
changes too rapidly. Cumulation is affected 
by contingency; which variants actually ap- 
pear will profoundly affect the subsequent 
response to selection. 

Characters evolve through their effect 
on differential survival and reproduction, 
and in any population there are a large 
number of potential mutations that can af- 
fect fitness. This favors divergence among 
populations subject to identical selection 
because different populations will experi- 
ence different mutations by chance, each 
population represents only a sample of all 
possible allele combinations, effects of a 
gene may depend upon the alleles present at 
other loci, and each episode of selection 
modifies the composition of the population. 
Any divergence of lines predisposes future 
selection in each to favor different muta- 
tions. Different lineages will accumulate 
different working combinations so that the " 

effects of subsequent mutations on fitness 
will be different. The differences will con- 
tinue to cumulate, with each line evolving 
higher fitness bv different gene combina- 
t i k s .  Thus the cumulation ouf different gene 
combinations is contingent uuon history; 

u 

long-term selection is Bayesian. 
The Bayesian approach helps to avoid a 

misunderstanding exhibited by many non- 
evolutionists (including creation~sts) who 
argue that complex adaptations are "un- 
likely." Consider a cultured RNA gene se- 
quence of length 218. There are 42'8 or 
about 10128 different sequences of length 
218. How lone would we have to wait for a " 
functional sequence to show up? A culture 
tube contains about 1016 molecules. The 
world's ocean could fill about 10ZZ culture 
tubes, containing altogether 103' mole- 
cules. If we could change the sequence of 
everv molecule everv second, never allow- 
ing any sequence to 'be repeaied, we would 
have tried out everv ~ossible seauence and 
found our best adaitkd molecule in 1012'/ 
103' = loi2 vears, or about times the 
age of the universe. This is the non-evolu- 
tionist's version and overlooks two maior 
consideratlons: only alterations that give 
rise to functional improvements are favored 
by selection, and new improvements build 
upon past improvements. We know that 
highly adapted molecules of RNA can 
evolve in culture within a week, insufficient 
time for something to turn up all at once. 
Components turn up sequentially; better 
ones replace the inferior ones, and then 
additional variants show up. Each altered 
seauence forms the basis for further im- 
provement. This can proceed very rapidly, 
of the order of the single-position substitu- 
tion rate, not the product of the probabili- 
ties of changing all sites at once. It is con- 
ditional rather than absolute probabilities 
that are important in evolution, just as we 

must work with relative rather than abso- 
lute fitnesses. 

The cumulative nature of evolution plac- 
es severe constraints on the kinds of organ- 
isms and adaptations that can evolve. The 
degree to and ways in which adaptedness can 
be improved depend upon the connectance 
of the genotypic space through which the 
population could travel. If it is very connect- 
ed, then evolution can proceed rapidly, oth- 
erwise it will be slow or stagnate. But the 
contingent nature of the paths taken also 
explains the diversity of effects of selection 
on different populations in the same selec- 
tive environment. 

Although populations starting from a 
single base population diverge even under 
identical selection, selection lines starting 
from different base populations will become 
more similar through time if subject to the 
same selection. This is not a contradiction. 
First, there is convergence at the level of 
fitness and the trait function (phenotype) 
undergoing selection, but not at the level of 
physiology, development, and genetics. 
Second, there are just phases of selection; 
divergence occurs under sorting, but the 
lines will eventually converge in phenotype 
when enough mutations have occurred, 
The point here is that there are multiple 
genetic solutions to the same environmen- 
tal challenge. Owing to cumulation and 
contingency of the evolutionary paths tak- 
en, evolutionary reversals may be unlikely 
at the genotypic level, even if likely at the 
phenotypic level. 

Bell's literature survey suggests that pop- 
ulations of all kinds of organisms at all scales 
are kept in flux by continual change in the 
intensity and direction of selection. It is 
doubtful whether natural environments are 
uniform with respect to selection at any scale 
of time or space, Bell discusses many conse- 
quences of temporal and spatial heterogene- 
ity, and they are especially interesting for 
multiple traits. Although particular combi- 
nations of traits are favored in one environ- 
ment, different combinations may be newly 
superior if the environment changes, and 
response is limited by the strength of the 
genetic correlation between the traits. Ad- 
aptation to novel environments is hindered 
by existing genetic covariance structure. In 
contrast, in a constant environment adapta- 
tion is hindered by a lack of genetic covari- 
ance. The strengths of genetic covariances 
can evolve and may reflect the scale of tem- 
poral and spatial variance. 

In addition to offering new views and 
taking up topics that have not heretofore 
been put in a genetic context, Bell discusses 
most of the active topics in the selection- 
oriented part of evolutionary biology, in- 
cluding the evolution of life cycles, life 
history, sex, gametes, recombination, ep- 

istasis, genetic variance, plasticity, special- 
ization, and parasitism. In most cases he 
gives clear and interesting summaries, with 
excellent examples and questions to pon- 
der. I recommend the books to anyone in- 
terested in almost any aspect of natural 
selection and its importance in evolution. 

John A. Endler 
Department of Zoolo,qv and Tropical Ecology, 

James Cook  Eniuersity, 
Townsuille, QLD, 48 16 Australia 

Books Received 
Charging Ahead The Busness of Renewable Ener- 

gy and What It Means for America. John J. Berger. John 
Macrae (Henry Holt), New York, 1997. xvi. 399 pp., illus 
$30 or $C41.95. ISBN 0-8050-3771 -3. 

The Chemokine FactsBook. Krishna Vaddi. Mar- 
garet Keller, and Robed C. Newdon Academic Press, 
San Diego, 1997. xii. 205 pp., illus. Paper. $42 or £24.95. 
ISBN 0-1 2-7099905-0 

Classical Mechanics Transformations, Flows, n -  
tegrable and Chaotic Dynamics. Joseph L. McCauley. 
Cambridge University Press, New York, 1997, xviii. 469 
pp , Ilus, $85, ISBN 0-521-48132-5; paper, $39.95, 
ISBN 0-521 -57882-5. 

Combinatorial Chemistry Synthesis and Appica- 
tion. Stephen R. Wilson and Anthony W. Czarnik, Eds. 
Wiey-Interscience, New York, 1997 xii, 269 pp., illus. 
$69.95. ISBN 0-471-12687-X. 

Complex Variables, Introduction and Applications. 
Mark J. Abowtz and Athanassos S Fokas Cambridge 
University Press, New York, 1996 xii, 647 pp.. illus 
$69 95, ISBN 0-521 -48058-2; paper, $34.95, ISBN O- 
521 -48523-1. CambridgeTexts n Applied Mathematics 

The Complex Faulting Process of Earthquakes. 
Junl Koyama. Kluwer, Notwell, MA, 1997 xii, 194 pp , 
Ius.  $96 or £58 or Dfl. 155. ISBN 0-7923-4499-5. Mod- 
ern Approaches to Geophysics, vol. 16. 

Computational Biology of the Heart. AexanderV. 
Panfilov and Arun V. Holden, Eds. Wiley, New York, 
1997. XII, 416 pp., illus. $1 15. ISBN 0-471 -96020-9. 
Based on a workshop, Utrecht, The Netherlands, Feb. 
1994. 

Cooperation Among Animals. An Evolutionary 
Perspective Lee Alan Dugatkin. Oxford University Press, 
New York, 1997. xviii, 221 pp., Ilus. $60, ISBN 0-19- 
508621 -x; paper, $29.95, ISBN 0-19-508622-8. Oxford 
Series in Ecology and Evolution. 

Drug Transport Across the Blood-Brain Barrier. 
In Vitro and In Vivo Techniques. A. G. de Boer and W. 
Sutanto, Eds. Hatwood Academic (Gordon and Breach), 
Amsterdam, 1997 (U.S. distributor. International Pubsh- 
ers Distributor, Langhorne, PA). xvi, 219 pp., illus. $95 or 
£62 or ECU 79. ISBN 90-5702-032-7. 

Electronic Imaging in  Astronomy. Detectors and 
Instrumentation. Ian McLean. Published in association 
with Praxis, Chichester, UK by Wiley, New York, 1997. 
xxx, 472 pp., llus Paper, $44.95. ISBN 0-471 -96972-9. 
Wiey-Praxis Series in Astonomy and Astrophysics. 

Electronic Structure of Disordered Alloys, Sur- 
faces and Interfaces, l a  Turek eta / .  Kluwer, Notwell. 
MA, 1997. xvi. 31 7 pp.. Ius. $1 25 or £88.75 or Dfl. 230. 
ISBN 0-7923-9798-3. 

Enzymes in Molecular Biology Essential Data. 
C. J. McDonald, Ed. Wiley. New York, 1997, x, 134 pp. 
Paper, $21.95. ISBN 0-471 -94842-x. 

Euclidean Quantum Gravity on Manifolds with 
Boundary. Giampero Esposito, Alexander Yu. Kamen- 
shchik, and Giuseppe Pollifrone. Kluwer, Notwell, MA, 
1997. xiv. 319 pp. $154 or £94 or Dfl. 240. Fundamental 
Theories of Physics, vol 85. 

The Evolution of Social Behavior in Insects and 
Arachnids. Jae C. Choe and Bernard J. Crespi, Eds 
Cambridge University Press, New York, 1997, xiv, 541 
pp., illus. $105, ISBN 0-521-58028-5: paper, $47.95, 
ISBN 0-521 -58977-0. 

1256 SCIENCE VOL 277 29 XCGCST 1997 wa3a7.sclencernag.org 




