Mechanisms of Life
History Evolution
The Genetics and Physiology of
Life History Traits and Trade-Offs

EDITED BY

Thomas Flatt
Group Leader at the Institute of Population Genetics
at the Vetmeduni Vienna, Austria

Andreas Heyland
Assistant Professor at the Department of Integrative
Biology at the University of Guelph, Canada

OXFORD

UNIVERSITY PRESS



OXTORD

UNIVERSITY PRESS

Great Clarendon Street, Oxford ox2 6pP

Oxford University Press is a department of the University of Oxford.
It furthers the University’s objective of excellence in research, scholarship,
and education by publishing worldwide in

Oxford New York

Auckland Cape Town Dar es Salaam Hong Kong Karachi

Kuala Lumpur Madrid Melbourne Mexico City Nairobi

New Delhi Shanghai Taipei Toronto

With offices in

Argentina Austria Brazil Chile Czech Republic France Greece

Guatemala Hungary Italy Japan Poland Portugal Singapore
South Korea Switzerland Thailand Turkey Ukraine Vietnam

Oxford is a registered trade mark of Oxford University Press
in the UK and in certain other countries

Published in the United States
by Oxford University Press Inc., New York

© Oxford University Press 2011

The moral rights of the authors have been asserted
Database right Oxford University Press (maker)

First published 2011

All rights reserved. No part of this publication may be reproduced,

stored in a retrieval system, or transmitted, in any form or by any means,
without the prior permission in writing of Oxford University Press,

or as expressly permitted by law, or under terms agreed with the appropriate
reprographics rights organization. Enquiries concerning reproduction
outside the scope of the above should be sent to the Rights Department,
Oxford University Press, at the address above

You must not circulate this book in any other binding or cover
and you must impose the same condition on any acquirer
British Library Cataloguing in Publication Data

Data available

Library of Congress Cataloging in Publication Data

Library of Congress Control Number: 2011920657

Typeset by SPI Publisher Services, Pondicherry, India

Printed in Great Britain

on acid-free paper by
CPI Antony Rowe, Chippenham, Wiltshire

ISBN 978-0-19-956876-5 (Hbk.)
978-0-19-956877-2 (Pbk.)

13579108642



“...integrating an understanding of mechanisms into life history
theory will be one of the most exciting tasks facing evolutionary biologists
in the 21st century.”

Barnes & Partridge (2003)



Foreword: Harvey's legacy

Graham Bell

“Ex ovo omnia” wrote Harvey (1651), and more
than three centuries later his dictum still stands.
Many examples of vegetative reproduction in ani-
mals have been described since Trembley (1744)
astonished the world by describing the asexual
budding of Hydra, but all lineages, so far as we
know, pass through a single-cell stage sooner or
later. The only more certain observation is that the
individual that develops from the egg will eventu-
ally senesce and die. The journey between the two
fixed points of egg and corpse has no prescribed
route, however, and biologists have struggled to
discover and interpret the lives of animals, plants,
fungi, and seaweeds since the beginning of scien-
tific biology in Harvey’s time.

In very broad terms, two main approaches have
been followed. The first is concerned largely with
juvenile forms, and specifically with discrete devel-
opmental stages such as larvae. This is the older
school, and its subject is usually called “life cycles.”
The second is concerned largely with adults, and
specifically with the quantitative schedule of repro-
duction. This has developed over the last 50 years,
and its subject is usually called “life histories.” The
two have been developed to a large extent inde-
pendently of one another, and the linkages between
them remain few and weak.

The study of life cycles is the older tradition, and
dates back to the time when it was first demon-
strated by Steenstrup (1845) that very dissimilar
individuals could be produced, one from another,
as a succession of forms belonging to the same lin-
eage. The only example that is familiar to everyone
(now that classical zoology has withered from the
curriculum) is the succession of polyp and medusa
in some cnidarians, but much more complex life
cycles have evolved in groups such as digenean

trematodes. It is often difficult to work out how
and when one stage gives rise to another, espe-
cially when this involves reproduction by eggs. In
other cases, however, the developmental sequence
is clear even though it passes through larval stages
that are very different from the adult, by virtue of
the physical continuity of macroscopic individu-
als. There is no profound difference between the
two, however. The juvenile starfish, for example,
develops as a miniature version of the adult from a
small patch of tissue within the body of a small
ciliated-band animal living in the plankton. As the
starfish animal enlarges, the ciliated-band animal
shrinks, and its remnants are eventually discarded.
This process is called “development” because the
physical continuity of larva and adult is clear, but
it is manifestly the same kind of process as the
transition between polyp and medusa, a succes-
sion of morphologically distinct phases within a
single lineage.

The study of life cycles has been predominantly
descriptive, a tradition that has continued, in the
form of discovering the regulatory genes responsi-
ble for the evolution of body plans, down to the
present day. The possibility of a theoretical account
of the life cycle was raised by Garstang (1928) nearly
a century ago: given that an animal developing
from an egg must grow steadily larger, it must be
functional first as a small individual and subse-
quently as a large individual. A ciliary-band animal
living at low Reynold’s number in the plankton is
one possible route to a large hydraulically powered
animal living on the sea floor, whereas the reverse
route is impracticable. Nevertheless, a systematic
theoretical framework capable of interpreting the
succession of phases in development has yet to be
constructed.



The parallel effort to understand the sexual
phases of life cycles is a similar but more compli-
cated story, largely because of the great difficulty of
establishing the site and timing of the crucial events
of fusion and reduction, even after the advances of
microscope design in the later nineteenth century. It
was not until the closing decades of the century that
the essential distinction between spore and gamete
was unequivocally established, and by the end of
the first decade of the twentieth century a correct
account of the alternation of generations in the life
cycle of seaweeds and land plants had been suc-
cessfully accomplished (see the review by Farley
1982). A theoretical basis for understanding the
alternation of generations in terms of the funda-
mentally different requirements of spores and gam-
etes, and thus the different structure and behavior
of spore-producing and gamete-producing individ-
uals, was provided at the same time (Bower 1908).
Before it could be extensively developed, however,
the field was largely abandoned, swept away by the
flood of research into transmission genetics, which
had just been provided with the firm theoretical
framework of Mendelism. The endlessly varied
sexual cycles of eukaryotes have continued to pro-
vide rich material for extending our knowledge of
natural history, but we cannot yet interpret them
within a consistent theoretical framework. In recent
years there has been a modest revival of interest in
the theory of phenomena such as gamete dimor-
phism, but this has not yet become firmly coupled
to field studies and experimentation.

The field of life histories has developed more
recently and in a very different fashion, being highly
theoretical from the outset. Simplifying history (as
one must in a foreword) it was galvanized by Cole’s
paradox: a lineage in which females live forever
and produce an infinite number of litters of what-
ever size has the same rate of increase as one in
which all females die immediately after producing
their first litter, but produce one more offspring
(Cole 1954).

Working out the reasons for this counter-intuitive
result led to a general interpretation of suicidal ver-
sus repeated reproduction that was subsequently
elaborated into an account of the schedule of repro-
duction over the whole of the adult stage. Juvenile
stages such as larvae are ignored; alternative adult
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stages such as sporophytes and gametophytes are
not distinguished. Freed from zoology, botany, and
genetics a highly abstract and general theory of the
life history could be developed.

Much of this theory was based on a principle of
optimality: quantities such as the rate of reproduc-
tion and the probability of survival are negatively
correlated, such that intermediate values of both
maximize the overall rate of increase of a lineage.
This enabled the schedule of reproduction to be pre-
dicted from the costs of reproduction, in terms of
reduced growth or survival. This approach has had
some brilliant successes, beginning with David
Lack’s classical interpretation of clutch size in birds
(see Lack 1966). It could also be extended to the
puzzling phenomenon of senescence, which could
now be interpreted as a non-adaptive side effect of
selection for early reproductive maturity (Williams
1966a). Moreover, the generality of the predictive
framework made it possible to contrive experimen-
tal tests in laboratory model systems, which had
never been possible for life cycles.

The very generality that gave the theory such
power was also a source of weakness, insofar as the
sources of the costs of reproduction on which the
theory was based did not need to be specified and
therefore could not be investigated within the con-
fines of the theory itself. For this reason, attention
began to shift towards the nature of the costs them-
selves. This is not as straightforward as it might
appear. It seems obvious that producing larger off-
spring will mean producing fewer, and almost
equally obvious that allocating a greater share of
resources to reproduction must deplete the stock
available to support maintenance and defense. One
function necessarily interferes with the other. It was
soon found, however, that in practice the correla-
tions between fitness components are usually posi-
tive rather than negative. This was quickly
attributed to environmental variance of productiv-
ity among sites when comparisons are made in the
field, or to genetic variance of overall fithess among
strains when comparisons are made in the labora-
tory. The expected costs are then expressed only at
evolutionary equilibrium, when genetic variance
for overall fitness has been reduced to a low level
by selection. This evolutionary argument, however,
implies that costs of reproduction measured as
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negative genetic correlations need not have any
mechanistic basis in terms of functional interference.
A simple illustration of this conclusion is to gener-
ate n random numbers and label them x,, x, etc;
then repeat the process to obtain a second set
labeled y,, y, etc. Plotting y, on x, produces a cloud
of points with zero correlation. Now choose the
small percentage of pairs with the highest values of
(x, +y); plotting y, on x, now produces a graph with
a slope of —1 (if the x, and y, have equal variance)
and 7 = 0.5. This striking pattern has been carved
out of the original unstructured data by the act of
choosing an unrepresentative set of cases, and
natural selection will likewise generate negative
genetic correlation among components of fitness
from random life histories through the propagation
of an unrepresentative set of genotypes. No causal
connection between the components, for example
through pleiotropic gene expression, is necessary
for such correlations to arise.

Understanding the mechanistic basis for costs of
reproduction is thus an important aspect of under-
standing life histories as a whole. Moreover, it may
contribute directly to human well-being. The evolu-
tionary reasons for senescence can be framed in
terms of pleiotropy or delayed gene expression for
example, whereas the physiological reasons must
be framed in terms of factors such as the irreversible
damage caused by reactive oxygen species, the
accumulation of somatic mutations, the intrinsically
limited metabolic capacity of tissues, and so forth.
Much of the recent research into senescence in the
Drosophila and Caenorhabditis model systems has
been driven by the physiological agenda, in part
because of its potential for identifying palliative
therapies. The value of this research is indisputable.

It would be a pity, however, if the evolutionary
agenda were to be obscured or lost as a result. Part
of the raison d’étre of this volume is to emphasize
that it is important to understand the physiological
basis of the costs of reproduction in order to under-
stand how life histories evolve—but conversely that
it is equally important to understand how life histo-
ries evolve in order to predict how physiological
processes are likely to operate. The clk genes of
Caenorhabditis, which slow down vital processes
and extend lifespan, are an excellent example of
recent research in molecular developmental genet-
ics at the interface between evolution and physiol-
ogy (Hekimi et al. 2001).

A more fundamental task for the future is to
build a synthetic evolutionary theory of develop-
ment that would bring together all the phenomena
of life cycles within the same framework. It is not
even clear whether this is possible. The classical
theory of life histories invokes natural selection,
leading to optimal phenotypes. The most success-
ful theories of certain aspects of the life cycle, such
as gamete dimorphism and the sex ratio, invoke
sexual selection, leading to evolutionary stable
states. For some phenomena, such as the alterna-
tion of generations, both approaches have been
tried without any decisive outcome so far; for oth-
ers, such as the succession of phases, hardly any
formal theory has yet been developed. But the pos-
sibility is worth contemplating, and if this volume
is not the last word on the subject, it will at any rate
be the next word.

Graham Bell
McGill University
23 May 2010



Preface

The major features of a life cycle are shaped by
demographic traits—size at birth, growth rate, age
and size at maturity, age-specific reproductive
investment, number and size of offspring, age-
specific survival, and lifespan—connected by con-
straining trade-offs. Together, these life history traits
determine Darwinian fitness by affecting the two
most important fitness traits, survival and repro-
duction. Life history theory seeks to understand the
causes and consequences of genetic and environ-
mental variation in life history traits, both within
and among species. By combining quantitative
genetics, artificial selection, demography, pheno-
typic manipulations, and optimality modeling, life
history theory has had major success in explaining
the diversity of life history strategies, as reviewed
in three excellent books by Stephen C. Stearns and
Derek A. Roff (Stearns 1992, Roff 1992, 2002).

The present book, in contrast to most previous
work on life history evolution, emphasizes the
mechanistic description, the “molecular natural his-
tory,” of life history traits and their evolution.
Traditionally, life history theory is silent on proxi-
mate mechanisms, yet recent advances in mecha-
nistic biology have taught us a great deal about how
genetics, development, and physiology affect life
history. Although much of this information comes
from research outside the realm of evolutionary
biology, for example from fields such as the genetics
of growth control or the molecular biology of aging,
it is often directly relevant for our understanding of
the evolution of life histories. To date, however, this
mechanistic knowledge has not been adequately
integrated into the life history framework. To forge
such an integration, and to foster an exchange
between scientists who work on organismal versus
mechanistic aspects of life histories, this multi-
author book brings together leading researchers

who share the conviction that many fundamental
problems in life history evolution can only be com-
pletely understood if we begin to incorporate infor-
mation on developmental, physiological, and
genetic mechanisms into the study of life histories
(e.g., Barnes and Partridge 2003, Flatt et al. 2005,
Heyland et al. 2005).

Given the major predictive and explanatory suc-
cess traditional life history theory has had, why is it
important to fill the “black box” of life history evo-
lution with mechanism? A good example is the
problem of life history trade-offs. Trade-offs, for
example between survival and reproduction, are
typically thought to be caused by competitive
resource allocation (e.g., Stearns 1992), but whether
this physiological explanation is correct is usually
unknown. Without detailed knowledge of resource
levels, patterns of acquisition and allocation, inter-
mediary metabolism, and endocrine regulation we
cannot properly test the assumption that trade-offs
are resource based (e.g., Harshman and Zera 2007).
Thus, while the existence of trade-offs can often be
quite readily established, we do not understand
their underlying mechanisms, and this limits our
understanding of life history evolution (e.g., Stearns
2000). As several chapters in this book illustrate, the
classical assumption of trade-offs being resource
based might in fact not always hold.

Another example of how information on mecha-
nisms can illuminate and expand life history theory
concerns genes with major effects on life history
traits and their integration (e.g., Flatt 2004, Schmidt
et al. 2008, Paaby et al. 2010). Identifying the genes
that affect or modulate life history traits will ulti-
mately enable us to answer important evolutionary
questions such as: Which genes or alleles affecting
life history traits are evolutionarily conserved, and
which genes or alleles are lineage-specific? What
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is the relationship between life history variation seg-
regating within natural populations and genetic dif-
ferences in life histories among species? Is there
standing genetic variation for these genes within
populations and are they under selection? What are
the genes or alleles that make up genetic correlations
and trade-offs? Can the genetic mechanisms that
cause trade-offs be uncoupled and how? How do
genes interact with the environment to determine
life history phenotypes? Several authors in this book
review impressive progress in evolutionary quanti-
tative and molecular genetics that has lead to the
identification of genes and pathways that are likely
to be of major importance in life history evolution.

Although the integration of mechanistic studies
into life history evolution is still in its infancy, we
believe that—similar to the recent advances made by
evolutionary developmental biology (evo-devo),
which combines studies of evolution, development,
and genetics—future work on life histories will benefit
significantly from an explicit consideration of proxi-
mate mechanisms. Many examples of such an inter-
disciplinary approach towards understanding life
history evolution can be found throughout this book.

We are targeting this book at advanced under-
graduates, graduate students, postdocs, and estab-
lished researchers in evolution, ecology, evo-devo,
development, genetics, physiology, and aging who
all aim to understand the mechanisms that shape
the expression and evolution of traits that affect
Darwinian fitness, including growth, development
and maturation, reproduction, and lifespan. In par-
ticular, we hope that the chapters in this book will
stimulate students and researchers with a strong
interest both in organismal biology and molecular
biology. For background reading on life histories
we refer the reader to the books by Stearns (1992)
and Roff (1992, 2002) who cover traditional, non-
mechanistic aspects of life history evolution.

The chapters in this book have all been written by
leading researchers who use studies of proximate
mechanisms to solve fundamental problems in life
history biology in a variety of organisms. Their
chapters not only represent the current state of the
art, but also offer fresh perspectives for future
research. In designing the book we have attempted
to present a balanced selection of authors (ranging
from young to well-established), organismal taxa

(e.g., algae, higher plants, nematodes, insects, echi-
noderms, fish, amphibians, reptiles, birds, humans),
and biological disciplines and approaches relevant
to life history biology (e.g., developmental biology,
genetics, evo-devo, anthropology, behavior, repro-
ductive biology, aging, phenotypic plasticity, social
evolution, immunology, metabolism, and endo-
crinology). Although we have aimed to cover a lot
of ground in this book, many interesting and impor-
tant subjects had to be omitted due to space limita-
tions. For example, while several chapters discuss
the mechanisms that affect lifespan, we did not
include a detailed discussion of the evolutionary
biology of aging—this has been reviewed exten-
sively elsewhere, for example by Rose (1991) and
Flatt and Schmidt (2009).

Chapter authors were asked to write chapters
that are equally accessible to evolutionary and
mechanistic biologists, to make clear references to
fundamental concepts in life history evolution, and
to cross-reference other chapters in this volume.
Authors obviously differ in their scientific views,
the level of their exposition of material, and their
writing styles, and we have therefore attempted to
make chapters somewhat uniform, for example
through author guidelines, editorial and external
peer reviews, and several revisions. Nevertheless,
differences among the chapters do remain—in fact,
we feel that they are desirable since they make the
perspectives offered here both more personal and
pluralistic. Together with the wide range of topics,
scientific approaches, and organisms covered in this
volume we hope that this diversity in perspective
will be stimulating for the reader.

Although not being a chapter in its own right, the
book starts out with a foreword by Graham Bell,
who gives a broad historical summary of research
on life histories and who emphasizes the need for
integrating mechanistic insights into this research
area. This sets the stage for the actual book chapters
which are grouped into seven parts. Each part of
the book, except for the last, is preceded by a brief
introduction written by the editors. Part 1
(Integrating mechanisms into life history evolu-
tion) consists of two chapters which introduce some
of the basic concepts of life history theory and out-
line the utility of mechanistic approaches for under-
standing problems in life history evolution. Parts



2-6 consist of 24 chapters that make up the bulk of
the book. Since many of these chapters are highly
integrative and cover more than one type of organ-
ism, we have attempted to group these chapters
into conceptual categories. The chapters in Parts
24 all address mechanisms that deal with one of
the three major phases of an organisms’ life cycle
(Part 2: growth, development, and maturation, Part 3:
reproduction, and Part 4: aging and somatic mainte-
nance). The chapters in Parts 5-6 deal with two
major concepts in life history theory, namely pheno-
typic plasticity and trade-offs (Part 5 life history
plasticity and Part 6 life history integration and
trade-offs). Despite this conceptual structure, many
chapters could have easily been placed into other
parts of the book. Thus, the structure of the book is
not rigid, and many chapters in one part of the book
directly touch on issues discussed in other parts of
the book. In fact, we feel that a certain amount of
overlap among book parts and chapters is desirable
and helps the integration of the diverse subjects we
cover. We have also aimed to achieve further inte-
gration throughout the book by writing short intro-
ductory sections that precede each book part and by
asking authors to frequently cross-reference other
chapters. Part 7 concludes the volume: in Chapter 27
Stephen C. Stearns summarizes and critically dis-
cusses the contributions in the book by asking
whether progress on understanding mechanisms
forces life history theory to change. Chapter 28 is a
postscript that rounds up the book: it consists of an
exchange between Stearns and the editors, discuss-
ing what mechanistic insights can or cannot contrib-
ute to our understanding of life history evolution.

The idea for this volume was conceived at a sym-
posium on molecular mechanisms of life history
evolution sponsored by the Society for the Study
of Evolution (SSE), which we organized at the
Evolution meetings at the University of Minnesota
in Minneapolis in 2008. We are grateful to all the
speakers and participants of this symposium for
many stimulating discussions that have helped to
shape some of the ideas in this book. Their enthusi-
asm convinced us to approach this book project. In
particular, we thank Derek Roff for his advice and
encouragement.

Each book chapter was reviewed by both editors
and in most cases by two external reviewers or
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chapter contributors. We are extremely grateful to
these experts for their help and time: without excep-
tion they have provided very thoughtful, critical,
and helpful suggestions for improving the chapters.
For their timely chapter reviews we are indebted to
GroAmdam, Richard Bribiescas, Goggy Davidowitz,
Greg Davis, Tony De Tomaso, David Denlinger,
Robert Denver, Michelle Elekonich, Peter Ellison,
Caleb Finch, Klaus Fischer, Gary Freeman, Owen
Gilbert, Michael Hadfield, Dan Hahn, Larry
Harshman, John Hatle, Jason Hodin, Hillard
Kaplan, Tad Kawecki, Ellen Ketterson, Teri Markow,
Alistair McGregor, Amy Moran, Coleen Murphy,
Courtney Murren, Amy Newman, Dan Noble, Mats
Olsson, Bruno Pernet, Scott Pletcher, Kim Rewitz,
Jens Rolff, Michael Rose, Olav Rueppell, Gerhard
Schlosser, Paul Schmidt, David Schneider, Stanley
Shostak, Cristian Solari, Gabriele Sorci, Stacia
Sower, Michael Stern, Richard Strathmann, Stuart
Wigby, Karen Williams, and John Youson, and two
reviewers who wished to remain anonymous.

We are also grateful to our editors at Oxford
University Press, Helen Eaton and Ian Sherman, for
their timely and professional support during all stages
of this project; to Laura Rosario Sanchez for major
help with manuscript formatting and compiling refer-
ences; and to Brenda Rascén and April Bojorquez for
their work on the cover art. AHs work on this book
was supported by a NSERC Discovery Grant.

Last but not least, our largest debt of gratitude
is of course to the authors themselves. Despite
many other academic and personal commitments,
they have all written excellent chapters in a timely
fashion and patiently responded to our many
requests. We are especially grateful to Steve
Stearns for having read and synthesized 26 chap-
ters and for the idea of including an exchange
between the three of us at the end of the book. We
are also indebted to Graham Bell for contributing
the foreword to this volume. All these authors,
colleagues, and friends have invested major
amounts of their limited time to produce the sci-
entific content of this book: the success is entirely
theirs; all failures are ours.

Thomas Flatt (Vienna) and
Andreas Heyland (Guelph)
August 2010



Contents

Preface
Thomas Flatt and Andreas Heyland

List of contributors
Part 1: Integrating mechanisms into life history evolution

1 Integrating mechanistic and evolutionary analysis of life history variation
Christian Braendle, Andreas Heyland, and Thomas Flatt

1.1 Introduction

1.2 The life history framework
1.2.1 What is a life history?
1.2.2 Life history traits and fitness
1.2.3 Trade-offs and constraints
1.2.4 Empirical approaches in life history research

1.3 The study of causal mechanisms linking genotype to phenotype

1.4 How can mechanistic insights contribute to understanding life history evolution?
1.4.1 Why understanding mechanisms is important for answering evolutionary questions
1.4.2 The molecular identity and function of genes that affect life history
1.4.3 Are candidate life history genes ecologically and evolutionarily relevant?
1.4.4 How do trade-offs work?

1.5 Conclusions

2 Genomic insights into life history evolution
Derek A. Roff

2.1 Introduction
2.2 Genomic analysis of trade-offs
2.2.1 Case Study 1: A transgenic analysis of the cost of resistance in Arabidopsis thaliana
2.2.2 Case Study 2: A QTL analysis of the cost of resistance to parasite infection in Tribolium
2.2.3 Case Study 3: A microarray analysis implicating a single gene in the cost of resistance
to DDT in Drosophila melanogaster
2.2.4 Case Study 4: A microarray analysis of antagonistic pleiotropy and gene expression
in Drosophila melanogaster
2.3 To what extent is the phenotype determined by different molecular/developmental mechanisms?
2.3.1 Comparisons among species
2.3.2 Comparisons among natural populations of the same species
2.3.3 Artificial selection experiments
2.3.4 A proposed experiment and predictions

O 0 NI N O U1 O s W WwWwWw

[y
o

)
—

11
12
12
13

15

15
17
20
20
21
23

xiii



xiv. CONTENTS

2.4 Summary
2.5 Acknowledgments

Part 2: Growth, development, and maturation

3 Emerging patterns in the regulation and evolution of marine invertebrate settlement
and metamorphosis
Andreas Heyland, Sandie Degnan, and Adam M. Reitzel

3.1 Background

3.2 Introduction to marine invertebrate life histories

3.3 Regulation of larval development and the evolution of feeding modes in echinoids:
Energy allocation trade-offs during larval development
3.3.1 Hormonal regulation of juvenile development
3.3.2 Hormonal signaling and the evolution of alternative life history modes

3.4 Mechanisms underlying larval settlement and the evolution of alternative settlement
strategies: Signal detection and modulation during settlement
3.4.1 The sensory system: Cues, receptors, and signal transduction mechanisms
3.4.2 The competence system

3.5 Settlement strategies: Evolution of sensory structures and signaling networks

3.6 Future directions

3.7 Summary

3.8 Acknowledgments

Evolution and the regulation of growth and body size
Alexander W. Shingleton

4.1 Introduction
4.2 The regulation of body size in insects
4.2.1 The regulation of critical size
4.2.2 The regulation of TGP
4.3 The regulation of growth rate
4.4 Environmental variation in body size: The functional interaction between critical size,
TGP, and growth rate in insect size regulation
4.5 Trade-offs between body size and other traits
4.6 The evolution of body size
4.6.1 Evolutionary trends
4.6.2 Artificial selection
4.6.3 The developmental mechanisms underlying the evolution of body size
4.6.4 The relationship between evolutionary and environmental variation in body size
4.6.5 Can we predict which size-regulatory mechanisms are the target for selection
on body size?
4.7 Summary
4.8 Acknowledgments

The genetic and endocrine basis for the evolution of metamorphosis in insects
Deniz F. Erezyilmaz

5.1 Introduction
5.2 Endocrine regulation of metamorphosis
5.3 Comparative endocrinology across insect life history strategies

24
25

27

29

29
30

32
34
34

36
37
38
40
41
41
42

43

43
43
45
46
46

48
50
51
51
52
52
53

54
55
55

56

56
58
60



CONTENTS

5.4 Endocrine titers and cuticle progression during embryonic development
5.5 Comparison of hemi- and holometabolous endocrine events during postembryonic
development
5.6 The “status-quo” action of juvenile hormone and its signal transduction
5.7 The broad gene and specification of the pupal stage
5.7.1 Molecular aspects of Broad action
5.7.2 A broad-based view of the pronymph hypothesis
5.7.3 The appearance of broad in the arthropods
5.8 Summary
5.9 Acknowledgments

6 Thyroidal regulation of life history transitions in fish
Richard G. Manzon

6.1 Introduction
6.2 Fish ontogeny and life history transitions
6.3 Overview of the hypothalamic—pituitary-thyroid axis
6.4 The hypothalamic—pituitary axis
6.5 Thyroid tissue and hormone synthesis
6.5.1 Serum thyroid hormone distributor proteins, cellular uptake, and cytosolic transport
6.5.2 Thyroid hormone deiodinases
6.5.3 Thyroid hormone nuclear receptors
6.6 Thyroidal regulation of fish ontogeny and life history transitions
6.6.1 Embryogenesis and embryo to larval transitions
6.6.2 Larval to juvenile transitions
6.6.3 First or “true” metamorphoses in ray-finned fish
6.6.4 First or “true” metamorphosis in lampreys (Agnatha)
6.6.5 Smoltification: A juvenile transition in salmonids
6.7 Summary
6.8 Acknowledgments

7 Hormone regulation and the evolution of frog metamorphic diversity
Daniel R. Buchholz, Christine L. Moskalik, Saurabh S. Kulkarni, Amy R. Hollar, and Allison Ng

7.1 Introduction
7.2 Ecological context of metamorphic life history evolution
7.2.1 Escape from the growth versus development trade-off
7.3 Key concepts in the endocrinology of metamorphosis
7.3.1 Overview of the endocrinology of metamorphosis
7.3.2 Tissue sensitivity and tissue-specific responses to thyroid hormones
7.3.3 Tissue developmental asynchrony
7.4 Endocrine basis of amphibian life history evolution
7.4.1 Larval period duration
7.4.2 Size at metamorphosis
7.4.3 Direct development
7.44 Neoteny
7.5 Molecular mechanisms of peripheral control: Potential evolutionary targets underlying
diversity in larval period diversity
7.5.1 Thyroid hormone transporters
7.5.2 Thyroid hormone metabolizing enzymes

XV

60

62
64
65
68
68
69
70
71

72

72
74
74
74
75
75
76
77
79
79
80
81
82
84
85
86

87

87
87
88
88
88
89
90
90
90
91
91
92

92
92
93



Xvi

7.6
7.7

CONTENTS

7.5.3 Cytosolic thyroid hormone binding proteins

7.5.4 Thyroid hormone receptors

7.5.5 Modulation of thyroid hormone responsiveness by corticosterone and prolactin
Conclusions

Summary

Part 3: Reproduction

8 Asexual reproduction in Cnidaria: Comparative developmental processes and candidate
mechanisms
Adam M. Reitzel, Derek Stefanik, and John R. Finnerty

8.1
8.2

8.3
8.4
8.5
8.6
8.7
8.8

Introduction

Diversification of clonal reproduction in cnidarians

8.2.1 Diversity of clonal reproduction modes in cnidarian polyps

8.2.2 The role of developmental modularity in life history diversification
8.2.3 Evidence of modularity in cnidarian developmental programs
8.2.4 Elucidating the genetic architecture of cnidarian modules
Trade-offs and environmental signaling in asexual reproduction
Trade-offs between methods of asexual reproduction

Environmental signals and reception in cnidarian asexual reproduction
Looking ahead: Combining signaling with developmental mechanisms
Summary

Acknowledgments

9 The genetics and evolution of flowering time variation in plants: Identifying genes
that control a key life history transition
Joshua A. Banta and Michael D. Purugganan

9.1
9.2
9.3

9.4
9.5
9.6
9.7
9.8
9.9

M0MmM

Introduction

The natural and laboratory history of Arabidopsis

The molecular genetics of flowering time

9.3.1 Getting at the mechanistic basis: Genes controlling flowering time variation
and what they do

9.3.2 CRY2

9.3.3 PHYC

9.34 FRI

9.3.5 FLC

Epistatic effects among FRI and FLC

Pleiotropic effects of genes controlling flowering time variation

Comparative functional genomics: The genetics of flowering time in other species

Synthesis and prospectus

Summary

Acknowledgments

echanisms of nutrient-dependent reproduction in dipteran insects

Alan O. Bergland

10.1 Introduction
10.2 Larval nutrition and reproduction

93
94
95
96
97

99

101

101
102
103
103
105
106
109
110
111
112
113
113

114

114
115
116

117
118
120
120
121
121
122
124
125
126
126

127

127
128



1

12

10.3

10.4
10.5
10.6

CONTENTS

10.2.1 Ovary size

10.2.2 Meal size

10.2.3 The effects of mate size

10.2.4 Larval nutrition and teneral reserves
Adult-acquired resources

10.3.1 Hunger

10.3.2 Finding nutrition

10.3.3 Oogenesis and ovulation

The evolutionary genetics of reproduction: Future prospects
Summary

Acknowledgments

Mechanisms underlying reproductive trade-offs: Costs of reproduction
Dominic A. Edward and Tracey Chapman

11.1
11.2
11.3

114

11.5

11.6

11.7

11.8

11.9
11.10

11.11
11.12

Introduction

Key life history traits and costs of reproduction

Intrinsic costs of reproduction: Trade-offs between reproductive activity and

survival or future reproductive rate

11.3.1 Physiological costs of reproduction

11.3.2 Evolutionary costs of reproduction

11.3.3 Mechanisms underlying reproductive costs

11.3.4 Nutrients, nutrient sensing, and costs of reproduction between reproductive
rate and lifespan

11.3.5 The presence of a germ line and costs of reproduction between reproductive
rate and lifespan

Reproductive hormones as mediators of trade-offs between reproductive

rate and lifespan

Male seminal fluid proteins as mediators of trade-offs between reproduction

and lifespan in females

The immune system as a mediator of costs between current reproductive

rate and survival

Damage as a mediator of trade-offs between current reproductive

rate and survival

Resource allocation: Allocation versus adaptive signaling

Costs of reproduction in a fitness-based framework

New directions

11.10.1 Mechanistic data are incomplete

11.10.2 The evolution and conditional economics of reproductive costs

11.10.3 Integration of life history data from social species

Summary

Acknowledgments

Patterns and processes of human life history evolution
Michael P. Muehlenbein and Mark V. Flinn

12.1

The evolution of human life histories
12.1.1 Ecological dominance: Lowered mortality, better food and tools,
and increased sociality

Xvii

128
129
129
130
131
131
132
133
135
135
136

137

137
137

138
140
141
141

142
144
144
145
145
146
147
148
150
150
150
151
151
152

153

153

154



xviii

CONTENTS

12.2

12.3

12.1.2  Human cognitive evolution

12.1.3 Prolonged development

12.1.4 High fertility, biparental and alloparental care
Proximate mechanisms of human life history patterns
12.2.1 Reproductive development

12.2.2 Ovarian and testicular functions

12.2.3 Reproductive behaviors

12.2.4 Reproductive senescence

Summary

Part 4: Lifespan, aging, and somatic maintenance

13 Parallels in understanding the endocrine control of lifespan with the firebug
Pyrrhocoris apterus and the fruit fly Drosophila melanogaster
Magdalena Hodkova and Marc Tatar

14

15

13.1
13.2
13.3
13.4
13.5
13.6
13.7

Introduction

Reproductive diapause
Reproduction and its trade-offs
Endocrine regulation
Conclusion

Summary

Acknowledgments

The genetics of dietary modulation of lifespan
Johannes H. Bauer and Stephen L. Helfand

14.1
14.2

14.3
14.4

14.5

14.6
14.7
14.8

Introduction

Calorie restriction as a modulator of life history traits

14.2.1 Islifespan extension due to calorie restriction universal?
14.2.2 The difficulty of defining what constitutes calorie restriction
The evolution of dietary restriction and its lifespan-extending effect
Dietary restriction in lower organisms

1441 C. elegans

14.42 D. melanogaster

Dietary restriction in higher organisms

14.5.1 Rodents

14.5.2 Primates

Concluding remarks

Summary

Acknowledgments

Molecular stress pathways and the evolution of life histories in reptiles
Tonia S. Schwartz and Anne M. Bronikowski

15.1
15.2

Reptiles possess remarkable variation and plasticity in life history

The molecular stress networks: What is known in reptiles?

15.2.1 Metabolic pathways

15.2.2 Molecular mechanisms to regulate the production of reactive oxygen species
15.2.3 Molecular mechanisms to neutralize reactive oxygen species

154
156
157
159
160
161
164
166
167

169

1m

171
172
174
176
178
179
179

180

180
180
180
181
182
183
183
185
188
188
189
190
192
192

193

193
195
195
199
200



16

15.3

15.4
15.5
15.6

15.2.4 Tolerance and resistance to reactive oxygen species
15.2.5 Molecular pathways for repair
15.2.6 Insulin/insulin-like growth factor signaling pathway

Environmental stress and evolving molecular pathways: Evidence in reptiles

15.3.1 Temperature (heat) stress

15.3.2 Hibernation: Supercooling, freeze tolerance, and anoxia tolerance

15.3.3 Dietary stress: Availability and type of food
15.3.4 Type of food

Perspective

Summary

Acknowledgments

Mechanisms of aging in human populations
Maris Kuningas and Rudi G.]. Westendorp

16.1
16.2

16.3

16.4
16.5
16.6

Introduction

Mechanisms of aging

16.2.1 Insulin/IGF-1 signaling

16.2.2 Lipid metabolism

16.2.3 Antioxidant enzymes

16.2.4 Macromolecule repair mechanisms
16.2.5 Cellular responses to damage
Convergence of longevity signals

16.3.1 Dietary restriction

Integration of genetic pathways and the environment
Summary

Acknowledgments

Part 5: Life history plasticity

17 Mechanisms underlying feeding-structure plasticity in echinoderm larvae
Benjamin G. Miner

18

17.1
17.2
17.3
17.4
17.5
17.6
17.7
17.8
17.9

Introduction

Plasticity of feeding structures
Evidence for adaptive plasticity
Developmental regulation

Mechanisms of perception

Mechanisms of morphological response
Integrative response

Future directions

Summary

17.10 Acknowledgments

Evolution and mechanisms of insect reproductive diapause: A plastic and pleiotropic

life history syndrome
Paul S. Schmidt

18.1
18.2

Introduction
Advances and methods

CONTENTS

Xix

201
202
202
203
203
204
206
207
207
208
209

210

210
211
211
212
212
213
214
214
215
216
217
217

219

221

221
221
222
224
224
225
227
228
228
229

230

230
231



XX

19

20

CONTENTS

18.3
18.4

18.5

18.6
18.7

Seasonal polyphenisms and environmentally induced plasticity in the Lepidoptera:

18.2.1 Clines

18.2.2 Temporal variation and seasonality
Diapause as a model system for life history evolution
Identifying genes for seasonality

18.4.1 Dormancy in D. melanogaster

18.4.2 Genes for diapause in Drosophila
Pathway and genomic analyses

18.5.1 Diapause and insulin signaling
18.5.2 Expression analyses

Summary

Acknowledgments

The coordinated evolution of many traits on multiple levels
Paul M. Brakefield and Bas |. Zwaan

19.1
19.2
19.3
19.4
19.5
19.6
19.7

19.8
19.9

Introduction

Frameworks for dissecting the evolution of polyphenisms

Case studies on the adaptive nature of seasonal polyphenisms
Environmental cues and the physiological regulation of plasticity
Genetics of the evolution of the seasonal polyphenism in wing pattern
Life history evolution in polyphenic butterflies

Perspectives: Suites of adaptive traits in combination with an ability
to acclimate

Summary

Acknowledgments

Honey bee life history plasticity: Development, behavior, and aging
Brenda Rascon, Navdeep S. Mutti, Christina Tolfsen, and Gro V. Amdam

20.1
20.2

20.3

20.4

20.5
20.6
20.7

Introduction

Development

20.2.1 Female caste morphology: Physiology, function, and reproduction

20.2.2 Anintegrative molecular model for caste development:
Differential nutrition during larval development triggers
caste differentiation

Behavioral maturation and specialization

20.3.1 Specialization of foraging behavior

20.3.2 Central nervous system changes during behavioral maturation

20.3.3 Metabolic changes during behavioral maturation

Worker aging

20.4.1 Plasticity of aging

20.4.2 Oxidative stress

20.4.3 Metabolic patterns of senescence

20.4.4 Cognitive senescence

20.4.5 Impact of nutrition sensing pathways on lifespan

Concluding remarks

Summary

Acknowledgments

231
233
233
235
236
238
239
239
240
242
242

243

243
243
245
246
247
248

251
252
252

253

253
253
253

254
255
257
258
259
260
260
261
262
263
264
265
265
266



CONTENTS

Part 6: Life history integration and trade-offs

21

22

Molecular mechanisms of life history trade-offs and the evolution of multicellular
complexity in volvocalean green algae
Aurora M. Nedelcu and Richard E. Michod

21.1 Introduction
21.2  The volvocalean green algal group
21.2.1 Overview
21.2.2 Life history trade-offs and the evolution of multicellularity in volvocalean algae
21.3 Mechanisms of life history trade-offs and the evolution of multicellularity in
volvocalean algae
21.3.1 Overview
21.3.2 Acclimation and life history trade-offs in Chlamydomonas
21.3.3 The genetic basis for cell differentiation in Volvox carteri
21.4 Co-opting mechanisms underlying environmentally induced life history trade-offs
for cell differentiation
21.5 Conclusion
21.6 Summary
21.7 Acknowledgments

Molecular basis of life history regulation in C. elegans and other organisms
Birgit Gerisch and Adam Antebi

22.1 Introduction

22.2  C. elegans life history

22.3  Genetics of dauer formation

22.4 Dauer pheromone

22.5 Neurosensory signaling and processing

22.6 Sensory signal transduction and longevity
22.6.1 Insulin/IGF-1 signal transduction
22.6.2 TGF-beta signaling
22.6.3 Biogenic amine signaling
22.6.4 Neuropeptide-Y-like signaling
22.6.5 Steroid hormone signaling

22.7 Developmental timing and life history specification

22.8 Reproduction and longevity

229 Dietary restriction

22.10 Diapause in other nematode strains

22.11 D. melanogaster reproductive diapause

22.12 Torpor/hibernation of mammals

22.13 Prospectus

22.14 Summary

22.15 Acknowledgments

23 The costs of immunity and the evolution of immunological defense mechanisms

Kurt A. McKean and Brian P. Lazzaro

23.1 Introduction
23.2 Innate immune defense in Drosophila

XXi

267

271

271
273
273
275

277
277
278
279

280
282
282
283

284

284
285
285
285
286
287
287
288
289
289
289
291
293
294
294
295
296
297
297
298

299

299
301



XXii

24

25

CONTENTS

23.3 Trade-offs between reproduction and immunity

23.4 Deployment costs, tolerance, and the evolution of immune regulation
23.5 Multiple-fronts costs of immunity

23.6 Future directions

23.7 Summary

Intermediary metabolism and the biochemical-molecular basis of life history variation
and trade-offs in two insect models
Anthony ]. Zera and Lawrence G. Harshman

24.1 Introduction
24.2  Gryllus firmus: Biochemical and molecular studies of trade-offs in lipid metabolism
and life histories
24.2.1 Background on life history variation in Gryllus and methodological perspective
24.2.2 Lipid reserves: The physiological context of biochemical studies of life
history trade-offs
24.2.3 Morph-specific differences in flux through pathways of lipid biosynthesis and
oxidation
24.2.4 Enzymatic basis of flux trade-offs: Digging deeper into the functional hierarchy
of life history trade-offs
24.2.5 Enzymological and molecular causes of differences in enzyme activities
between morphs
24.2.6 Amino acid metabolism and life history trade-offs in Gryllus
24.3  Drosophila melanogaster
24.3.1 Laboratory selection on life history
24.3.2 Clinal variation in intermediary metabolism and life history traits in the field
24.4 Other studies and issues relevant to Drosophila
24.4.1 Additional biochemical and molecular studies
24.42 Influence of changes in allocation versus nutrient input on life history evolution
2443 Quantitative-genetic variative in enzyme activities and fitness
24.5 Summary
24.6 Acknowledgments

Epistatic social and endocrine networks and the evolution of life history trade-offs
and plasticity
Lesley T. Lancaster and Barry Sinervo

25.1 Introduction

25.2  Endocrine networks and life history trade-offs

25.3 Anexample of a gated switch in developmental life history trade-offs

25.4  Social networks and life history trade-offs

25.5 Social dimensions to trade-offs: Endocrine mediation and fitness consequences
25.6 Corticosterone, egg size, and the trade-off between aspects of offspring quality in a lizard
25.7 Juvenile hormone, vitellogenin, and reproductive trade-offs in eusocial honeybees
25.8 Testosterone, growth hormone, social dominance, and smolting in Atlantic salmon
25.9 Gibberellins, auxin, ethylene, and reproductive allocation in monoecious plants
25.10 Conclusions and future directions

25.11 Summary

302
304
307
308
310

311

311

312
312

313

315

316

319
320
321
322
323
326
326
326
327
327
328

329

329
331
333
333
339
339
341
343
344
347
347



CONTENTS  xxiii

26 Hormonally-regulated trade-offs: Evolutionary variability and phenotypic plasticity

in testosterone signaling pathways 349
Michaela Hau and John C. Wingfield
26.1 Introduction 349
26.2 Testosterone and trade-offs 350
26.3 Conservation versus variation in testosterone-regulated traits on an interspecific level 354
26.4 Signal production pathway 354
26.5 Signal transduction pathway 356
26.6 Plasticity of testosterone-regulated trade-offs on an individual level 356
26.7 Costs 357
26.8 Phenotypic plasticity and reaction norms 357
26.9 Development 359
26.10 Future directions of evolutionary endocrinology 360
26.11 Summary 361
26.12 Acknowledgments 361
Part 7: Concluding remarks 363
27 Does impressive progress on understanding mechanisms advance life history theory? 365
Stephen C. Stearns
27.1 Introduction 365
27.2  How research on mechanisms is changing views on life history evolution 366
27.2.1 The nature of trade-offs: Signals, allocation, or both? 366
27.2.2  Ancient, conserved, broadly shared mechanisms? 367
27.2.3 Decoupling functions by duplicating modules 369
27.3 Is work on mechanisms changing theory? 369
27.3.1 Are these data forcing the theory to change? 369
27.3.2 Are we identifying general features of intermediate structure
in the genotype—phenotype map? 370
27.3.3 Are the empirical problems with the theory being addressed? 371
27.4 Conclusion 373
27.5 Summary 373

28 What mechanistic insights can or cannot contribute to life history evolution: An exchange
between Stearns, Heyland, and Flatt 375
Thomas Flatt, Andreas Heyland, and Stephen C. Stearns

28.1 Why mechanisms are important for life history theory: A response by Flatt and Heyland 375
28.2 Reply by Stearns: Mechanisms do not yet force the theory to change 379

References 380
Index 469



Contributors

Gro V. Amdam, Arizona State University, School of Life
Sciences, PO Box 874501, Tempe, AZ 85287-4501, USA

and
Norwegian University of Life Sciences, Department of
Chemistry, Biotechnology and Food Science, PO Box
5003, Aas, N-1432, Norway

Adam Antebi, Baylor College of Medicine, Huffington Center
on Aging and Department of Molecular and Cellular
Biology, One Baylor Plaza, Houston, TX 77030, USA

and
Max Planck Institute for Biology of Aging, Gleueler
Strafle 50a, D-50931 Cologne, Germany

Joshua A. Banta, New York University, Department of
Biology, 1009 Silver Center, 100 Washington Square
East, New York, NY 10003-6688, USA

Johannes H. Bauer, Southern Methodist University,
Department of Biological Sciences, 6501 Airline Drive,
238-DLS, Dallas, TX 75275, USA

Alan O. Bergland, Department of Ecology and
Evolutionary Biology, Brown University, Box G-W, 80
Waterman Street, Providence, RT 02912, USA

and
Department of Biology, 371 Serra St, Stanford University,
Stanford, CA 94305-5020, USA

Christian Braendle, Université Nice Sophia-Antipolis,
Institute of Developmental Biology and Cancer (IBDC),
Parc Valrose, 06108 Nice cedex 2, France

Paul M. Brakefield, Evolutionary Biology Group Institute
of Biology, Leiden University, Postbus 9505, 2300 RA
Leiden, The Netherlands

and
University Museum of Zoology, University of
Cambridge, Downing Street, Cambridge CB2 3E], UK

Anne M. Bronikowski, lowa State University, Department
of Ecology, Evolution & Organismal Biology, 253 Bessey
Hall, Ames, IA 50011, USA

Daniel R. Buchholz, University of Cincinnati, Department
of Biological Sciences, 832 Rieveschl Hall, 312 Clifton
Court, Cincinnati, OH 45221, USA

Tracey Chapman, University of East Anglia, School of
Biological Sciences, Norwich, Norfolk, NR4 7TJ, UK

XXiv

Sandie Degnan, University of Queensland, Integrative
Biology School, Goddard Building, Saint Lucia,
Queensland 4072, Australia

Dominic A. Edward, University of East Anglia, School of
Biological Sciences, Norwich, Norfolk, NR4 7TJ, UK

Deniz F. Erezyilmaz, Princeton University, Department of
Ecology & Evolutionary Biology, Guyot Hall Princeton,
NJ 08544, USA

John R. Finnerty, Boston University, Biology Department,
5 Cummington Street, Boston, MA 02215, USA

Thomas Flatt, University of Veterinary Medicine Vienna,
Department of Biomedical Sciences, Institute for
Population Genetics, Veterindrplatz 1, A-1210 Vienna,
Austria

Mark V. Flinn, University of Missouri, Department of
Anthropology, 107 Swallow Hall, Columbia, MO 65211-
1440, USA

Birgit Gerisch, Max-Planck Institute for Biology of Aging,
Gleueler Strafie 50a, D-50931 Cologne, Germany

Lawrence G. Harshman, University of Nebraska, School
of Biological Sciences, 335A Manter Hall, Lincoln, NE
68588-0118, USA

Michaela Hau, Max-Planck Institute for Ornithology,
Vogelwarte Radolfzell, Schlossallee 2, D-78315
Radolfzell, Germany

Stephen L. Helfand, Brown University, Divison of Biology
and Medicine, Molecular, Cellular Biology Biochemistry,
Syndey Frank Hall, 185 Meeting Street, Providence, RI
02912, USA

Andreas Heyland, University of Guelph, Department of
Integrative Biology, Rm 1468, Guelph, ON N1G-2W1,
Canada

Magdalena Hodkova, Institute of Entomology, Biological
Centre, Academy of Sciences, Branisovska 31, 37005
Ceské Budgjovice, Czech Republic

Amy Hollar, University of Cincinnati, Department of
Biological Sciences, 832 Rieveschl Hall, 312 Clifton
Court, Cincinnati, OH 45221, USA

Saurabh Kulkarni, University of Cincinnati, Department
of Biological Sciences, 832 Rieveschl Hall, 312 Clifton
Court, Cincinnati, OH 45221, USA



Maris Kuningas, Department of Epidemiology, Erasmus
Medical Centre, PO Box 2040, 3000 CA Rotterdam, The
Netherlands

Lesley T. Lancaster, National Center for Ecological
Analysis and Synthesis (NCEAS), University of
California, Santa Barbara, 735 State Street, Suite 300,
Santa Barbara, CA 93101, USA

Brian P. Lazzaro, Cornell University, Department of
Entomology, 3125 Comstock Hall, Ithaca, NY 14853,
USA

Richard G. Manzon, University of Regina, Department of
Biology, Regina, SK 545 0A2, Canada

Kurt A. McKean, Department of Biological Sciences, State
University of New York (SUNY) at Albany, 1400
Washington Avenue, Albany, NY 12222, USA

Richard E. Michod, University of Arizona, Department of
Ecology and Evolutionary Biology, PO Box 210088,
Tucson, AZ 85721, USA

Benjamin G. Miner, Western Washington University,
Department of Biology, 516 Hight Street, University
Mailstop 9160, Bellingham, WA 98225, USA

Christine Moskalik, University of Cincinnati, Department
of Biological Sciences, 832 Rieveschl Hall, 312 Clifton
Court, Cincinnati, OH 45221, USA

Michael P. Muehlenbein, Indiana University, Department
of Anthropology, Student Building 130, 701 E. Kirkwood
Avenue, Bloomington, IN 47405-7100, USA

Navdeep S. Mutti, Arizona State University, School of Life
Sciences, PO Box 874501, Tempe, AZ 85287-4501, USA

Aurora M. Nedelcu, University of New Brunswick,
Department of Biology, PO Box 4400, Fredericton, NB
E3B 5A3, Canada

Allison Ng, University of Cincinnati, Department of
Biological Sciences, 832 Rieveschl Hall, 312 Clifton
Court, Cincinnati, OH 45221, USA

Michael D. Purugganan, New York University, Center for
Genomics and Systems Biology, Department of Biology,
1009 Silver Center, 100 Washington Square East, New
York, NY 10003-6688, USA

Brenda Rascén, Norwegian University of Life Sciences,
Department of Chemistry, Biotechnology and Food
Science, P.O. Box 5003, Aas, N-1432, Norway

Adam M. Reitzel, Woods Hole Oceanographic Institution,
Redfield 304, MS#32, Woods Hole, MA 02543, USA

CONTRIBUTORS  xxv

Derek A. Roff, University of California at Riverside,
Department of Biology, Office 3352, Spieth Hall,
Riverside, CA 92521, USA

Paul S. Schmidt, University of Pennsylvania, Department
of Biology, Leidy Laboratories, Philadelphia, PA 19104,
USA

Tonia S. Schwartz, Iowa  State
Interdeptartmental Genetics Program, Department of
Ecology, Evolution & Organismal Biology, 253 Bessey
Hall, Ames, Iowa, IA 50011, USA

Alexander W. Shingleton, Michigan State University,
Department of Zoology, 203 Natural Science Building,
East Lansing, MI 48824-1115, USA

Barry Sinervo, University of California, Department of
Ecology & Evolutionary Biology, Earth & Marine
Sciences Building, Santa Cruz, CA 95064, USA

Stephen C. Stearns, Yale University, Department of
Ecology and Evolutionary Biology, Box 208106, New
Haven, CT 06520-8106, USA

Derek Stefanik, Boston University, Biology Department,
5 Cummington Street, Boston, MA 02215, USA

Marc Tatar, Brown University, Division of Biology and
Medicine, Department of Ecology and Evolutionary
Biology, Box G-W, Providence, RI 02912, USA

Christina Tolfsen, Norwegian University of Life Sciences,
Department of Chemistry, Biotechnology and Food
Science, PO Box 5003, Aas, N-1432, Norway

Rudi G.J. Westendorp, Leiden University Medical
Center (LUMC), Department of Gerontology and
Geriatrics C2-R, PO Box 9600, 2300 RC Leiden, The
Netherlands

John C. Wingfield, University of California, College of
Biological Sciences, Neurobiology, Physiology &
Behavior (NPB), 294 Briggs Hall, Davis, CA 95616, USA

Anthony J. Zera, University of Nebraska, School of
Biological Sciences, 225 Manter Hall, Lincoln, NE 68588-
0118, USA

Bas J. Zwaan, Evolutionary Biology Group Institute of
Biology, Leiden University, Postbus 9505, 2300 RA
Leiden, The Netherlands

and
Chair in Genetics, Laboratory of Genetics, Plant Sciences
Group, Wageningen University and Research Centre,
PO Box 309, 6700 AH Wageningen, The Netherlands

University,



CHAPTER 28

What mechanistic insights can or
cannot contribute to life history
evolution: An exchange between
Stearns, Heyland, and Flatt

Thomas Flatt, Andreas Heyland, and Stephen C. Stearns

When discussing Steve Stearns’ chapter (Chapter
27) and the rationale of this book, the three of us
realized that Steve and we (the editors) differ in
how we see the contribution mechanistic insights
can make to life history evolution. Steve suggested
that life might be more interesting for our readers if
we wrote a rebuttal to some of Steve’s claims and if
he then wrote an answer. This postscript summa-
rizes our discussion.

28.1 Why mechanisms are important
for life history theory: A response
by Flatt and Heyland

Life history theory seeks to explain, from first princi-
ples, the evolution of the main features of life cycles,
in particular the design of organisms with regard to
reproductive success (Stearns 1976, 1992, Roff 1992,
Charlesworth 1994). The theory claims that we need
to understand two things in order to understand the
evolution of life histories (Stearns 2000):

¢ the environmental factors that affect the age-
or stage-specific schedules of
reproduction

¢ the connections (trade-offs) between life history
traits and the internal constraints these connections
(and other factors) impose upon how life history
traits can vary.

survival and

By building on these simplifying claims, life his-
tory theory has focused on general principles and

deliberately ignored complicating details, such as
the mechanisms of genetics, development, and
physiology. For example, a keystone of life history
theory is the Euler-Lotka equation, which relates
demographic traits such as age at maturity, survival
rates, and rates of reproduction to fitness. By using
this or related mathematical frameworks, and by
assuming constraining trade-offs as boundary con-
ditions, one can derive theoretical predictions about
life history evolution, most—if not all—of which
have been confirmed empirically with tremendous
success. This large body of work has been summa-
rized and reviewed in several excellent books by
Stearns (1992) and Roff (1992, 2002). In contrast to
classical life history theory, the present book has a
different aim. By focusing on explicit genetic, devel-
opmental, and physiological mechanisms, it
attempts to provide a description of the “molecular
natural history” of life history evolution. Given the
clear-cut success of classical life history theory, what
can knowledge about mechanistic details contrib-
ute to our understanding of life history evolution?
In his chapter, Stearns argues that, while mecha-
nistic studies have resulted in several striking con-
ceptual advances, none of these insights is forcing
the theory to change, at least not yet. Currently,
most mechanistic descriptions of life history traits
and their evolution neither directly test theoretical
predictions, nor require the existing theory to be
revised. While the predictive theory is deliberately
void of explicit mechanism (as is common in
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evolutionary biology), the study of mechanisms is
motivated by a reductionist description and analy-
sis of function (as is typical in molecular biology).
As Stearns points out, there is still a long way to go
before mechanistic insights and the theory can
cross-fertilize each other. While we agree with
Stearns that, despite impressive progress, the study
of molecular mechanisms that mediate life history
evolution is still in its infancy and has not yet made
sufficient contact with the theory, there are in our
opinion several important issues in life history evo-
lution that can be illuminated by taking a mechanis-
tic approach. Here we discuss four of them:

e trade-offs

¢ antagonistic pleiotropy and the evolution of aging
® hormones as a feature of the genotype-
phenotype map

¢ the evolution of life history transitions.

Some but not all of these issues contact the classi-
cal theory; for others, mechanistic insights are likely
to improve our general understanding of life his-
tory evolution and might lead to extensions of the
classical theory in the future.

The first issue is that of trade-offs. The existence
and importance of trade-offs in life history evolu-
tion is undisputed (Roff 1992, Stearns 1992), but as
has been pointed out by Stearns (e.g., Stearns 2000,
2005, Stearns and Magwene 2003) and many others,
we lack fundamental knowledge about their genetic,
developmental, and physiological causes. In most
cases, trade-offs are simply assumed to exist, for
example as constraining boundary conditions in
models of life history evolution, and even when
they are measured (through genetic correlations or
correlated responses to selection), their underlying
mechanisms remain typically unknown (Stearns
1989, 2000, Stearns and Magwene 2003). This lack of
mechanistic insight into the nature and structure of
trade-offs is problematic for at least three reasons.

First, while the theory is in most cases silent on
the causes of trade-offs (S. C. Stearns, personal com-
munication; Stearns 1992), many life history models
assume that trade-offs are caused by competitive
resource allocation (Kirkwood 1977, van Noordwijk
and de Jong 1986, Houle 1991, de Jong and van
Noordwijk 1992, Shanley and Kirkwood 2000,
Worley et al. 2003). However, as work in this volume

illustrates, this might not always necessarily be the
case. Trade-offs can occur for structural reasons or
be caused by signaling processes independent of
resource allocation (Tatar and Carey 1995; also see
Chapters 11 and 13). Moreover, when reading the
recent experimental life history literature it becomes
obvious that most empirical studies of trade-offs
uncritically assume that such trade-offs must be
caused by competitive resource allocation (Barnes
and Partridge 2003, Harshman and Zera 2007, Flatt
and Schmidt 2009; also see Chapter 24). However,
only very few studies have actually attempted to
demonstrate the resource basis of trade-offs by
quantifying acquisition or allocation of resources,
ie., energetic investment (Stearns 1992; see also
Chapter 24). Thus, uncovering the causes of trade-
offs might lead to us reconsider, at least in some
instances, one of our most commonly made assump-
tions about the nature of trade-offs, an issue that
directly touches upon aspects of the theory. While
many life history models and predictions will be
unaffected by this knowledge, others that rely on the
assumption of resource allocation might need to be
revisited. In any case, as good scientists, we should
probe and question our assumptions and find out
when they hold or not. Moreover, where resource
allocation trade-offs do exist, different species might
vary in the way resources are acquired and allocated
to survival and reproduction, suggesting that
unknown internal (developmental and physiologi-
cal) mechanisms interact in unknown ways with
extrinsic factors that affect survival and reproduc-
tion: without mechanistic insight we cannot develop
a theory to explain such variation (Stearns 2000).
Second, life history theory distinguishes between
physiological and microevolutionary trade-offs
(Stearns 1989, 1992). A physiological trade-off is
caused by competition among two or more proc-
esses for limited resources (or by mutually exclusive
signaling processes independent of allocation)
within a single individual, whereas a microevolu-
tionary trade-off is defined at the population level as
a change in a trait that increases fitness and which is
linked to a change in another trait that decreases fit-
ness—thus, there must be a negative genetic correla-
tion in the population between the two fitness
components in question. What is the relationship
between physiological and microevolutionary trade-
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offs? For example, a physiological (intra-individual)
trade-off can be genetically fixed in the population,
and all individuals will physiologically respond in
the same way, without the physiological trade-off
contributing to the microevolutionary trade-off.
Alternatively, physiological trade-offs might be
genetically variable and contribute to, or modulate,
evolutionary trade-offs among individuals in the
population and can thus contribute to the response
to selection (Stearns 1989, 1992). Without detailed
knowledge about the physiological nature of trade-
offs, it will be difficult to understand or predict when
and how physiological trade-offs contribute to, or
modulate, evolutionary trade-offs or not (for an
empirical example see Flatt and Kawecki 2007).
Third, development and physiology (for exam-
ple, hormonal signaling, as amply demonstrated in
this volume) can modulate the expression of genetic
(microevolutionary) trade-offs in a way that
depends on the environment (Stearns 1989, 1992).
This is illustrated by the fact that the sign of a
genetic correlation can change across different envi-
ronments. For example, a genetic correlation might
be negative in one environment but positive in
another. Similarly, a trade-off might be present in
one environment but absent in an alternative envi-
ronment, suggesting that trade-offs can be “broken”
or “uncoupled.” In addition to this environmental
dependency, trade-offs might or might not change
under selection. In none of these cases do we really
understand the causes that underlie this dynamic
and flexible behavior of trade-offs (Stearns 1989).
As several chapters in this volume suggest, mecha-
nistic insights might help us to understand this
issue better. Even though recent insights into the
mechanistic nature of trade-offs might not yet
directly change the way we construct life history
models, we agree with Stearns (2000) that “the
explanation of variation in life histories will not be
complete until those mechanisms are understood.”
The second issue relates to the importance of
trade-offs in the evolutionary theory of aging, which
can be considered a part of life history theory
(Stearns 1992, Charlesworth 1994). While the evolu-
tionary theory of aging has not been given much
attention in this volume (for overviews see Rose
1991, Stearns 1992, Stearns and Partridge 2001, Flatt
and Schmidt 2009), work on aging serves as a good

example for how mechanistic insights can touch
upon the theory. In short, two major models have
been proposed to explain the evolution of aging
(Medawar 1952, Williams 1957). One of them posits
that early fitness components are negatively con-
nected to fitness components late in life by alleles
with antagonistic pleiotropic effects; under this
model, the evolution of aging can be seen as a
byproduct of selection for increased fitness early in
life, with weak selection at advanced ages being
unable to oppose the pleiotropic and negative effects
late in life (Williams 1957). Thus, Williams’ postulate
predicts that early and late fitness components are
coupled by trade-offs that are due to the existence of
alleles with antagonistic pleiotropic effects. This is
clearly a mechanistic prediction of an evolutionary
model that is part of life history theory broadly con-
strued (Stearns 1992, Charlesworth 1994).

While selection experiments and phenotypic
manipulations have lent much support to Williams’
hypothesis (Stearns and Partridge 2001, Flatt and
Promislow 2007, Flatt and Schmidt 2009), formally
testing the “antagonistic pleiotropy” model requires
us to identify genes and to functionally characterize
them. Without this knowledge we cannot know
whether the observed trade-off pattern is caused by
antagonistic pleiotropy, linkage disequilibrium, or a
correlation with a third unobserved trait (Clark
1987, Charlesworth 1990, Houle 1991). This is an
important mechanistic issue regarding trade-offs: it
not only concerns trade-offs between early and late
fitness traits that are relevant in the evolution of
aging, but in fact relates to trade-offs between fit-
ness components in general. While knowledge
about the genetic nature of trade-offs might not
affect most classical life history models, where
trade-offs are simply assumed as boundary condi-
tions, it is relevant for our understanding of the
evolution of aging. So what have genetic insights
contributed to this problem?

Recent research in molecular genetics of aging
now tells us that Williams probably got it right and
that many mutations (at least in the laboratory)
exhibit the kind of life history pleiotropy he envis-
aged. With the advent of improved methods for
genetic mapping, evolutionary geneticists have
also recently begun to successfully identify single
loci and quantitative trait nucleotides with major
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pleiotropic effects on life history traits in natural
populations, including polymorphisms in insulin/
IGF-1 signaling and other pathways (Carbone et al.
2006, Schmidt et al. 2008, Paaby et al. 2010; also see
Chapter 18). We consider this an example where
genetic insights have confirmed a postulate that
can be considered part of life history theory
broadly construed (Flatt and Promislow 2007, Flatt
and Schmidt 2009). Moreover, as discussed by
Stearns and other authors in this book, this work
has led to the realization that the insulin/IGF-1
signaling pathway might play a major evolution-
arily conserved role in pleiotropically affecting
lifespan and other life history traits connected with
it. This finding has come as somewhat of a surprise
to evolutionary biologists working on aging who,
starting with Williams (1957), had intuitively
assumed that it would be hard to identify major
homologous genetic effects upon lifespan (Flatt
and Schmidt 2009).

The third issue concerns hormones as intermedi-
ate components of the genotype-phenotype map.
Since hormones are critical physiological regulators
of decisions about growth, storage, maturation, and
reproduction, life history theorists postulated that
they might play a major role in life history evolu-
tion, for example in terms of acting as mediators of
trade-offs (Stearns 1989, Finch and Rose 1995).
Indeed, over the last 15 years or so we have accu-
mulated a wealth of data that seem to confirm this
intuition. As many chapters in this book showcase,
we have now many excellent examples that suggest
that hormones are key players in physiologically
mediating life history transitions, trade-offs, and
phenotypic plasticity (see many chapters in this
book and reviews by Zera and Harshman 2001,
Flatt et al. 2005, Heyland et al. 2005, Toivonen and
Partridge 2009). Again, one might say that insights
into hormonal mechanisms do not force the theory
to change, butitis also amply clear now that changes
in endocrine function are central to the coordina-
tion, integration, and modulation of life history
traits in response to changes in the environment.
One (perhaps naive) prediction would then be that
genes involved in endocrine signaling might be
“hot spots” for the evolution of life histories. If so,
we would have learned something important about
the functional architecture of life history traits.

A fourth issue is the evolution of life history tran-
sitions, such as metamorphosis and transitions
between alternative life history strategies. Although
the classical theory does not make specific predic-
tions about these phenomena (Stearns 1992, 2000;
also see foreword to this volume), an improved
knowledge about the biology of life history transi-
tions is clearly important for our understanding of
life history evolution. We believe that mechanistic
insights will be particularly helpful for extending
the classical theory into this uncharted area. Indeed,
many chapters in this book provide good examples
of how mechanistic studies are beginning to uncover
important commonalities and differences in devel-
opmental aspects of life history transitions (see
Chapters 3, 5, 6,7, and 8.).

More generally, this body of work holds great
promise for expanding the scope of classical work
on life histories by conceptually integrating it with
recent advances in evolutionary developmental
biology (evo-devo). One major current and success-
ful avenue is to integrate evo-devo with molecular
population genetics and phylogenomics (Carroll
2005, Barrett et al. 2008, Rebeiz et al., 2009, Stern
2010). We predict that in the future life history evo-
lution will significantly benefit from cross-talk with
these disciplines; such advances will allow us, for
example, to test for signatures of selection at the
DNA level and, in a comparative and phylogenetic
context, to determine whether particular molecular
changes that affect life histories are homologous or
caused by convergence.

There is no doubt that classical life history mod-
els have derived their impressive predictive power
from the fact that they are phenotypic models that
are silent on mechanism. Yet we are convinced that
in order for us to arrive at a more complete under-
standing of life history evolution we need to learn
more about the mechanisms that affect life history
traits and their evolution. Regarding the classical
tension between organismal and molecular biolo-
gists Stearns (2000) notes: “We will see more coop-
eration between these fields, for it is in the interest
of both to use each other’s methods and to ask each
other’s questions, and there are solid grounds for
mutual respect. People with one foot solidly in each
camp will do exciting research.” One of the princi-
pal motivations for editing this volume was to bring
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these two camps together more closely. If this book
has helped this integration a bit, then it has fulfilled
its purpose.

28.2 Reply by Stearns: Mechanisms
do not yet force the theory to change

Thomas and Andreas have done a good job of
defending their project, and I find it hard to dis-
agree with a statement that cites my work 28 times
in 7 pages. We do not have any fundamental differ-
ences. Here I only want to state explicitly where we
agree and reiterate some distinctions that I tried to
draw in my chapter.

We agree that studies of mechanism have illumi-
nated the nature of trade-offs. Uncovering those
mechanisms has revealed that energy allocation is
not all there is to trade-offs, and some of the mecha-
nisms mediating aging appear to be ancient and
widely shared. These are significant advances, but

because life history theory was silent about the
mechanisms that produce trade-offs, uncovering
those mechanisms was not going to change that
kind of theory.

Some of our disagreement arises from what we
consider to be life history theory. I consider it to be
the part of the study of life history evolution that can
be expressed in mathematical models. They consider
it to include, in addition to that, assumptions about
the mechanisms that cause trade-offs. Where those
mechanisms make a difference to the predictions of
theory, they should be included in the theory. My
point is, that has not yet been done, and doing so
does not appear to have been on the agenda of most
of those who authored chapters in this book. That is
not a criticism, it is simply a comment about what
future research might address. I do not expect it to
be a top priority for those working on mechanisms,
to whose strengths it does not play, but it might
attract those with a gift for theory.
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