable
into stable least units, which can be built up and taken apart again.
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After consulting with these authors, [ have added a fifth article of
faith (Ulanowicz, 1997), namely that:

5. Physical laws are universal. They apply everywhere, atall times and
overall scales.

Aslmentioned above, ecologists are hardly the firstto have distanced
themselves from some of these five postulates. Early in the 15th Cen-
tury, the notion of reversibility had been challenged by Sadi Carnot’s
thermodynamical elaboration of irreversibility and several decades later
by Darwin’s historical narrative. The development of relativity and
quantum theories early in the 20™ Century served to bring into ques-
tion the assumprions of universality and determinism, respectively. As
a result, almost no one today continues to adhere to all five postulates.
Most biologists (and even many ecologists) still cling, however, to the
remains of the Newtonian framework. Fortunately, not all do so.

In his historical analysis of ecosystems theory, Joel Hagan (1992)
identified three distinct metaphors by means of which ecologists haveat-
tempted to make sense of ecological phenomena. The most familiarand
widely-accepted metaphoris that of the ecosystem as a (dead) machine,
or clockwork, which, of course, runs according to the Newtonian sce-
nario. This tradition has been keptalive and well by the likes of George
Clarke (1954), Howard Odum (1960) and Thomas Schoener (1 986).
Interestingly, however, the mechanical metaphor was preceded in the
ecological arena by Frederic Clements’s (1916) suggestion that ecosys-
rems behave like (living) organisms. Clements credited Jan Smuts (1926)
as his inspiration, but ultimately he was following in the traditions of
Leibniz and Aristotle. The organicanalogy was advanced in subsequent
decadesby G. Evelyn Hutchinsonand Eugene Odum. Early on, however,
Henry Gleason (1917), a contemporary of Clements, countered the
latter’s notion of ecosystems as organisms with the idea that ecological

communities arise largely by chance and in the absence of any major

organizational influences. Such stochasticism was in the radition ?f
nominalism and prefigured deconstructivist postmodernism (H aught's
“cosmology of despair”.) It has found voice in contemporary ecology
through the writings of Daniel Simberloff (1980), Kristin Schrader- Fre-
chette (and McCoy, 1993) and Mark Sagoff (1997), all of whom deride
the mechanical and organic metaphors as unwarranted realism.
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Ecosystems and Contingency

ne of the key attributes of living systems is their tendency
to exhibit chance, unpredictable behaviors. It happens that
reconciling chance with deterministic mechanics is no easy
task, and the problem has challenged some of the best minds over the
pasttwo centuries. Because the various attempts at reconciliation were
so limited in scope, biology today remains somewhat “schizophrenic”
in nature, much like the polar attitudes as to whether the universe
is fundamentally living or dead cited above. Narrative is constantly
switching back and forth berween the realms of strict determinism and
- pure stochasticity, as if no middle ground existed. In referring to this
regrettable situation, Karl Popper (1990) remarked that it still remains
;E;r us to achieved a ruly “evolutionary theory of knowledge,” and we
“will not do so until we reconsider our fundamental attitudes toward
the nature of causality. True reconciliation, Popper suggested, can be
 effected only by an intermediate to stochasticity and determinism. He
'I:gmpusad,, therefore, a generalization of the Newtonian conception,
“force”. Forces, he posited, are idealizations that exist as such only in
g:;p&rfect isolation, like the cold, non-living environment of outer space.
I'_if{‘_ll;Eﬂbjective of experimentation is to approximate such isolation from
interfenng factors as best possible. In the real world, however, where
- components are loosely, but definitely coupled, one should speak
Izlft'admt of “propensities”. A propensity is the tendency for a certain
| €Vent to occur in a particular context. It is related to, but not identical
to, conditional probabilities.

L'l_etenninistic systems are characterized by certainty: If A, then B
- ~foexceptions! At the other extreme, stochastic events are completely
Independent of past or surrounding events. With propensities, how-
T, the frequency with which an event might occur can be influenced
| ﬁl‘u:l ‘li}.'b}rantecedent events (history) and contemporary surroundings
Wiciuding other propensities).

- Thm interconnectedness of propensities highlights an unsung as-

PECt of the ?n]e of contingency in systems development — namely, that
g _EE‘HCIE:’: are not always simple in nature. Chance events can pos-
13? distinct characteristics, making them rare, or possibly even
Moccurrence. The conventional wisdom, however, is to consider
“*EEevents asbeing almost point- like in extent and instantaneous in
Hon. In fact, we rarely ever think of chance events as anything but
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simple and generic. Thus, when Prigogine (and Stengers, 1984) writes
about macroscopic order appearing via microscopic fluctuations, it is
implicit that the latter are generic and structure-less. Perturbations,
however, happen to come in an infinite variety of forms, and any given
system may be very vulnerable to some categories of disturbance and
rather immune to others. For example, a given organism could be vul-
nerable to a particular bacterium burimmune to another virus. In short,
contingencies can be complex (Ulanowicz, 2001).

Even if disturbances should come in different flavors, a further im-
plicit assumption is that any individual type of disturbance will always
occur repeatedly. The repetition of phenomena is, afterall, the Baconian
cornerstone of normal science. Once one allows that contingencies may
be complex, however, one must face up to the possibility that some
contingencies might be unigue once and for all time. In fact, itis even
possible that our world might be absolutely rife with one- time events.
Such possibility follows as soon as one ceases to rega rd contingencies
merely as simple point- events, but rather as configurations or constel-
lations of both things and processes.

Because propensities always exist in a context (in accordance with
the ecological vision), and because that context usually is not simple,
it becomes necessary to consider the reality and nature of complex
contingencies, To capture the effects of chance, it won't suffice simply
to modulate the parameters of a mechanical model with generic noise
(cf. Patten, 1999). In a complex world unique events are occurring
continually. Perhaps fortunately, the overwhelming majority of unique
events happen and then pass from the scene withoutleavinga trace. Oc-
casionally, however, a singular contingency can interactwith a durable
system in such a way that the system readjusts inan irreversible way to
the disturbance. The system then carries the memory of that contin-
gency as part of its history. No amount of waiting is likely to resultin
an uncontrived repetition of what has transpired.

The efficacy of Popper’s concept of propensity is that the rubric
applies equally well to law-like behavior, generic chance and unique
contingencies. We note for reference below that the concept of devel-
opment generally involves proceeding from less- constr ained to more
constrained circumstances. We now ask the questions, “What lies
behind the phenomena we call growth and development?” and “How
can one quantifv the effects of this agency?”
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Autocatalysis and Organic Systems

clue to one agency behind growth and development appears as

soon as one considers what happens when propensides actin

close proximity to one another. Any one process will eitherabet
(+), diminish (-) or notaffect (0) another. Similarly, the second process
can have any of the same effects upon the first. Out of the nine possible
combinationsforreciprocalinteraction, itturnsoutthatoneinteraction,
namely mutualism (+,+), has very different properties from all the rest.
Investigators such as Manfred Eigen (197 1), Hermann Haken (1938),
Umberto Maturano (and Varela, 1980), Stuart Kauffman (1995) and
Donald DeAngelis (1986) all have contributed to a prowing consensus
that some form of positive feedback is responsible for mast of the order
we perceive in organic systems. | now wish to focus attention upen
a particular form of positive feedback, autocatalysis. Autocatalysis is
that form of positive feedback wherein the effect of each and every
link in the feedback loop remains positive. In words more germane to
the theme of this essay, one could say that the action of each and every
element in the cycle quickens' the activity of the next member. In the
framework of the Newtonian assumptions (as autocatalysis is usually
viewed in chemistry) such feedback appears merely as a partcular
type of (dead) mechanism. As soon as one admits some form of
indeterminacy, however, several highly non- mechanical attributes
characteristic of living systems suddenly emerge.

To be precise about what form of autocatalysis Tam referring, I direct
t}_le reader’s attention to the three- component interaction depicted in
Figure 1. We assume that the action of process A has a propensity to
augment a second process B. I wish to emphasize the use of the word

Propensity” to mean that the response of B to A is not wholly obliga-
tory. That is, A and B are not tightly and mechanically linked. Rather,
when process A increases in magnitude, most (but not all) of the time,
Balsowill increase. B tends to accelerate C in similar fashion, and Chas

€ same effect upon A. Chance is an important element in this form
of feedbacl.

My f_avorite ecological example of autocatalysis is the community
at builds around the aquatic macrophyte, Utricularia (Ulanowicz,

E?Eﬂ_mmers of the genus Utricularia are carnivorous plants.

! : Q“ffk_fﬂ vi. 1. To make alive: 2. To make more rapid. | Websters New
egiate Dictionary. G.&C. Merriam Co.: Springfield Massachusetts, 1981.1
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- + Figure 3 (a) Original configuration. (b) Competition between component
C B and a new component D, which is either more sensitive to catalysis by
5 A or a better catalyst of C. (¢) Bis replaced by D, and the loop section A-
Figure 1 Schematic of ah yputherfcaf 3-component autocatalytic B-C by that of F-D-E.
Cy{: (-

field Utricularia plants always support a film of algal growth known as
periphyton (Figure 2b). This periphyton in turn serves as food for any
number of species of small zooplankton. The catalytic cycle is completed
when the Utricularia captures and absorbs many of the zooplankton.

Autocatalysis among propensities gives rise to at least eight system
attributes, which, taken as a whole, comprise a distinetly non-mechani-
cal dynamic. We begin by noting that by our definition autocatalysis is
explicitly growth- enhancing, or quickening. Furthermore, autocatalysis
exists as a formal structure of kinetic elements. More interestingly,
however, autocatalysis is capable of exerting selection pressure upon its
ever- changing constituents. To see this, let us suppose that some small
change occurs spontaneously in process B. If that change either makes
B more sensitive to A or a more effective catalyst of C, then the change

‘will receive enhanced stimulus from A. Conversely, if the change in B
either makes it less sensitive to the effects of A or a weaker catalyst of
C, then that change will likely receive diminished support from A, We

{a) ]

ketch of cal ‘leaf” of Utricularia floridana with note that such selection works on the processes or mechanisms as well

Figure 2 (a) Skelch of a typical ieal d : B e ? : ‘

de?:;f of th(rz E]ncerior of a utricle containing a captured invertebrate; (b) 1 I;LE:;::F{; ;?eir‘; s::;l:rne; Sfeanéi:e i;feetff:fn r;_ t::: flzi?:;i t.:»; Eiﬂaetg
] icofth lutic loop in the Utricularia system. Macrophyte holly

Schematic of the autocatalytic loop : b o

provides necessary surface upon which periphyton (stippled Iarea} can
grow. Zooplankton consumes periphyton, and is itself trapped in bladder

' ' Itshould be noted in particular thatany change in Bis likely to involve
and absorbed in turn by the Utricularia.

d change in the amounts of material and energy that flow to sustain B.

Scattered among its feather- like stems and leaves are small bladdewr‘s, :‘;T:Hceaas a ‘;‘:c:mllar}r of selection pr]e;I ssure, we recognize the ter}dencﬁ’
called utricles (Figure 2a). Each utricle hasa few hair- like triggers atits . ﬂ:‘arr and support chapges that bring ever more resources into B.
rerminal end, which, whentouched by a feeding zooplankter, opens l:-hE v S circumstance pertains to all the other members of the feec!back
end of the bladder and the animal is sucked into theutricle by a negative p as well, any autocatalytic cycle becomes the center of a centripetal

osmotic pressure that the plant had maintained inside the bladder. Inthe Vortex, pulling as many of the needed resources as possible into its do-
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enlarged system boundary

original system boundary

Figure 4 Two hierarchical views of an autocatalytic loop. ?'he original
perspective (solid line) includes only part of the Eﬂaﬁ?.‘whxch therefore
appears to_function quite mechanically. A broader vision encompasses
the entire loop, and with it several non-mechanical attributes.

main. Inits centripetality the system is notacting passively atthe behest
ofits environment. It is exhibiting active agency upon those non-living
(and living) surroundings.

It follows that, whenever two or more autocatalytic loops draw
from the same pool of resources, autocatalysis will induce com petition,
In particular, we notice that whenever two loops partlal.ly overlap, the
outcome could be the exclusion of one of the loops. In Figure 3, for ex-
ample, element D is assumed to appear spontaneously in conjunction
with A and C. If D is more sensitive to A and/or a better catalyst of C,
then thereis a likelihood that the ensuing dynamics will so favor D over
B, that B will either fade into the background or disappear altogether.
That s, selection pressure and centripetality can guide the _rep];tcemcnt
of elements. Of course, if B can be replaced by D, there remains no reasoit
why C cannot be replaced by E or A by F, so thatthecycle A, B, C cc‘:ul.d
eve‘ntually transform into F, D, E. One concludes thatthe characteristic
lifetime of the autocatalytic form usually persists beyond those of most
of its constituents.

Autocatalytic selection pressure and the competition it Engend?ﬁ
define a preferred direction for the system — that of evermore effective

Eedigys A Dindugnie Beiween the Chuick and the Dead 37

ﬂ

S e s e

aurocatalysis. In the terminology of physics, autocatalysis is symmetry-
breaking. One should not confuse this rudimentary directionality with
full-blown teleology. It is not necessary, for example, that there exista

-ordained endpoint towards which the system strives. The direction
of the system at any one instant is defined by its state at that time, and
the state changes as the system develops.

Taken together, selection pressure, centripetality and a longer char-
acteristic lifetime all speak to the existence of a degree of autonomy of
the larger structure from its constituents. Again, attempts at reducing
the workings of the system to the properties of its composite elements
will remain futile over the long run. In particular, attempts to reduce
living behaviors wholly to the agencies of non-living components are
likewise inappropriate.

In epistemological terms, the dynamics T have just described can
be considered emergent. In Figure 4, if one should consider only those
elements in the lower right- hand corner (as enclosed by the solid line),
then one can identify an inital cause and a final effect. If, however, one
expands the scope of observation to include a full autecatalytic cycle of
processes (as enclosed by the dotted line), then the system properties
I have just described appear to emerge spontaneously. Furthermore,
should any restructuring of the system follow from the action of aunique
aleatoric event, that new configuration could be said to have emerged
(ontologically) in a wholly natural way.

It is important to note that the selection pressure that arises from
autocatalysis acts from higher scales downwards. Top-down influence
is familiar to ecologists in the context of traphic interactions, but the
Newtonian metaphysic allows only influences originating at lower
realms of time and space to exert their effects at larger and longer scales.
Priorto Newton, however, the prevailing view on natural causalities had
been formulated by Aristotle, who explicitly recognized the existence
of downward causation (Ulanowicz, 2001 )

T_hE Achilles heel of Newtonian-like dynamics is that they can-
not in general accommodate true chance or indeterminacy (whence
the schizophrenia” in contemporary biology.) Should a truly chance

=Vent happen at any level of a strictly mechanical hierarchy, all order at

igher levels would be doomed eventually to unravel. By contrast, an
1stotelian hierarchy of causalities, is far more accommodating (and
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Figure 5 Schematic representation of the major effects that autocatalysis
exerts upon a system. (a) Original systen conflguration with numerous
equiponderant interactions. (b) Same system after autocatalysis has
pruned some interactions, strengthened others, and increased the averall
level of system activily (indicated by the thickening of the arrows.)

Corresponding matrices of tepological connections indicated to the
right.

organic.) Any spentaneous efficient agency atany hierarchical level is
subject to selection pressures from formal autocatalytic configurations
sbove. These configurations in turn experience selection from still larger
constellations, etc. One may conclude, thereby, that the influence of
most irregularities remains circumscribed. Unless the larger structure
is particularly vulnerable to a certain type of perturbation (and this
happens relatively rarely), the effects of most perturbations are quickly
dampened.

The Excluded Organic Middle Ground

apper has suggested that we should no longer be satisfied
with the prevailing image of rigid mechanisms set opposite to
complete disorder, if for no other reason than that the dichotomy
leaves no room in between for the process of life. He, therefore, urges
us to consider a middle ground, wherein propensities interacting
with each other are behind the emergence of non-rigid structures that
nonetheless retain their coherence over time, i.e. he describes a world
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Figure 6 (a) The most equivocal distribution of 96 unilts of transfer among

foursystem components; (b) A more constrained distribution of the same
total flow. (c) The maximally constrained pattern of 96 units of transfer
invelving all four components. )

rife with the potential for life. The major problem with earlier organic
metaphors has been that their proponents, such as Fredric Clements
(1916), cast them in rigid, non-living mechanical terms, We turn
our attention, therefore, to agencies that potentially could give rise to

organic-like, non-rigid structures, and our focus returns onee again to
autocatalysis.

: Dut o_f our considerations on autocatalysis we abstract two major
i::ggsnt;i 1tts actmns::l F:«u tocatalysis serves to in‘crease the activities of all
ik thatliints, ail:lf itprunes tl'{e .netwprk of interactions so that those
L ost e ectu:rely participate in autocatalysis become domi-

- Schematically this transition is depicted in Figure 5. The upper
e erepresentsa hypothetical, inchoate 4-component network before

catalysis has developed, and the lower one, the same system after

du i ; i
u t:}fatal?ms has matured. The magnitudes of the flows are represented
e thicknesses of the arrows.

c':'here is not 5ufﬁlcient space to present in full detail how the two
ts of autocatalysis can be quantified. We have room only to sketch
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out qualitatively the major points. We begin by choosing as the facter
that best gauges the extent of system activity the simple sum of the
magnitudes of all the system processes, or what has been called else-
where the “total system throughput” (Finn, 1976). Growth thereby
becomes an increase in the total system throughput, much as economic
growth is reckoned by any increase in avery similar measure, the Gross
Domestic Product.

Asfor the “pruning”, or the intensive (scale-independent) develop-
ment effecred by autocatalysis, it is the manifestation of progressive
constraints that appear in the system to guide flows along those links that
most effectively contribute to autocatalysis itself. We can never know
all these constraints in complete detail. Such ignorance, however, does
not preclude us from being able to measure their effects. (If this sounds
strange to some readers, they should recall that in thermodynamies one
measures the macroscopic properties of matter in complete abstraction
from the molecular details that bring about those attributes.) The mea-
sure we use to gauge the “pruning” is taken from information theory
and is called the “average mutual information” (Ulanowicz, 1980).

To give the reader an idea of what the average mutual information
(AMI) represents, we consider a quantum of medium leaving a system
compartment. If there are few constraints upon where next that quan-
tum might flow, the contribution to the average constraint will be smnall.
Conversely, if many constraints exist that serve to “channel” or direct
the quantum to only one or a very few other compartments, then the
contribution to the average constraint will be proportionately large. The
average mutual information (or more accurately the average constraint)
will behave as shown by the three hy pothetical configurations in Figure
6. In configuration (a) where medium from any one compartment will
next flow is maximally indeterminate. Constraints are completely miss=
ing, so that theaverage constraint isidentically zero. The po ssibilitiesin
network (b) are somewhat more constrained. Flow exitingany compart=
ment can proceed to only two other compartments, and the AMI1 rises
accordingly, Finally, flow in schema (c) is maximally constrained, and
the AMI assumes its maximal value for a network of dimension 4.

Because autoeatalysis is a unitary process that exhibits both of the
extensive and intensive factors just discussed, we can incorporate these
two factors of growth and development into a single index by multiply-
ing them together to define a measure called the system ascendencl
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(Ulanowicz, 1980). In his seminal paper, “The strategy of ecosystem
development”, Eugene Odum (1969) identified 24 attributes that char-
acterize more mature ecosystems. These can be grouped into categories
labeled species richness, dietary specificity, recyclingand containment.
All other things being equal, a rise in any of these four attributes also
gerves to augment the ascendency. It follows as a phenomenological
p;inciplc that “in the absence of major perturbations, ecasystems have a
propensity to increasein ascendency.” Increasing ascendency isa quan-
titative way of expressing the tendency for those system elements that
are in catalytic communication to reinforce each other to the exclusion
of non- participating members (i.e., quickening).

~ 1should hasten to emphasize in the strongest terms possible that
increasing ascendency is only half the story. Ascendency accounts for
how efficiently and coherently the system constraints serve to process
medium. Again using information theory, one can compute as well an
index called the system overhead that is complementary to the ascen-
dency (Ulanowicz & Norden, 1990). Overhead (called the “conditional
entropy” in information theory) quantifies the degrees of freedom, inef-
ficienciesand incoherencies presentin the system. Although these latter
properties may encumber overall system performance at processing
medium, they become absolutely essential to system survival whenever
:_the system incurs a novel perturbation. Atsuch time, the overhead be-
comes the repertoire from which the system can draw to adapt to the
new circumstances. Without sufficient overhead, a system is unable to
create an effective response to the exigencies of its environment.

~ Itcan be demonstrated analytically that the sum of the ascendency
and the overhead is proportional to the variety of processes extant in
fﬁ_‘l& system. This sum is referred to elsewhere as the system capac-
1ty (Ulanowicz & Norden, 1990). That ascendency and overhead are
E?ﬂ!i‘-‘lementa ry indicates a fundamental tension berween the two at-
ﬁbﬂt&s When environmental conditions are not too rigorous (as one
Might find in a tropical rain forest, for example), then the tendency
“OT dscendency to increase will occur at the expense of overhead. The
ﬁ?nﬁﬂurations we observe in nature, therefore, appear to be the results
Pf_-.twu antagonistic tendencies (ascendency vs. overhead). Whereas
1€ tendency for ascendency to rise describes the process of develop-
t (or quickening), it is constantly being opposed by the opposite
Necessary) tendency (increasing overhead) towards disorder and
herence (death). It is by analogy to this fundamental tension that










































































































































































































































































































































