
How Complexity Pervades Biology

T he demonstration that seemingly
random interactions among
parts can generate order at the

level of the whole represents a fasci-
nating contribution of complexity
theory to the natural sciences. This
contribution has been particularly rel-
evant in areas where traditional reduc-
tionism has failed. Studying the behav-
ior of individual ants is a frustrating

and fruitless endeavor if one aims to

understand how ant societies function.

Even detailed knowledge of the food

preferences of each individual species

may not be enough to predict under

what set of circumstances a food web

will be stable and maintain itself and

when it will deteriorate. In Signs of Life:

How Complexity Pervades Biology,

Ricard Solé and Brian Goodwin por-

tray how complexity theory can help to

understand these and other complex,

nonlinear systems. Over 300 pages and

10 chapters, Signs of Life presents a

cross section through biology and how

complexity theory can contribute to

answering fundamental questions that

disciplines ranging from neuroscience

to ecology and evolution have been

struggling with for decades.

The first chapter plunges right into
it and introduces the reader to the de-
terministic yet unpredictable nature of
chaos and strange attractors and to the
spontaneous emergence of order in
systems as diverse as Bénard cells and
slime mold life cycles. Chapter 2 then
discusses characteristics of emergent,
ordered systems, their self-similar,
fractal nature, and their strong depen-
dence on initial conditions, as well as
means of, and difficulties associated
with, studying such systems. These
first two chapters serve as an introduc-
tion to general complexity theory, and
the chapters that follow then apply
and extend these concepts and ap-
proaches through all levels of biologi-

cal organization and occasionally even

beyond biology. Given the breath of

topics covered in Chapter 3–10, which

include embryonic development,

physiology, brain dynamics, social in-

sect behavior, ecosystem dynamics,

the origin of life, and macroevolution,

this book seems to have been written

for an audience coming from a wide

range of backgrounds and with inter-

ests in a wide range of topics. For such

an audience, however, the introduc-

tory chapters are challenging to say the

least; for some they may simply be in-

sufficient. So much in complexity

theory tends to be obscured by jargon,

by terminology that is meaningless un-

less defined explicitly (e.g., attractors

and why some are strange) or carries

with it connotations that differ from

the often narrow, technical definition
of the word (e.g., chaos and where and
why it has an edge) that it is crucial to
define terminology clearly and pre-
cisely, especially when one is likely to
deal with an audience of interested
amateurs such as myself. I therefore
found myself longing for either a glos-
sary or set-aside text boxes that would
have shed light on terms and defini-
tions. Because neither was available, I
ended up consulting additional books,
Web sites, and even my own class
notes, which sometimes, but not al-
ways, helped. Although some of their
writing in these early chapters could
have been more transparent, Solé and
Goodwin do an outstanding job right
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from the start in explaining the often
complex mathematics behind the
many models they cover. Starting with
the first chapter, models are presented
in separate text boxes, together with a
verbal and mathematical description,
allowing the reader to follow the main
text as long as he/she wants, and to
return to the mathematical details
once one has room to think about
them.

Once past the introductory chap-
ters, one is in for an interesting and
thought provoking application of com-
plexity theory to life through organis-
mal space and time. Chapter 3 focuses
on enzyme kinetics and embryonic de-
velopment, Chapter 4 discusses com-
plex physiological processes such as
homeostasis, circadian rhythms, and
heart beat regulation, whereas Chapter
5 examines brain dynamics and neural
networks. These chapters cover a wide
range of interesting topics in an engag-
ing manner, and as before mathemati-
cal models receive thorough and
largely transparent treatment in set-
aside text boxes. However, all three
chapters share a similar architecture,
and each one left me a touch disap-
pointed in the end. In each case Solé
and Goodwin provide arguments sug-
gesting that complex systems from en-
zymatic cascades to neural networks
have self-organizing properties stem-
ming from the interactions of their
component parts. They then go ahead
and present models that formally de-
scribe these interactions and show that
the patterns and system-wide behavior
that emerge mirror some aspect of real
organisms. Each chapter then ends
with the promise that complexity
theory may provide promising ap-
proaches to uncover the secrets be-
hind, e.g., how our brains function or

the causes of sudden cardiac arrest. To
me, the connection between what
complexity theory has been able to
contribute so far in these fields, and
what it, according to Solé and Good-
win, has yet to offer, seemed some-
times a bit of a stretch.

Things change, however, in Chapter
6, which explores the role of self-
organization and emergence of order
in social insects, covering such spec-
tacular behaviors as nest building in
termites and wasps, and raids in army
ants. Here the match between patterns
generated through modeling colony
behavior and real life is staggering. But
it does not stop there. For example, by
modifying parameter values such as
the rate at which a trail pheromone de-
cays and is being renewed, different
foraging patterns can be generated
that match differences between forag-
ing patterns of real ant species. In fact,
these differences in parameter values
evolve if virtual, alternative foraging
strategies are allowed to compete with
each other while being exposed to a
certain set of virtual, external condi-
tions, such as the size and distribution
of resources. Here suddenly, complex-
ity theory makes concrete predictions
that a behavioral ecologist can test, in
this case regarding the physiological
mechanisms by which foraging pat-
terns diverge, and the ultimate, eco-
logical causes that may drive such di-
vergences. To me this chapter pro-
vided some of the strongest evidence
that complexity theory can inform and
advance other branches of science,
with mutual benefit.

The following three chapters then
explore ecological dynamics, the ori-
gins of life, and macroevolution. Of
those I found the chapters on ecologi-
cal dynamics and macroevolution the

most engaging and thought provoking.
In particular, the discussion of what it
takes to maintain a certain level of di-
versity of interacting species in a given
ecosystem, what to expect when spe-
cies start to drop out of the food web,
and the often counterintuitive roles of
weak and strong interactions within
ecosystems all have important impli-
cations for predicting, and possibly
guiding, the continuation of life on this
planet. Signs of Life’s last chapter looks
beyond the biological frame of refer-
ence and explores of the roles of chaos,
emergence, and initial conditions in
the rise and fall of human societies,
market dynamics, urbanization, and
traffic on paved and virtual highways.

Overall this is an engaging and in-
teresting book. Complete newcomers
to the field will be challenged and will
most likely have to consult additional
resources, such as the many references
in the appendix, to work their way
through the entire piece. In return,
however, one can be a witness to order
and structure emerging in space and
time, from developing embryos to ma-
turing ecosystems, and to how com-
plexity theory can assist in uncovering
the causes, mechanisms, and conse-
quences of these processes. Although
reading this book left me with the im-
pression that we are still far away from
a true synergism between complexity
theory and the traditional natural sci-
ences, Signs of Life offers plenty of en-
couragement that we are on the right
track.
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