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Unveiling Mechanisms of 
Collective Behavior 

John W. Pepper and Guy Hoelzer 

T he way humans build things is not book is much narrower than its title im- 
typical of nature. Perhaps because plies. Despite the authors' recognition that 
we do things so differently, our ini- "self-organization is a familiar concept in 

tial encounters with self-organization in development and neurobiology," they fo- 
nature are often disorienting. When infor- cus exclusively on social behavior. Unlike 
mation and control are dis- , . many earlier accounts of the 
tributed among many interact- Self-organization in topic, the book is written by 
ing agents, organization can 1 Biological Systems and for empirical scientists. It 
seem to arise spontaneously /; byScottCamazjne, contributes to the current trend 
from disorder. There is no ar- j, lean-~ouis~eneubourg, in which ideas about self-orga- 
chitect or manager, and the /: NigelR.Franks, Ii nization have moved from ab- 
agents neither plan nor per- 1: JamesSneyd, 1, stract theorizing toward pro- 
ceive the whole of the emerg- ; GuyTheaulaz*and I; viding useful tools for field 
ing pattern, which may bear no BOnabeau and laboratory biologists. 
obvious relation to the rela- ; i  princeton University : Given the book's empirical 
tively simple interactions that /: Press, Princeton, NI, i emphasis, it is not surprising 
produced it. Furthermore, self- 1; 2001. 546 pP. $65. f45. /; that the first section, seven 
organized biological structures i lSBN0-691-01200-3. li chapters that introduce the 

I '  ... .. 1, 

are typically in use from the concepts of biological self-or- 
moment construction begins, and they are ganization, is the weakest. Rigorous defi- 
often repaired by the same mechanisms nitions of key terms such as "organiza- 
that created them. Despite these seemingly tion" and "pattern" are lacking, technical 
severe constraints, self-organization can terms such as "bifurcation" are not always 
lead to surprisingly complex functional defined accurately, and the concept of self- 
structures. Those structures that develop 
through interactions among organisms- 
such as the massive, elaborate nests built 
by colonies of the fungus-growing termite 
Macrotermes-are the focus of Self-Orga- 
nization in Biolo~ical Systems. 

The concept of self-organization origi- 
nated in the study of nonlinear physical 
and chemical systems, such as convection 
flows and chemical reactions that form 
waves. In these systems, global patterns 

many-subunits. The interactions are typi- 
- I cally shaped by multiple feedback loops, 

emerge from local interactions among m 
including positive ones that amplify emer- 
gent dynamics and negative ones that 
modulate and constrain them. As Scott Ca- 
mazine and his co-authors point out, bio- 
logical self-organization differs from these 
nonliving systems in two important ways: 
The subunits are more complex, and the 
local rules of interaction can be tuned by 
natural selection to produce larger-scale 
patterns that are adaptive. 

The range of self-organizing systems in 
biology is quite broad, but the scope of this 
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why in biological systems self-organiza- 
tion would be favored over other means of 
pattern formation. The authors' principal 
answer, presented in five pages, is that al- 
ternatives to self-organization are usually 
unavailable. Surprisingly, they do not men- 
tion some properties of self-organized sys- 
tems that they discuss elsewhere in the 
book, such as economical encoding of in- 
formation, robustness and the capacity for 
self-repair, and flexibility in the face of 
varying environmental conditions. 

These are relatively minor flaws, how- 
ever, because the heart of the book, filling 
more than three fourths of its length, is a 
collection of 13 case studies. These chap- 
ters are drawn mainly from the work of the 
six authors. One examines aggregation in 
microbes; another, schooling in fish; and 
the rest, insects (especially highly social 
ants, bees, and wasps). This section could 
serve as a primer on how to use models to 
generate and test hypotheses about the 
mechanisms underlying self-organization. 
Early models of pattern formation used a 
"top-down" approach, in which the param- 
eters of the model describe the system-lev- 
el properties. In contrast, the models the 
authors present specify only local interac- 
tions, so that global properties emerge as 
results of the model rather than enter as as- 
sumptions. The authors do not offer gener- 
al models of self-organization in the ab- 

Bees by the number. By marking worker bees, researchers can follow the activities of individuals 
and investigate the stimulus-response "rules" that determine their behavior. 

organization itself is described mainly 
through counter-examples. Some examples 
intended to illustrate basic ideas are also 
not as clear as they should be. The discus- 
sion of bifurcations and chaos in the logis- 
tic difference equation is marred by confu- 
sion between carrying capacity and limits 
on current population size. In the example 
of how to build a differential equation 
model, it is hard to get from the assump- 
tions to the equations without positing an 
underlying probability model that the au- 
thors do not discuss. 

We were also struck by the brevity of 
the chapter that addresses the question of 

stract. lnstead, each model is closely tied _ 
to a particular system under empirical 
study, and key parameters are usually esti- 5 
mated from observations or experiments. $ 

In each case study, the authors start by $ 
identifying the emergent group-level pat- & 
tern that is to be explained. They consider 2 
alternatives to self-organization, mecha- 5 
nisms that they classify into four categories: 
leaders, blueprints, recipes, and templates. $ 
After hypothesizing a set of individual rules % 
that might explain the observed system-lev- S 
el patterns, they build mathematical or 
computational models to test those hy- P 
potheses. The case studies illustrate several ! 
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different modeling approaches, including 
differential equations, cellular automata, 
and stochastic individual-based models 
(which the authors refer to as "Monte Car- 
lo" models). Some chapters use an iterative 
procedure for improving models. The chap- 
ter on honeybee comb patterns addresses a 
single system with three entirely different 
modeling approaches, thus providing an op- 
portunity to compare their relative strengths 
and weaknesses. The value of these case 
studies is further enhanced by a companion 
Web site where many of the computer sim- 
ulations can be downloaded (in Macintosh 
format only). 

The case studies provide concrete ex- 
amples of ideas about self-organization 
that might otherwise seem nebulous. The 
formation of ant foraging trails illustrates 
the flexible group behaviors that can result 
from fixed individual rules. The distribu- 
tion of honey, pollen, and brood in honey- 
bee combs demonstrates robustness and 
self-repair. Several of the studies highlight 
concepts such as the interplay of positive 
and negative feedback or the capacity for 
self-organization to produce complex 
emergent patterns by specifying only a 
few relatively simple rules. 

Although, in keeping with their empha- 
sis on empirical questions, the authors 
skirt mostAof the theoretical debates sur- 
rounding self-organization, they tackle one 
central controversy in the field: can adap- 
tation arise solely through the process of 
self-organization, without requiring natu- 
ral selection? (Some versions of the "Gaia 
hypothesis," the notion that the global 
ecosystem functions as an adaptive organ- 
ism-like entity, rest on this belief.) The au- 
thors label as a basic misconception the 
idea that self-organization and natural se- 
lection are alternative explanations of 
adaptive evolution. They present a more 
sophisticated scenario, one in which natu- 
ral selection exploits the efficient informa- 
tion-coding that self-organization makes 
possible and molds interaction rules to 
create adaptive emergent patterns. 

We suspect that the ideas associated 
with self-organization will play an increas- 
ingly prominent role in biology for some 
time to come, particularly as biologists 
strive to use new genomic data to compre- 
hend the fundamentally self-organizing 

2 process of development. Self-organization 

in Biological Systems presents a unique 
8 opportunity to watch a group of active re- 


$ searchers apply these intriguing concepts 

g to formerly mystifying feats of social or- 

;ganization in animals. We know of no bet- 

;ter guide for those who wish to understand 
2 how modeling can be used to dissect the 

:mechanisms of self-organized biological 

E systems. 

BOOKS: SCIENCE & RELlClON 

A Synthesis 
that Failed 

Thomas Dixon 

rhile their American counterparts 
were embroiled in the hostilities 
surrounding the 1925 Scopes 

evolution trial, scientific and religious 
leaders in Britain remained on distinctly 
friendlier terms. In October 1930, for ex- 
ample, the geneticist R. A. Fisher wrote to 
Bishop Ernest Barnes suggesting they 
might discuss the introduction of a "family 
allowance" scheme for Church of England 
clergymen as an inducement to have more 
children. This was, as Peter Bowler says, 
"a typical eugenic ploy, on the understand- 
ing that professional people were of supe- 
rior genetic stock." The following year, 
Bishop Barnes had further discussions 
with is her and the zoologist and humanist 
Julian Huxley about the possibility of im- 
plementing this scheme.That one of the 
founders of the genetical theory of natural 
selection, a modernist Anglican bishop, 
and a leading proponent of evolutionary 
humanism were all to be found cooperat- 
ing in this pro-eu- 
genic enterprise is 
cer tainly s t r iking.  
Their effort is just 
one  o f  many sur-
prising alliances re- 
vealed in Bowler's 
encyclopedic review 
of debates concern- 
ing science and reli- 
gion in early 20th- 
century Britain. 

Reconciling Sci- 
ence and Religion is 
divided into three 
parts. The first looks 
at this period from 

shif ts  t o  the  role  o f  t h e  churches  in  
Bri ta in.  Whi le  remain ing  t rue t o  his  
avowed intention of painting on this large 
canvas with a broad brush, Bowler is still 
good at explaining the important differ- 
ences in the prevalent theological and 
philosophical attitudes 
to science in Anglican, 
nonconformist, and Ro- 
man Catholic commu- 
nities in Britain in this 
period. The final part 
places these debates in 
their broader cultural, 
literary, and philosophi- University of Chicago 

cal contexts .  Among Press, Chlcago, 2001. 

the many interesting 493 pp. $40, £24. ISBN 
0-226-06858-7

topics the author dis- 
cusses here are the al- 
ternative religion of "creative evolution" 
proposed by George Bernard Shaw, Arthur 
Conan Doyle's deep interest in spiritualism, 
and the defenses of Christianity undertaken 
by popular writers such as G. K. Chester-
ton, Hilaire Belloc, and C. S. Lewis. 

The overarching story Bowler tells is 
of a many-sided but ultimately unsuccess- 
ful project to reconcile religious and sci- 
entific beliefs and practices. At the heart 
of the efforts was the combination of an 
anti-materialistic interpretation of scien- 

tific doctrines with 
a liberal interpre- 
tation of  Christian 
ones. During the ear- 
ly decades of the 20th 
century, this move- 
ment flourished in 
the hands of scien- 
tists who rejected the 
alleged materialism 
and anti-clericalism 
of their Victorian pre- 
decessors while firm- 
ly holding on to the 
19th-century belief in 
progress. The move- 
ment's two most im- 

the  perspective Grand synthesizer. The zoologist, humanist, POflant scientific re- 
the sciences. It is to and popular writer Julian Huxley hoped to  cre- SOUrCeS were the 
Bowler's credit that ate a non-Christian religion that shared some ''new physics" and 
here he works with a beliefs of the Anglican "Modernists," such as a non-Darwinian theo- 
broad view of  sci- purposeful universe. 
ence,  one that  in-  
cludes not onlv im~ortant  develo~ments in , . 
physics and biology but also the impact of 
Freudian and behaviorist psychologies on 
religious debates. Bowler also documents 
the large number of scientists who saw 
spiritualism as a scientific as well as a reli- 
gious pursuit. In the second part, the focus 

The author is  at Churchill College, Cambridge, CB3 
ODs, UK, and in the Faculty of Divinity, Cambridge, 
CB3 9BS, UK. E-mail: tmdlO@carn.ac.uk 

ries of evolution. The 
apparently indeter- 

ministic and even nonmaterial subatomic 
world revealed by quantum physics was 
used to undermine views cherished by some 
opponents of religion. These opponents had 
argued that all the phenomena of life and 
mind were mere epiphenomena of an ulti- 
mately deterministic and mechanical materi- 
al world. The "reconcilers" also enlisted 

Oppose the view that 
evolution was blind and WIdirected. If ac- 
quired mental and physical characteristics 
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