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Introduction

Opening Pandora’s Boxes in Sexual Selection Research

Today, about one hundred and fifty years after the publication of Darwin’s Origin 
of Species, how do biologists, historians, and philosophers reassess the strengths 
and weaknesses of sexual selection? Answering this is the overall aim of this book.

At least two major concepts of contemporary biology originate in the works of 
Charles Darwin: natural selection and sexual selection. Originally, sexual selection 
dealt with the competition for mates, while natural selection was more concerned 
with individual survival. As Darwin says in the first edition of his Origin of Spe-
cies (1859, p. 88): “This depends, not on a struggle for existence, but on a struggle 
between the males for possession of the females; the result is not death to the un-
successful competitor, but few or no offspring. Sexual selection is, therefore, less 
rigorous than natural selection.”

The concept of sexual selection was amply developed and refined in Darwin’s 
Descent of Man, and Selection in Relation to Sex, along with several other issues 
like the “proportions of the sexes” (Darwin 1871; see Veuille, this volume). For 
Darwin, sexual selection “has led to the development of secondary sexual charac-
ters.” (1871, vol. 1, p. 271) This is fully consistent with Darwin’s commitment to an 
individualistic stance (Ruse, this volume).

More specifically, sexual selection consists of two different processes, “the pow-
er to charm the female” and “the power to conquer other males in battle.” (1871, 
vol. 1, p. 279) Thus, there are two selecting forces within the process of sexual 
selection. They are usually termed “female choice” and “male-male competition.” 
The first leads to ornaments, the second to armaments. On first inspection, sexual 
selection is just one kind of selection, with a different kind of selector: just as arti-
ficial selection is operated by breeders, so sexual selection (at least, its intrasexual 
component, female choice) is operated by mates, so natural selection is operated by 
a metaphorically personified agent called “nature”. While Darwin’s contemporaries 
readily accepted male-male competition, several issues were raised on the question 
of female choice. How could female animals develop the ability to discriminate 
between males or to consciously weigh up their differences? And, more impor-
tantly, was there not a contradiction between natural and sexual selection? As one 
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of Darwin’s fiercest critics put it: “A crest of topaz is no better in the struggle for 
existence than a crest of sapphire. A frill ending in spangles of the emerald is no 
better in the battle of life than a frill ending in the spangles of the ruby. A tail is not 
affected for the purposes of flight, whether its marginal or its central feathers are 
decorated with white.” (Argyll 1867, pp. 247–248)

Sexual selection claims to account for beauty in animal features: however, it 
raises the question of whether it can be consistent with the action of natural selec-
tion. While natural selection focuses on useful features, sexual selection opens up 
the possibility of an aesthetic sensibility and suggests that beauty somewhat deter-
mines animal anatomy and behaviour. How can evolutionary theory take into ac-
count what is obviously beautiful as well as the preference animal individuals seem 
to show towards beauty?

This question puzzled several naturalists who expressed doubts on sexual selec-
tion, faulting it for its anthropomorphical overtones. The most prominent of them is 
probably Alfred Russel Wallace, who scornfully asserted:

A young man, when courting, brushes or curls his hair, and has his moustache, beard or 
whiskers in perfect order and no doubt his sweetheart admires them; but this does not prove 
that she marries him on account of these ornaments, still less that hair, beard, whiskers and 
moustache were developed by the continued preferences of the female sex. So, a girl likes 
to see her lover well and fashionably dressed, and he always dresses as well as he can when 
he visits her; but we cannot conclude from this that the whole series of male costumes, from 
the brilliantly coloured, puffed, and slashed doublet and hose of the Elizabethan period, 
through the gorgeous coats, long waistcoats, and pigtails of the early Georgian era, down 
to the funereal dress-suit of the present day, are the direct result of female preference. In 
like manner, female birds may be charmed or excited by the fine display of plumage by the 
males; but there is no proof whatever that slight differences in that display have any effect 
in determining their choice of a partner. (Wallace 1889, pp. 286–7)

Wallace readily accepted male-male competition but rejected female choice. His 
name now stands for utility while Darwin's stands for beauty (Prum 2012, and Ho-
quet & Levandowsky, this volume). Following Wallace’s criticisms, sexual selec-
tion became the laughing point of Darwinian theory. Biologists like Thomas Hunt 
Morgan considered it useless and dedicated several books to showing its irrelevance 
(1903, 1919). In his The Scientific Basis of Evolution, Morgan refers to secondary 
sexual characters and states that “Darwin attempted to explain their origin histori-
cally in his theory of sexual selection, while the modern attitude is to accept their 
presence as given, and to devote attention to the physiology of their development 
in the individual.” (1932, p. 152) Here we understand an underlying opposition be-
tween ultimate and proximate causes. Are evolutionary or ultimate factors the most 
fundamental causes that account for animal traits—like courtship and display, what 
Darwin called “strange antics”— or should proximate factors (like hormones or im-
mediate rewards) also be taken into account (see the contributions of Watanabe and 
Kreutzer & Aebischer in this volume)?

Due to these puzzles and misconceptions, it is often claimed that sexual selection 
underwent a long century of absence, from its original wording in Darwin’s Descent 
(1871) to its “rediscovery” by Trivers (1972) in the wake of sexual liberation. Ex-
amples of what I would call the “century of neglect” narrative—allegedly lasting 
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from 1871–1972—can be found in Cronin (1991) or Zuk (2002). However, it re-
quires several important caveats. In this narrative, Ronald A. Fisher (1915, 1930) 
is singled out as having played an important role and is often quoted as a notable 
and singular exception among his peers for his idea of a “runaway process”. In 
fact, the story is much more complex, especially regarding female choice (Milam 
2011, Gayon, this volume). Indeed, throughout the 20th century one can list many 
names and projects that contributed to the development of sexual selection as both 
a theory and a field for experimental studies: in the 1910s, the entomologist Frank 
E. Lutz (1879–1943), at the Cold Spring Harbor Biological Laboratory, was doing 
experimental work on sexual selection with drosophila strains (Lutz 1909); from 
the 1910s to the 1930s, Julian Huxley made field studies of great crested grebes 
(1914, 1938), while Theodosius Dobzhansky (1944), Ernst Mayr (1946) and their 
colleagues were actively researching the question of mate choice using drosophila 
as a model organism and making several observations in the field.

Their work prompted a British plant geneticist, A.J. Bateman, to study intra-
sexual selection in drosophila. His paper, published in Heredity in 1948, was, at 
first, rather overlooked until, in 1972, it was quoted by Robert Trivers, triggering an 
exponential rise in citations as well as the exceptional fortune Bateman’s paper has 
enjoyed in the last quarter of a century. From Darwin to Bateman to Trivers, a com-
mon thread is the depiction of two stereotypical sex roles: coy females versus eager 
males. This view became a motto for many sociobiologists and, conversely, it was 
targeted by many critics of sexual selection, including feminist scholars. Trivers’ 
concept of “parental investment” explains how natural selection may be reconciled 
with sexual selection. If parental investment increases the progeny’s chances of sur-
viving, then each individual offspring can be considered as an investment. This, in 
turn, reduces the parent’s ability to produce further offspring. The basic principles 
of the theory are that females are limited by the number of offspring they can suc-
cessfully rear and that males are limited by the number of eggs they can fertilize. 
But its implications are subtler than that. Due to unequal parental investment, one 
sex (often, but not necessarily, the female) plays the role of “limiting resource” 
while the other (often, but not necessarily, the male) is mainly a contributor of 
genes to the making of the offspring, with little or no further contribution to parent-
ing beyond this, and it is he who is competing for access to mates. Sex cells are, of 
course, an element of parental investment, though certainly not its only component. 
In this framework, due to their limited stock of costly eggs, females are the sex-
limiting factor, with males, on the contrary, having a large number of small sperm. 
Gestation and lactation, in mammals for instance, are also important components 
of female investment, while in other orders, like sea-horses, females simply deliver 
the eggs whereas pregnant males provide the more taxing investment of developing 
the embryos.

Severed from the idea of stereotyped sex roles, sexual selection becomes a “logi-
cal imperative” (as is suggested by Parker and Pizzari, this volume). In the summary 
of the fourth chapter of his Origin of Species, Darwin gave what has been called 
the “recipe” approach to natural selection: if ingredients x, y and z are given, then 
evolutionary change will necessarily follow. The recipe is applicable, in principle, 
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to any entity capable of some form of reproduction (Godfrey-Smith 2009). Simi-
larly, the recipe version of sexual selection starts with gamete competition and an-
isogamy, thus emphasizing pre-copulatory factors rather than post-copulatory ones. 
In this version, anisogamy is the primary sexual difference, playing a crucial but 
not exclusive role in sexual selection. Other factors may also be included in sexual 
selection in order to construct it as a testable hypothesis (Gowaty, this volume).

Another important set of questions relates to the well-worn issue of genetic de-
terminism (Waage and Gowaty 1997): what difference exists between the “deci-
sions” of the animal individuals (humans included) and their evolutionary roots or 
causes? If selection operates only on genes, then what relation is there between ge-
netic sequences and behaviour? Questions bearing on the nature of homosexuality, 
of maternal instinct, and of altruism have been particularly debated, raising again 
and again the classical opposition between nature and nurture, but also between 
ultimate and proximate causes. The issue here is twofold. First, as several authors 
emphasize (especially Ah-King and Gowaty, this volume), new understandings of 
the mechanisms of gene expression and epigenetics lead to a revised account of 
individual development and of the way genes are said to determine phenotypes. An-
other question is whether the depiction of standard sex-roles (coy vs eager, choosy 
vs promiscuous, passive vs active) is flawed: does this mean that sexual selection is 
condemned to doom and oblivion (Roughgarden, this volume)?

The question of sex roles tightly links sexual selection to social issues such as 
women’s liberation. In a foreword to Cronin (1991, p. ix), John Maynard-Smith 
contrasted current enthusiasm for sexual selection with its previous and long-lasting 
disrepute, accounting for how “neglect of sexual selection turned to enthusiasm 
during the 1970s and 1980s.” Maynard-Smith supported the hypothesis that “this 
change of attitude” should be ascribed “to the influence of the women’s move-
ment,” and affirmed that, “It is certainly not the case that the new research, theoreti-
cal and empirical, has been carried out by ardent feminists, but I think it may have 
been influenced, even if unconsciously, by attitudes towards female choice in our 
own species.” The role that feminism played in the history of sexual selection is a 
contested area, one that is broached in several chapters of this volume (e.g., Ah-
King and Gowaty). One of the earliest and probably most important contributions to 
the feminist critique of Darwin’s ideas is the work published in 1875 by a Unitarian 
minister, Antoinette Blackwell. Blackwell criticized Darwin for failing to see how 
females actually developed new features. After all, both Darwinian mechanisms, 
male-male competition and female choice, account for evolution of male traits: 
“With great wealth of detail, he [Darwin] has illustrated his theory of how the male 
has probably acquired additional masculine characters; but he seems never to have 
thought of looking to see whether or not the females had developed equivalent femi-
nine characters.” (1875, p. 16) Primatologist Sarah Blaffer Hrdy has brought out the 
role played by Blackwell: “Blackwell’s informed dissent was drowned out in the 
wake of popular acceptance of social Darwinism. Her contribution to evolutionary 
biology can be summed up with one phrase: the road not taken.” (1981, p. 13)

 Introduction
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The notion of stereotyped sex-roles has been highly criticized. Women scien-
tists like S.B. Hrdy (1981), Linda Fedigan (1982) and Barbara Smuts (1985) have 
shown how female primates in particular are far from being passive participants in 
the reproductive process. They challenge the assumption that females only mate for 
fertilization and show that copulation can occur under a variety of circumstances: 
primate females engage in non-cyclical and non-reproductive sexual activity with 
various males. Patricia Gowaty (1992) has argued that many points in evolutionary 
theory could be used by feminists thinkers, especially those regarding variation of 
female behaviour or female resistance to male control of female sexuality. She also 
argued that evolutionary biologists might learn from feminists as well.

Both Gowaty and Zuk warned their colleagues about possible male chauvinism 
blinding evolutionary biology to important insights and preventing it from making 
further progress. Zuk, for instance, stressed the fact that “an awareness of such bias 
can help us recognize the need to listen to a variety of voices, which will ultimately 
result in less biased and more productive science. […] I address biologists as a 
feminist, to explore ways that feminism can affect and hopefully improve the study 
of the evolution of behavior.” (1993, p. 774) Referring to new insights in evolution-
ary biology, Zuk suggested, following Trivers, that the first creature was actually 
Eve and that she had not been fashioned out of one of Adam’s ribs as the traditional 
account would have it. As Trivers put it in an exam question quoted by Zuk: “And 
God made the first creature and called her “Eve,” and spoke to her, saying, “You and 
you alone are capable of nourishing an offspring out of your own body. In my own 
image I have made you. Out of your body all life here on earth shall flow. Go and 
reproduce and populate the earth. Natural selection will take care of the rest. For 
thou art Eve.”” As to Adam, he is just an additional creation, in order to allow Eve 
to fight efficiently against parasites: “And God caused a deep sleep to fall over Eve 
and She took one of Eve’s ribs and fashioned a male out of it.

To him She said, “You I will call Adam or man, for you are not fully woman, but 
were made from her to help her fight parasites, and, if possible, give her a little plea-
sure along the way.” (1993, p. 775) Such change of perspective, Zuk commented, 
“illustrates how use of feminist principles can expand conceptual possibilities for 
biology students.” (1993, p. 775) However, Robert Trivers abruptly replied that he 
“would rather derive [his] feminist principles from evolutionary biology than [his] 
evolutionary biology from feminist principles.”

Evolutionary biology teaches us that females are primary in evolution, males being second-
arily derived to serve female needs; that once both sexes are present, female interests carry 
at least as much evolutionary weight as male interests; that mating systems with a strong 
component of female choice naturally evolve to give greater weight to female than male 
interests; and so on. (Trivers 1994)

Trivers also claims that “too-close adherence to political principles as a guide to 
reality tempts us to merely replace the self-deceptions of the past with a brand new 
set”—suggesting that, only if we forget about politics, may we achieve an objective, 
value-free science, emancipated from the dialectical trap of the feminist Scylla and 
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the masculinist Charybdis. However, he does not explain how he controls his own 
bias, nor does he make the effort to offer any suggestions on how to do so.

No doubt that, partly due to these entanglements with highly debated topics like 
gender roles and stereotypes, partly due to its status as sound and testable evolution-
ary hypothesis, sexual selection today is probably “one of the most dynamic areas” 
of evolutionary research (Parker and Pizzari, this volume). However, it still has 
an incredible ability to trigger wild controversies. While some acknowledged the 
Darwinian mechanism as almost self-evident, others criticized it as fatally flawed. 
In 2006, Joan Roughgarden and her colleagues vigorously challenged the validity 
of sexual selection as a central component of modern evolutionary theory (Rough-
garden et al. 2006). Their paper boldly stated that sexual selection was ‘wrong’. 
This prompted an abundance of responses from evolutionary biologists (Kavanagh 
2006), and it was, no doubt, an instigating factor in my own resolution to clarify the 
epistemological status of sexual selection through two conferences I organized in 
2011 (see below).

From an epistemological point of view, the situation of sexual selection debates 
is much more complex and interesting than just an opposition between support-
ers and critics. Gowaty, for instance, actively defends Darwinian sexual selection 
against Roughgarden’s claims, although she has repeated Bateman’s experiments 
and concluded that his results were fatally flawed (Gowaty et al. 2012). Conversely, 
Cézilly (this volume) acknowledges the overall validity of the “Darwin-Bateman 
Paradigm”, but he agrees with Roughgarden that sexual selection theory has now 
moved far beyond coy females and eager males, and he takes issue with standard-
ized sex preferences and stereotyped sex roles.

To the epistemologist’s eye, sexual selection is a somewhat fuzzy concept and 
new evidence coming from the field of science in action is a regular occurrence. I 
had the privilege of being invited to participate at a recent NESCent Catalyst Meet-
ing that was held in Durham (NC) from July 15–17 2013 and organized by Joan 
Roughgarden. The meeting gathered 34 participants who actively reviewed the state 
of what Roughgarden calls “sexual selection studies”. One of our main goals was to 
come up with a consensus definition of sexual selection. David Shuker (2010) sug-
gested starting out with the following: “Sexual selection describes the selection of 
traits associated with competition for mates.” Continuing, “More formally, sexual 
selection is the relationship between a trait and its effect on fitness through sexual 
competition.” (2010, p. e12) Several aspects of this definition were shared by many 
other participants: that sexual selection is not dependent on traditional sex roles like 
eager males and coy females; that sexual selection is not dependent on cheap sperm 
and costly eggs; that sexual selection differs from sexual conflict; and, that sexual 
selection is different from female choice. However, other aspects were also hotly 
debated; these are treated in later chapters of this volume. The NESCent meeting 
showed that Shuker’s tentative consensus statement is a sort of Pandora’s box, or 
rather a complex of intricate Pandora’s boxes that the participants meticulously and 
methodically opened, one after the other. I draw extensively on the final report of 
the conference in the following (Roughgarden et al. 2013).
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The main Pandora’s box is probably contained in wording like “competition for 
mates”, which spawned several issues: is sexual selection about access to mates, 
or about access to fertilizable gametes? Maybe the whole question of “access to 
mates” or numbers of matings is secondary to number of actual fertilizations. What 
does “competition for mates” encompass? Not only the Darwinian mechanisms of 
male-male competition and female choice of males, but also competition to attract 
better mates. Several participants suggested that behavioural aspects should be pre-
cluded from the definition and that evolutionary biologists should only be con-
cerned with an operational protocol for measuring sexual selection with a concept 
like “opportunity for selection” (a claim supported by Shuster and Wade 2003). 
Post-copulatory versions of these different themes were also suggested. Potentially, 
even if no consensus definition could actually be achieved, some major components 
could certainly be kept in mind: one of the major aspects of sexual selection is dif-
ferential fertilization success, or the variance in the number of fertilizations, owing 
to the variance within one sex in, for example, the number of mates and/or the num-
ber of fertilizations per mating.

But even a very old and somewhat basic question such as “Is sexual selection a 
component of natural selection?” (Mayr 1972) can receive no clear answer; many 
biologists happily agree that it is, but some claim that sexual and natural selections 
are actually quite distinct processes. Is this question merely pedantic? For the histo-
rian of science, it is clear that many of Darwin’s readers thought at first that sexual 
and natural selections might contradict each other, that, for instance, ornaments like 
the cumbersome peacock’s tail could be detrimental to individual survival. But, 
strikingly enough, this important question is still raised today, as it is related to 
central theoretical concerns: what features of the individual organism can be said 
to be, in Darwin’s terms, “advantageous” or “useful”, or, in more recent parlance, 
“functional” or increasing of “fitness”? What is selected; viability of the individual, 
or transmission of genes?

Moreover, the concept of sexual selection has been profoundly updated since 
Darwin. The sharp discrepancy between Darwin’s (1871) original insights and the 
contemporary notion of sexual selection throws some doubts on the unity of the 
concept (see Roughgarden, this volume). If one takes the historical dimension of 
sexual selection seriously, then one sees how changing definitions make it some-
what an umbrella-term. While biologists constantly refer to Darwin’s views and 
depict themselves as the true heirs of Darwin’s mantle, there is little consistency in 
these claims of legacy. Darwin had no idea of mathematization of sexual selection; 
he strongly suggested that sexual selection was linked to typical sex roles. One as-
pect of sexual selection that Darwin was completely unaware of is the role of selfish 
genetic elements (SGEs): genes, organelles or micro-organisms might manipulate 
patterns of inheritance in order to increase their representation in the next genera-
tion (Weddell & Price, this volume). The impact of SGEs on sexual selection and 
especially on male and female reproduction is difficult to measure. Another issue at 
stake is whether SGEs may play a role in shaping mating systems.

Introduction
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Another Pandora’s box in Shuker’s initial definition is that it requires genetic co-
variance between variation in a sexually-selected trait and variation in fitness. This 
raises the question of whether sexual selection is for “good genes” or, if not, then 
at least for signals of genetic quality. This even led to the paradoxical hypothesis 
of the “handicap principle”. According to Zahavi, odd or costly traits such as the 
peacock’s tail are in fact adaptive: they signal the ability of the individual to sur-
vive and function while encumbered with the cost (Zahavi 1975). The perspective 
that selection is ultimately for quality is called “Wallacean”, because of Wallace’s 
emphasis on vigour of males, while the opposite view, purporting that selection is 
for truly aesthetic, and possibly detrimental, features is called “Fisherian”. Fisher’s 
runaway-process (1915) develops a case wherein a female preference for a male 
trait leads to an increase in the male trait which in turn leads to an increase in the 
female preference for that trait, and so on—with no necessary positive impact on 
fitness. One could say that the viability impact of natural selection (how a trait 
increases individual fitness) may be in opposition to the sexual preference aspect: 
this hypothesis of indirect benefit of sexually attractive offspring is called the “sexy 
son” hypothesis.

A recent review suggested that, through sexual selection, females get “sexy 
sons” rather than “good genes” (Prokop et al. 2012). However, Joan Roughgarden 
(2009) suggested that an ornament might be “sexy” in a given generation, and the 
same ornament might also be heritable, but this does not necessarily entail that it 
will be “sexy” in the next generation. Female preferences may not be heritable, even 
if male traits are. Lack of cross-generational conservation of preferences is clearly 
evinced by studies on the collared flycatcher case, which show that the female pref-
erence for ornament was not heritable (Qvarnström et al. 2006).

Based on 24 years of study with 8500 birds on the Swedish island of Gotland, 
heritabilities were measured for several factors: heritability of the white badge (a 
male ornament, considered a sexually selected character), heritability of fitness, 
heritability of female preference for the badge, genetic correlation between prefer-
ence and badge. Results of this study showed that ornament is moderately heritable 
but that male fitness is weakly heritable. This seems to suggest that the badge does 
not function in sexual selection, the low correlation of the badge size and male fit-
ness showing that the badge size is not an indicator of good genes. Furthermore, 
daughters do not inherit the preference of their mother—which also disparages the 
sexy sons hypothesis. The question here is: does this one species study really carry 
enough weight to make us cast doubt on the validity of the sexual selection model? 
Or should it be discarded as irrelevant, dealing only with one species, or with the 
work of only one group of scientists? Cézilly (this volume) highlights several meth-
odological issues in female choice experiments: repeatability of experiments, bias 
due to the fact that one team publishing on one topic would work always with the 
same animal population, etc.

Another theoretical issue at stake here is whether heritability is an important 
aspect of sexual selection or not. If sexual selection is a behavioural process, then 
what matters is whether, within one given generation, the bearers of a defined trait 
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leave more progeny than their same-sex conspecifics; it does not necessarily lead to 
evolutionary consequences, meaning that, although there are several heritable fea-
tures (badge size, female preference, etc.), heritability may well not be a necessary 
component of sexual selection. However, many biologists tend to accept that sexual 
selection (be it intra-sexual competition or inter-sexual preferences or choice) in-
volves heritability since it leads to evolutionary consequences.

On the long debated issue of the evolutionary causes and consequences of fe-
male choice, some (like Cézilly, this volume) suggest that we should focus more 
on female choice per se and on female preferences. Are these arbitrary? Rational? 
Useful? What is the meaning of rationality? Comparison and deliberation may be 
good criteria, but transitivity may well be the fundamental axiom of rational choice. 
Others (like Prum, this volume) emphasize the importance of sexual autonomy, 
defined as the opposite of sexual coercion from the opposite sex.

The question of the null-models is also a cause of strong disagreement in the 
biological community (see Prum 2010, and this volume): under the search for a 
null-model, the basic question at stake is: “How can we understand whether sexual 
selection is, or is not, currently occurring in a given population?” This important is-
sue (which hypotheses should define the “null”) is also a Pandora’s box about which 
it seems equally difficult to achieve a definite consensus.

As a philosopher of science, I was very much interested, both on the epistemo-
logical and historical levels, in seeing various biologists debate on these issues. I 
invited a large panel of biologists, historians and philosophers to gather in Paris 
to try to understand how each of them was variously reassessing the strengths and 
weaknesses of sexual selection. Two conferences were held in Paris in 2011: “The 
aesthetic sense in animals (Le sens esthétique des animaux)”, held at Université 
Paris-Ouest Nanterre on 13–14 January 2011; “What’s left of sexual selection? 
(Que reste-t-il de la sélection sexuelle?)”, held at the Musée National d’Histoire 
Naturelle and at Université Paris-Ouest Nanterre on 19–20 May 2011. Both meet-
ings were funded by the French National Research Agency (Agence Nationale de la 
Recherche), the Biosex Research Project (ANR-07-JCJC-0073-01) and Université 
Paris-Ouest (Pôle 5 “L’humain en devenir”, EA 373, ED 139). The Institut Uni-
versitaire de France and the UMR 7205 OSEB (Origine structure et évolution de 
la biodiversité, MNHN-CNRS-EPHE) also made these meetings possible, through 
their logistic support. I thank Malek Bouyahia, Melanie Petremont and Eva Rodri-
guez at the ANR BIOSEX Project for their support in putting these two conferences 
together. The Biosex Project (http://biosex.univ-paris1.fr/) was a 4 year research 
group (2007–2011) under the direction of Elsa Dorlin (then at the university Paris 
1 Panthéon-Sorbonne). Our aim at Biosex was to bring together scholars from the 
humanities and the biological sciences, as well as to build an interdisciplinary inter-
face for reflecting on the ways in which biology has conceptualized sex, especially 
since Darwin. Assessing the question of sexual selection was a core issue in our 
project, given the theoretical and political intricacies of this topic and also the way 
feminism and sociobiology have interacted in order to bring out “a better science.”

The two conferences brought together specialists of behavioural ecology, his-
torians of science, and philosophers. The participants were asked to reassess 
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the importance of the concept of sexual selection from historical, epistemologi-
cal and theoretical perspectives. The title of the second conference in particular, 
“What’s left of sexual selection?”, could be understood in two different ways: (a) 
from a technical biological perspective: is the sexual selection concept still useful  
151 years after Darwin introduced it in his Origin of Species and 140 years after the 
publication of his Descent of Man? (b) As a general social concern, playing with the 
“left/right” dichotomy: is “sexual selection” a progressive or a reactionary notion?

The present book is divided into three sections. Section 1 assesses the character 
of the “second” Darwinian revolution, the one dealing not with natural but with 
sexual selection. Section 2 studies how current sexual selection theory goes further 
than Darwin in many respects. Section 3 deals with animal aesthetics, as a develop-
ing area in sexual selection studies.
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Chapter 1
Sexual Selection: Why Does it Play Such  
a Large Role in The Descent of Man?

Michael Ruse

© Springer Science+Business Media Dordrecht 2015
T. Hoquet (ed.), Current Perspectives on Sexual Selection, History, Philosophy and 
Theory of the Life Sciences 9, DOI 10.1007/978-94-017-9585-2_1

M. Ruse ()
Department of Philosophy, Florida State University, Tallahassee, USA
email: mruse@fsu.edu

Abstract The Descent of Man is a strange book. About three-fifths is not on human 
beings at all, but an extended discussion of Charles Darwin’s secondary mechanism 
of sexual selection. I argue that although the book is surely a little unbalanced, 
overall the discussion fits into Darwin’s strategy of explaining and extending his 
thinking on evolution, and that truly it marks no significant theoretical shift from his 
earliest thinking about the nature and causes of evolution. Darwin saw the evolution 
of human beings at one with the evolution of all organisms.

Keywords Alfred Russel Wallace · Group selection · Individual selection · 
Hymenopteran sterility · Hybridism · Morality · Human evolution

1.1  Introduction

Charles Darwin’s two-volume The Descent of Man is in major respects a very odd 
book. Published in 1871, 12 years after Darwin published the Origin of Species, it is 
devoted to the evolution of our own species, humankind. Except it isn’t really. Fully 
three-fifths is devoted to Darwin’s secondary evolutionary mechanism of sexual se-
lection. The first of the two volumes opens in a conventional way with a discussion 
of human evolution, incuding our social evolution. Then it switches to an extended 
discussion and review of sexual selection, taking the reader over into the second 
volume. Finally, towards the end, Darwin returns to our own species and discusses 
further aspects of our evolution. There is no question but that in respects the discus-
sion is out of kilter. Darwin would have done better to have lifted the discussion 
of sexual selection and made of it a separate book, perhaps using the subtitle to the 
Descent, “Selection in Relation to Sex.” Then he could have published a much-
slimmed-down book on our own species, using the results of the book on sexual se-
lection. As it is, Darwin did not have room in the Descent for everything he wanted 
to say about our species and so the next year (1872) published what is in effect a 
supplementary volume on our species, The Expression of the Emotions in Man and 



4 M. Ruse

in Animals (Darwin 1872). He might have considered running together the Descent 
and the Expression and making one large work, devoted exclusively to human evo-
lution, or at least to human evolution with some comparisons with other animals. 
But the question that concerns me here is whether, for all that we agree that the 
Descent is ungainly, Darwin takes some radically new tack in the Descent. When 
it comes to human evolution does Darwin switch tactics somewhat dramatically, as 
for example one might argue that a Marxist or a Christian is bound to do—seeing 
organic evolution as one sort of thing and human evolution (which one might well 
not want to call human evolution) as something radically different. I shall argue that 
this is not the case and that in fact Darwin is pretty consistent throughout.1

1.2  Natural Selection

Charles Darwin’s grandfather, Erasmus Darwin, was an evolutionist and Charles 
Darwin grew up knowing about this (Ruse 2008, 2012). However it was not until 
Charles Darwin was almost thirty that he himself made the move to transmutation 
(the word “evolution” applying to life’s history did not become popular for another 
20 years). He did this in part because he had by then jettisoned Christianity and 
was looking for a law-bound (that is, non-miraculous) picture of the world; in part 
because of the fossil evidence he had seen in the past few years as he spent time in 
South America thanks to his status as naturalist aboard HMS Beagle; and above all 
in part because of the peculiar distribution of birds and reptiles on the Galapagos 
Archipelago, the group of volcanic islands in the Pacific. How could there be differ-
ent forms from island to island, else they had come from the mainland and changed 
as they moved from isolated retreat to isolated retreat?

As a graduate of the University of Cambridge, that institution whose greatest 
scientific alumnus was Isaac Newton, he who had given a causal underpinning to 
the Copernican Revolution, Darwin just knew he had to find an equivalent causal 
underpinning to evolutionary change. After some 18 months of frenzied thinking he 
found this in the fall of 1838, in the mechanism of natural selection. More organ-
isms are born than can survive and reproduce. This leads to what the political econ-
omist Thomas Robert Malthus (1826) had labeled a “struggle for existence,” and (as 
Darwin saw) even more a struggle for reproduction. There is constantly appearing 
natural variation and those that succeed in the struggle will tend to be different from 
those that do not. Moreover it will be the differences that help in the struggle and so 
there will be a constant winnowing or selecting of one kind of feature over another. 
Adding up, this leads to full-blown change.

1 The argument of this paper strikes me as so obvious that I worry that truly no discussion is 
needed. I can only say that a recent, good book on the history of sexual selection—Looking for 
a Few Good Males: Female Choice in Evolutionary Biology by Erika Lorraine Milam—neither 
promotes nor disputes the argument I am about to make (Milam 2010).
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But note that it is change of a particular kind. Organic features will be those that 
help their possessors to survive and reproduce. These features, “adaptations,” will 
have the design-like nature that previous thinkers had taken to be evidence of the 
good intentions of an extra-natural intelligence, better known as God. Although 
there is some controversy about this, it seems clear that a major factor behind all of 
Darwin’s thinking at this point was the analogy he was drawing between what hap-
pens in the world of animal and plant breeders and what happens thanks to blind law 
in the world of nature. Breeders select the forms that they want and start from there. 
Fatter pigs, shaggier sheep, fleshier turnips, and—Darwin made much of this—
ever-yet-more fanciful pigeons. It is this vision of change that Darwin transferred to 
the wild world of animals and plants. From artificial selection to natural selection.

Darwin wrote out his ideas in a short piece (known now as the “Sketch”) in 1842 
and in a much longer version (the “Essay”) in 1844 (Darwin 1909). But he did not 
publish and the years went by until in 1858 a young naturalist, Alfred Russel Wal-
lace, sent Darwin a short piece with (quite independently discovered) just about 
all of Darwin’s ideas. Darwin then wrote things up quickly and towards the end of 
1859 On the Origin of Species by Means of Natural Selection, or the Preservation of 
Favoured Races in the Struggle for Life finally appeared in print. It is worth quoting 
the two pertinent passages. First to the struggle for existence.

A struggle for existence inevitably follows from the high rate at which all organic beings 
tend to increase. Every being, which during its natural lifetime produces several eggs or 
seeds, must suffer destruction during some period of its life, and during some season or 
occasional year, otherwise, on the principle of geometrical increase, its numbers would 
quickly become so inordinately great that no country could support the product. Hence, 
as more individuals are produced than can possibly survive, there must in every case be a 
struggle for existence, either one individual with another of the same species, or with the 
individuals of distinct species, or with the physical conditions of life. It is the doctrine of 
Malthus applied with manifold force to the whole animal and vegetable kingdoms; for in 
this case there can be no artificial increase of food, and no prudential restraint from mar-
riage. Although some species may be now increasing, more or less rapidly, in numbers, all 
cannot do so, for the world would not hold them. (Darwin 1859, p. 63–64)

Then to natural selection:
Can the principle of selection, which we have seen is so potent in the hands of man, apply 
in nature? I think we shall see that it can act most effectually. Let it be borne in mind in 
what an endless number of strange peculiarities our domestic productions, and, in a lesser 
degree, those under nature, vary; and how strong the hereditary tendency is. Under domes-
tication, it may be truly said that the whole organisation becomes in some degree plastic. 
Let it be borne in mind how infinitely complex and close-fitting are the mutual relations 
of all organic beings to each other and to their physical conditions of life. Can it, then, be 
thought improbable, seeing that variations useful to man have undoubtedly occurred, that 
other variations useful in some way to each being in the great and complex battle of life, 
should sometimes occur in the course of thousands of generations? If such do occur, can 
we doubt (remembering that many more individuals are born than can possibly survive) 
that individuals having any advantage, however slight, over others, would have the best 
chance of surviving and of procreating their kind? On the other hand, we may feel sure that 
any variation in the least degree injurious would be rigidly destroyed. This preservation 
of favourable variations and the rejection of injurious variations, I call Natural Selection. 
(Darwin 1859, p. 80–81)
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1.3  Individual vs. Group Selection

I want to dig a little more into the nature of natural selection, and to do I shall 
employ the terms “individual selection” for the view that selection works for and 
through the individual and “group selection” for the view that selection can work 
for and through the group—population, race, species—and against the interests of 
the individual.2 To see how the ideas behind the terms come into play in Charles 
Darwin’s thinking, let us for a moment go back in history to the years before he was 
born. Charles Darwin’s paternal grandfather, Erasmus Darwin, was not only an ear-
ly evolutionist, but also a physician, inventor, poet, and above all a great friend and 
booster of British Industrialism (Ruse 1996). His maternal grandfather was Josiah 
Wedgwood, the potter, and one of the great drivers of that fundamental revolution 
at the end of the eighteenth century that changed the face of Britain forever—before 
it was a rural society, after it was an urban society. The Darwin and Wedgwood 
families were intertwined as one, Darwin himself following his father’s example 
and marrying one of the Wedgwood girls. They benefited from the science and 
technology of the day and very naturally they took as gospel the political economy 
of their caste. Adam Smith was the ultimate authority and this canny Scot stressed 
and stressed again that no one does or should do anything out of ill-conceived sen-
timents of charity or fellow feeling. He was not as crude as Gordon Gekko but 
greed is good. “It is not from the benevolence of the butcher, the brewer, or the 
baker that we expect our dinner, but from their regard to their own interest” (Smith 
1976, pp. 2A, 26–27). Everything comes from pursuit of our own needs and desires. 
Charles Darwin learnt that message literally at his parents’ knees, never forgetting it 
as he translated it into biology. For Smith this was probably all something to be set 
in a natural theological context. God—the “Invisible Hand”—had so ordered hu-
man nature to get the desired results. Darwin for most of his life probably believed 
in some attenuated form of this. But, ultimately, he cared little about metaphysical 
concepts or settings. He was a scientist not a theologian.

Charles Darwin had never heard of “genes,” and even less had he heard of “self-
ish genes” (Dawkins 1976). But I would claim that, thanks to the influence of Smith 
and his fellow economists, it is the sentiment behind this latter term that infuses and 
makes comprehensible the very crux of Darwin’s thinking about the causes of evo-
lutionary change. For him, the major processes of life’s history had to be understood 
utterly and completely in terms of self-interest. There was no place for disinterested 
altruism towards others, within or without the species. In other words, Darwin was 
the archetypal individual selectionist, and it is against this that we should and we 
can understand Darwin’s thinking about natural selection. Certainly this is the case 
in the Origin when he introduces natural selection, or rather when he introduces the 
struggle that lies behind selection. “Hence, as more individuals are produced than 
can possibly survive, there must in every case be a struggle for existence, either one 
individual with another of the same species, or with the individuals of distinct spe-

2 These are not terms that Darwin uses himself, but as we shall see he grasped clearly the ideas 
behind the terms so I do not think I am unduly anachronistic in introducing them here.
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cies, or with the physical conditions of life.” You cannot be much clearer than this. 
The struggle occurs at the individual level and so any adaptations produced must be 
for the benefit of and only of the individual. The hand and the eye are paradigms. I 
grasp for my benefit not for yours, and I see for my benefit not for yours.

Yet although Darwin takes this “selfish” perspective, he would have been no less 
horrified than Adam Smith to think that cooperation never occurs or that organisms 
never strive to cooperate. Smith was explicit: “Political economy, considered as a 
branch of the science of a statesman or legislator, proposes two distinct objects: 
first, to provide a plentiful revenue or subsistence for the people, or more properly 
to enable them to provide such a revenue or subsistence for themselves; and sec-
ondly, to supply the state or commonwealth with a revenue sufficient for the public 
services” (Smith 1976, Wealth of Nations, Book 4, Introduction). This is not about 
one person or one small group taking everything with nothing for others. The whole 
point is that through self-regarding interests and actions, we all benefit. Certainly 
there are many times when we must fight and push. But cooperation and working 
together is part of the game. We all individually benefit from such collaboration.

Darwin took this as axiomatic. There is often bloody conflict. But he stressed 
again and again that the struggle was often metaphorical, and working together pays 
dividends. It is just that it is never basic or the ultimate end. This comes through 
clearly in many parts of his discussion, perhaps no more thoroughly than in his 
treatment of the old notion of a “balance of nature.” This supposes that nature has 
within it a kind of stability, benefiting all. There is a kind of homeostasis to life, be-
cause cooperation is in the end the fundamental thing. Darwin has nothing against a 
balance of nature, but only as long as it benefits the individual. In an earlier version 
of the Origin, a big book on evolution that he was preparing in the middle years 
of the 1850s, he was explicit. Having made the point (as he makes in the Origin) 
that the struggle does not necessarily mean actual physical fighting, he added: “In 
many of these cases, the term used by Sir C. Lyell of “equilibrium in the number of 
species” is the more correct but to my mind it expresses far too much quiescence. 
Hence I shall employ the word struggle” (Darwin 1975, p. 187). Then in the Origin 
itself, Darwin followed up on this insight: “Battle within battle must ever be recur-
ring with varying success; and yet in the long-run the forces are so nicely balanced, 
that the face of nature remains uniform for long periods of time, though assuredly 
the merest trifle would often give the victory to one organic being over another” 
(Darwin 1859, p. 78). Balance has to be of adaptive worth to individuals—all shar-
ing in a harmonious existence. Sometimes this holds; sometimes not. Apart from the 
fact that as an evolutionist Darwin saw everything tending to change (that is, break 
from equilibrium), group balance or equilibrium is not in its own right of biologi-
cal worth. It persists as long as is needed by individuals, and not a moment longer.

Darwin could not just leave things like that. He had to tackle what seem to be 
cases of cooperation that simply go against individual interest and that can be ex-
plained, if explicable at all, only by relying on selection working for the benefit 
of the group against the individual—group selection. (Darwin would never have 
denied that sometimes the group might benefit from the individual’s benefit. The 
tricky cases are where the individual seems to suffer for the benefit of the group.) 

1 Sexual Selection: Why Does it Play Such a Large Role in The Descent of Man?
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In the Origin the major case was that of the social insects. These pose a problem 
because the workers in the nest (invariably female) are sterile, devoting all of their 
labors to the offspring of others, namely the queens. The actual fact of sterility was 
not particularly troublesome to Darwin. The situation is analogous to that of cattle, 
where we kill off and eat the steers. We do so because the steers have features that 
we want, fine marbled flesh and so forth. They never reproduce themselves, but the 
farmer gets what he wants by going back to the family and to the breeding stock. 
The bull may never have the features we want but if he is producing such features 
in his offspring, then selection can get to work. We select the right bull for the fea-
tures he will produce and not for his own features. But why sterility at all? Surely 
this is only of benefit to the group and not to the individual. Today, thanks to our 
knowledge of genetics, we can dig beneath the surface and ask questions simply 
not open to Darwin. The popular explanation, in the hymenoptera (ants, bees, and 
wasps) at least, involves what is known as “kin selection”—because of a peculiar 
breeding system (males have only mothers and so sisters are more closely related 
than mothers and daughters) the sterile worker is in fact doing herself more biologi-
cal good by raising siblings than by raising offspring! So the altruism of the worker 
is selfish-gene theory in full flight (Hamilton 1964; Hughes et al. 2008). Darwin 
knew nothing of this so his move was to regard the whole social insect nest as one 
superorganism (not his language). He thought of the workers as being parts of the 
whole and not individuals in their own right. So let us say he had a kind of family 
selection. But note it was a family selection and not group selection. The individuals 
are really parts and related to the whole as the heart and lungs are part of the whole 
organism and not individuals in their own right.

Was this a move that bordered on the dishonest? Was Darwin trying to have his 
individualism at the cost of pretending that he was not taking a route that he really 
was taking? Darwin would not have thought so. First, note that he was taking an 
explicit Adam Smith line of thought. He was appealing to a division of labor! “The 
greatest improvement in the productive powers of labour, and the greatest part of 
skill, dexterity, and judgment with which it is any where directed, or applied, seem 
to have been the effects of the division of labour.” By splitting up the jobs and not 
attempting to be a jack of all trades, things are done far more efficiently. Darwin 
saw that hymenopteran sociality was simply a division of labor in the nest. “And 
nature has, as I believe, effected this admirable division of labour in the communi-
ties of ants, by the means of natural selection” (Darwin 1859, p. 242). Second, we 
must recall the extent to which Charles Darwin himself was embedded in family. 
Being often sick, staying at home tended by his wife (who was also his first cousin 
and between whom marriage was not quite dictated but strongly encouraged), sur-
rounded by many children, visiting relatives (his older sister was married to his 
wife’s brother) for holidays and relaxation—even visits to the dentist in London 
meant staying with older brother Erasmus—he always thought in terms of us, the 
family, versus them, the others. The Darwin-Wedgwood clan could have given les-
sons to the Corleones.

Did Darwin just back into this, as it were, or was the opting for individual over 
group selection done consciously? At first probably it was done instinctively, but 
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increasingly over the years it was done consciously. In the Origin, Darwin con-
sidered the issue of hybrids and their sterility. Why is the mule, offspring of horse 
and donkey, sterile? The group-selectionist argument is obvious. Sterility occurs 
because it is of benefit to the parental species. They do not want to produce organ-
isms that are literally neither fish nor fowl, adapted well to either parental niche. 
To the individual selectionist, like Darwin, this would never do. It could not be in 
the interests of the parents that their offspring be sterile. Sterility therefore had to 
be a byproduct of the fact that the parental reproductive organs did not fuse entirely 
happily together.

[W] e see that when organic beings are placed under new and unnatural conditions, and 
when hybrids are produced by the unnatural crossing of two species, the reproductive sys-
tem, independently of the general state of health, is affected by sterility in a very similar 
manner. In the one case, the conditions of life have been disturbed, though often in so slight 
a degree as to be inappreciable by us; in the other case, or that of hybrids, the external con-
ditions have remained the same, but the organisation has been disturbed by two different 
structures and constitutions having been blended into one. For it is scarcely possible that 
two organisations should be compounded into one, without some disturbance occurring in 
the development, or periodical action, or mutual relation of the different parts and organs 
one to another, or to the conditions of life. (Darwin 1859, pp. 265–256)

The co-discoverer of natural selection, Wallace—who incidentally was a commit-
ted socialist and thus favored group-type explanations—wrote to Darwin protesting 
that he had abandoned natural selection too quickly and that he should have opted 
for a group-selection explanation (Ruse 1980). But, for all that the two men debated 
the issue back and forth in the 1860s, Darwin stayed put. He could not see how the 
sterility could have come through benefit to the group. It is the individual or no 
adaptive explanation at all.

1.4  Humans

In the Origin, Darwin said little about our own species, Homo sapiens. There was 
just a throwaway comment almost at the end. “In the distant future I see open fields 
for far more important researches. Psychology will be based on a new foundation, 
that of the necessary acquirement of each mental power and capacity by gradation. 
Light will be thrown on the origin of man and his history.” (Darwin 1859, p. 488) 
Darwin’s public reticence should not be confused with a lack of belief. He was 
ever stone cold certain that humankind was part of the evolutionary picture and 
that natural causes were in play. Indeed, the first intimation that we have—late in 
1838—that he truly had grasped the idea of natural selection comes in a private 
notebook where he not only applies selection to our species but in the context of our 
intellectual abilities! “An habitual action must some way affect the brain in a man-
ner which can be transmitted. —this is analogous to a blacksmith having children 
with strong arms. —The other principle of those children, which chance? produced 
with strong arms, outliving the weaker ones, may be applicable to the formation of 
instincts, independently of habits. —the limits of these two actions either on form 

1 Sexual Selection: Why Does it Play Such a Large Role in The Descent of Man?
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or brain very hard to define.” (Barrett et al. 1987, N 42 November 27, 1838). (Note 
that Darwin was, and indeed always was, a believer in Lamarckism, the inheritance 
of acquired characteristics.)

One suspects that the reason why Darwin said so little in the Origin about hu-
mans was that he was keen first to get the basic theory out into the light of day. 
Not that anyone was deceived or deflected. At once the implications for human-
kind were grasped and debated, often bitterly. Thomas Henry Huxley, Darwin’s 
great supporter, took the theory as a reason to celebrate materialism. Critics, like 
Samuel Wilberforce, High Church Bishop of Oxford, took the theory as reason to 
bemoan the attack on faith. Although it is hard to offer any definitive proof, one 
suspects that had Darwin been left to himself, he probably never would have writ-
ten a full-length work on humans. Rather he wanted to amuse himself with little 
projects such as the investigation into the sexual parts of orchids, something which 
engrossed him in the year or two after the Origin (Darwin 1862). Also, he wanted 
to write volumes dealing in detail with the claims of the Origin itself. And he did 
in fact write a two-volume treatise on variation in nature and in domestication 
(Darwin 1868).

But the issue of humans would not go away and finally he was pushed into writ-
ing something, a work that eventually appeared in 1871 as The Descent of Man and 
Selection in Relation to Sex. The reason why Darwin felt thus compelled to act is 
simple. When he discovered natural selection, Wallace had no more desire than did 
Darwin to introduce extra-scientific religious factors or causes. And this continued 
for a while in the 1860s, when Wallace wrote a paper on human evolution that Dar-
win much liked (Wallace 1864). Then, however, Wallace—like a good many other 
Victorians—became enamored with spiritualism, and refused to listen to the voices 
of skeptics, who doubted the authenticity of the claims of practitioners (Wallace 
1905). He became convinced that something or Someone was guiding evolution, a 
belief that he held to his dying day. Moreover, in support of his position, drawing 
on his first-hand acquaintance of native people—unlike Darwin, the more humble 
and less wealthy Wallace really had lived with the local folk—Wallace argued that 
there are certain human characteristics that simply could not have evolved through 
natural selection. Human intelligence was one and human hairlessness was another 
(Wallace 1870).

Darwin was appalled at Wallace’s throwing over the traces as it were. He felt 
compelled to offer a defense of his theory, and so he launched into an investigation 
that ended with the Descent (and with the supplementary volume, The Expression 
of the Emotions). Honor and science were satisfied. As I have said, the Descent is 
an odd book—first humans, then sexual selection, and finally humans again. If you 
start with the first section, however, although there is much of great interest, there 
is nothing much to raise eyebrows about methodology. The Darwin of the Descent 
is the Darwin of the Origin. There is discussion about how we are clearly animal, 
there is discussion about our origins (Africa probably), and then on into culture 
with discussions about the evolution of religion and of morality. It is interesting 
how relatively brief is the former and how relatively extended is the latter. Like 
many middle to late Victorians, Darwin had lost his childhood faith and so thought 
basically that religion was false, but at the same time was keen to show that this 
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belief did not destroy morality and the foundations of society, so felt the need for 
a careful look at our ethical sense and behavior. What is striking is the extent to 
which Darwin pursued the same strategy of individual selection as before, even in 
the light of cases that seemingly cry out for a group-selection perspective. Take the 
case of the soldier who throws himself on a grenade that the lives of his colleagues 
be spared. As it happens, general opinion is that Darwin caved in a bit here. It is 
true that he invoked something that is today known as “reciprocal altruism”—you 
scratch my back and I will scratch yours (Trivers 1971). “In the first place, as 
the reasoning powers and foresight of the members became improved, each man 
would soon learn that if he aided his fellow-men, he would commonly receive aid 
in return. From this low motive he might acquire the habit of aiding his fellows; 
and the habit of performing benevolent actions certainly strengthens the feeling of 
sympathy which gives the first impulse to benevolent actions. Habits, moreover, 
followed during many generations probably tend to be inherited” (Darwin 1871, 
1, pp. 163–164; note the Lamarckism). But then it is thought he accepted group 
selection.

It must not be forgotten that although a high standard of morality gives but a slight or no 
advantage to each individual man and his children over the other men of the same tribe, 
yet that an advancement in the standard of morality and an increase in the number of well-
endowed men will certainly give an immense advantage to one tribe over another. There 
can be no doubt that a tribe including many members who, from possessing in a high degree 
the spirit of patriotism, fidelity, obedience, courage, and sympathy, were always ready to 
give aid to each other and to sacrifice themselves for the common good, would be victori-
ous over most other tribes; and this would be natural selection. At all times throughout the 
world tribes have supplanted other tribes; and as morality is one element in their success, 
the standard of morality and the number of well-endowed men will thus everywhere tend to 
rise and increase. (Darwin 1871, 1, p. 166)

I am not however convinced that this is quite as definitive as it seems. Darwin is 
talking about the tribe and he makes it clear that there is going to be a lot of inter-
marriage in such a group. In other words, there will be a lot of blood relationships. 
And in an unpublished letter to one of his sons (George, a physicist) later in the 
decade, he affirms what we might expect, namely that he is thinking of the tribe as 
akin a hymenopteran nest, where we do get such close relationships.

To G. H. Darwin 27 April [1876] 
Down Beckenham Kent 
Ap. 27th 
My dear George 
I send “Mind”–– it seems an excellent periodical–– Sidgwicks Article has interested me 
much.–– It is wonderfully clear & makes me feel what a muddle-headed man I am.––  
I do not agree on one point, however, with him. He speaks of moral men arising in a tribe, 
accidentally, i.e. by so-called spontaneous variation; but I have endeavoured to show that 
such men are created by love of glory, approbation &c &c.–– 
However they appear the tribe as a tribe will be successful in the battle of life, like a hive 
of bees or nest of ants. 
We are off to London directly, but I am rather bad. 
Leonard comes home on May 10th!! Plans changed.

Also in response to a young supporter, George John Romanes, who wrote pressing 
on him a group-selection perspective, Darwin demurred (Romanes 1895, p. 173).

1 Sexual Selection: Why Does it Play Such a Large Role in The Descent of Man?
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1.5  Sexual Selection

Against this background, let us turn now to sexual selection. First, what is sexual 
selection and why did Darwin invoke it in the first place? Second, why does it have 
such a role in the Descent? Third, does it lead to a radical reconceptualizing of 
Darwin’s thinking about evolution now that he is applying it to humans? So, to the 
first question:

Inasmuch as peculiarities often appear under domestication in one sex and become heredi-
tarily attached to that sex, the same fact probably occurs under nature, and if so, natural 
selection will be able to modify one sex in its functional relations to the other sex, or in 
relation to wholly different habits of life in the two sexes, as is sometimes the case with 
insects. And this leads me to say a few words on what I call Sexual Selection. This depends, 
not on a struggle for existence, but on a struggle between the males for possession of the 
females; the result is not death to the unsuccessful competitor, but few or no offspring. 
(Darwin 1859, pp. 87–88)

I agree with Michael Ghiselin (1969) that Darwin was surely led to sexual selection, 
and a division he makes within it of male combat and female choice, because of 
the analogy with artificial selection. There we find selection for profit, for shaggier 
sheep and fatter porkers, corresponding to natural selection and then selection for 
pleasure, for fiercer bulldogs and prettier tail feathers, corresponding to sexual se-
lection for male combat and female choice respectively. This is certainly the context 
in which sexual selection gets announced to the world in the Sketch of 1842.

Besides selection by death, in bisexual animals <illegible> the selection in time of fullest 
vigour, namely struggle of males; even in animals which pair there seems a surplus <?> 
and a battle, possibly as in man more males produced than females, struggle of war or 
charms. Hence that male which at that time is in fullest vigour, or best armed with arms or 
ornaments of its species, will gain in hundreds of generations some small advantage and 
transmit such characters to its offspring. So in female rearing its young, the most vigorous 
and skilful and industrious, <whose> instincts <are> best developed, will rear more young, 
probably possessing her good qualities, and a greater number will thus <be> prepared for 
the struggle of nature. Compared to man using a male alone of good breed. (Darwin 1909, 
pp. 48–49)

In the Origin, sexual selection has a similar (although extended) discussion as a kind 
of younger brother to natural selection. The background links to artificial selection 
are made more explicit than ever. Thus, starting with sexual selection through male 
combat.

Generally, the most vigorous males, those which are best fitted for their places in nature, 
will leave most progeny. But in many cases, victory will depend not on general vigour, 
but on having special weapons, confined to the male sex. A hornless stag or spurless cock 
would have a poor chance of leaving offspring. Sexual selection by always allowing the 
victor to breed might surely give indomitable courage, length to the spur, and strength to the 
wing to strike in the spurred leg, as well as the brutal cock-fighter, who knows well that he 
can improve his breed by careful selection of the best cocks. (Darwin 1859, p. 88)

Then sexual selection through female choice.
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Amongst birds, the contest is often of a more peaceful character. All those who have 
attended to the subject, believe that there is the severest rivalry between the males of many 
species to attract by singing the females. The rock-thrush of Guiana, birds of Paradise, and 
some others, congregate; and successive males display their gorgeous plumage and perform 
strange antics before the females, which standing by as spectators, at last choose the most 
attractive partner. Those who have closely attended to birds in confinement well know that 
they often take individual preferences and dislikes: thus Sir R. Heron has described how 
one pied peacock was eminently attractive to all his hen birds. (pp. 88–9)

Basically that is it in the Origin for sexual selection. It is introduced but not really 
used.

1.6  Descent of Man

Why does sexual selection get such major exposure in The Descent of Man? The 
reason is simple. Darwin thought that sexual selection could be used to counter 
Wallace. Darwin was less interested in general features, like hairlessness, and more 
in specific features like racial differences (although the latter certainly included the 
former). But Wallace was right in his overall claim. Some human characteristics 
cannot be explained by natural selection.3

We are …led to inquire whether slight individual differences, to which man is eminently 
liable, may not have been preserved and augmented during a long series of generations 
through natural selection. But here we are at once met by the objection that beneficial varia-
tions alone can be thus preserved; and as far as we are enabled to judge (although always 
liable to error on this head) not one of the external differences between the races of man are 
of any direct or special service to him. The intellectual and moral or social faculties must of 
course be excepted from this remark; but differences in these faculties can have had little or 
no influence on external characters. (Darwin 1871, p. 1, 248–249)

Wallace was wrong in thinking that this means we must turn to supernatural causes. 
Sexual selection can do the job!

We have thus far been baffled in all our attempts to account for the differences between 
the races of man; but there remains one important agency, namely Sexual Selection, which 
appears to have acted as powerfully on man, as on many other animals. I do not intend to 
assert that sexual selection will account for all the differences between the races. An unex-
plained residuum is left, about which we can in our ignorance only say, that as individuals 

3 I confess that this is one topic in Darwin scholarship that for many decades I thought was 
absolutely and completely without question or doubt. I introduced this connection in my overview 
of the Darwinian Revolution (Ruse 1979), and by the nature of that discussion I am sure I picked 
it up from others. In the next decade, Joel Schwartz (1984), in painfully greater detail than I, 
confirmed my belief that it was Wallace’s apostasy that led Darwin to greater reliance on sexual 
selection. Fairly recently however those entertaining revisionists Adrian Desmond and James 
Moore (Desmond and Moore 2009) have argued that all of Darwin’s thinking on our species starts 
and basically remains with his detestation of slavery. I confess that although I applaud the extent 
to which Desmond and Moore have shown the Darwin-Wedgwood family, including Charles, as 
being fervently anti-slavery, with Robert J. Richards (2009) I see absolutely no merit whatsoever 
in this claim. It simply isn’t so.

1 Sexual Selection: Why Does it Play Such a Large Role in The Descent of Man?
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are continually born with, for instance, heads a little rounder or narrower, and with noses 
a little longer or shorter, such slight differences might become fixed and uniform, if the 
unknown agencies which induced them were to act in a more constant manner, aided by 
long-continued intercrossing. Such modifications come under the provisional class, alluded 
to in our fourth chapter, which for the want of a better term have been called spontaneous 
variations. Nor do I pretend that the effects of sexual selection can be indicated with scien-
tific precision; but it can be shewn that it would be an inexplicable fact if man had not been 
modified by this agency, which has acted so powerfully on innumerable animals, both high 
and low in the scale. It can further be shewn that the differences between the races of man, 
as in colour, hairyness, form of features, &c., are of the nature which it might have been 
expected would have been acted on by sexual selection. (pp. 249–250)

This of course calls first for a detailed discussion of sexual selection, and this Dar-
win was happy to provide at very great length. To be candid, one has to be a little 
bit of a devotee of the subject to read through all of the detailed descriptions with-
out eyes glazing over. Fortunately we can skip over pretty much all of it, for it is 
basically background to our main interest about the role of sexual selection in the 
general Darwinian view of the workings of nature. Starting with the lowest forms of 
life, we go on through insects, fish, amphibians, reptiles, birds and mammals, until 
finally—the third section of the Descent—we reach our own species. A lot of the 
discussion, candidly, is pretty Victorian, with all sorts of flat statements about the 
superiority of males over females and that sort of thing.

Man is more courageous, pugnacious, and energetic than woman, and has a more inventive 
genius. His brain is absolutely larger, but whether relatively to the larger size of his body, 
in comparison with that of woman, has not, I believe been fully ascertained. In woman the 
face is rounder; the jaws and the base of the skull smaller; the outlines of her body rounder, 
in parts more prominent; and her pelvis is broader than in man; but this latter character may 
perhaps be considered rather as a primary than a secondary sexual character. She comes to 
maturity at an earlier age than man. (Darwin 1871, p. 2, 316–17)

The main thing is that a total commitment to individual selection is shown through-
out, even when Darwin is modifying the choice aspect of sexual selection so that it 
is males making the running rather than females.

It is well known that with many Hottentot women the posterior part of the body projects 
in a wonderful manner; they are steatopygous; and Sir Andrew Smith is certain that this 
peculiarity is greatly admired by the men. He once saw a woman who was considered a 
beauty, and she was so immensely developed behind, that when seated on level ground she 
could not rise, and had to push herself along until she came to a slope. Some of the women 
in various negro tribes are similarly characterised; and, according to Burton, the Somal 
men “are said to choose their wives by ranging them in a line, and by picking her out who 
projects farthest a tergo, Nothing can be more hateful to a negro than the opposite form.” 
(pp. 345–346)

Generally, it is all a matter of male combat, but it does work the other way some 
times, with the females having quite an active role to play.

With respect to the other form of sexual selection (which with the lower animals is much 
the most common), namely, when the females are the selectors, and accept only those males 
which excite or charm them most, we have reason to believe that it formerly acted on the 
progenitors of man. Man in all probability owes his beard, and perhaps some other char-
acters, to inheritance from an ancient progenitor who gained in this manner his ornaments. 
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But this form of selection may have occasionally acted during later times; for in utterly 
barbarous tribes the women have more power in choosing, rejecting, and tempting their 
lovers, or of afterwards changing their husbands, than might have been expected. (p. 372)

1.7  Individual Selection Triumphs

The one thing I would emphasize about sexual selection is just how much it re-
inforces the commitment to individual selection. It is all taking place within the 
species and between competing individuals.4 There are no friends, just rivals. So in 
the Origin, and then later in the Descent, Darwin obviously felt no need to excuse 
or otherwise qualify sexual selection. It just fits in nicely with his perspective on 
the workings of nature. It is indeed true that through history, starting with Wallace, 
there have been many critics of sexual selection. Natural selection’s co-discoverer 
did not want to challenge sexual selection through male combat, but he thought that 
sexual selection through female choice was altogether too anthropomorphic (Wal-
lace 1870). Who is to say that animals have the same standards of taste as we hu-
mans? Wallace of course could not deny that we get sexual dimorphism, especially 
in birds, but he was more inclined to attribute it to natural selection making females 
drab rather than sexual selection making males bright. Females are often exposed, 
sitting on the nest and the like, and so there is good reason for adaptations that make 
them inconspicuous. Darwin was right in drawing attention to the phenomenon but 
got it backwards when it came to causes! Probably there is no direct connection, 
but note also that Wallace now (by the mid-1860s) had committed himself to the 
plausibility of group selection, so he did not have the fierce dedication of Darwin 
to individual selection. Natural selection working on females to make them drab is 
of course basically an individual selection process, but it does not have quite the es-
sential connection to individual selection that any sexual selection explanation must 
have. It does not, as it were, throw it in your face.

It is true also that in the past few decades, sexual selection has come into its 
own, and there is now widespread agreement that Darwin was right in thinking it a 
significant factor in evolution (Campbell 1972). It is true also that this recognition 
has come at a time that—and surely is connected with the fact that—evolutionists 
have turned strongly towards an individual selection perspective on the workings of 
natural selection. But in a way, all of this is really neither here nor there. The point is 
that in turning to sexual selection as a major factor in human evolution, Darwin was 
reaffirming the position that he had held ever since he first became an evolutionist, 
namely that humans are part of the picture and should not in that sense be picked 
out for special causal treatment.

4 Philosopher Elliott Sober, well known for his fervent devotion to group selection (see for exam-
ple Sober and Wilson 1997), an enthusiasm presumably not unconnected to his Marxism (Wright 
et al. 1992), argues that when Darwin turns to sex ratios in the Descent, he shows his commitment 
to group selection (Sober 2011). I counter this in Richards and Ruse 2014.
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1.8  Conclusion

We have reached a good point to draw the discussion to an end. I make no judg-
ments in this paper on the value of sexual selection. My interests and claims are 
rather different. First, I argue that Charles Darwin was throughout his work an ab-
solutely committed individual selectionist. Second, I argue (what hardly needs ar-
guing) that sexual selection is the epitome of an individual selectionist approach. 
Third, I conclude that while it is true that Darwin’s thinking evolved about the need 
for and importance of sexual selection—going from almost an afterthought to an 
essential explanatory component in his thinking—the mechanism itself snuggled 
soundly within his overall picture of evolution and thus its increased importance 
confirmed rather than refuted his world vision. The Descent of Man is an oddly 
shaped book, but conceptually it is at one with the Origin of Species.
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Abstract We examine the origins of the disagreement of Alfred Russel Wal-
lace and Charles Darwin regarding the significance and mechanism of sexual 
selection and relate this to differences in their views of human evolution, and of 
cognitive ability and esthetic sensibilities of various human and nonhuman pop-
ulations. We trace subsequent versions of these differing views into the twenti-
eth century, and the controversy between R. A. Fisher’s Darwinian “runaway” 
model of sexual selection by female choice (the “sexy son” model), and Wal-
lacean models of sexual selection based on signs of greater fitness of males (the 
“healthy gene” hypothesis). Models derived from the latter, the “honest signal” 
and “handicap” models, are discussed, and we note that these different models, 
based on utility or beauty, are not necessarily mutually inconsistent.
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2.1  Introduction

The ideas of Charles Darwin (1809–1882) on the evolution of secondary sexual 
characters, noted in The Origin of Species (1859) and developed in The Descent 
of Man and Selection in Relation to Sex (1871, 1874), spurred an important con-
troversy which has remained an area of passionate contention to the present: What 
does “sexual selection” mean? How does it interact with natural selection? Does it 
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apply to humans? Regarding the definition of sexual selection, Darwin suggested 
that males were struggling with each other for mates and that females were able to 
choose. But he provided no explanation for the reasons why females as a whole 
were generally “the choosing sex”, and for why a definite female would choose 
a definite male rather than any of his competitors: instead, he suggested that fe-
males were endowed with an “aesthetic sense”, a mysterious taste for beauty, which 
was governing their choices. This idea was largely criticized, first and foremost by 
Alfred Russel Wallace (1823–1913), who doubted female animals might have the 
power to choose.

Wallace’s views can be viewed as a “utilitarian” approach that resolves sexual 
selection into natural selection: in this view, aesthetic traits are eventually always 
useful to their bearer, thus subject to being interpreted as advantageous to the gen-
eral fitness of the individual. During the first half of the twentieth century, R. A. 
Fisher attempted to salvage Darwinian sexual selection with a run-away model: 
suggesting a mechanism for mere aesthetic preferences to develop traits, with no 
direct benefit. On the other hand, Wallacean utilitarian views have been considered 
the precursor to the good-gene model, for which wooing signals vigor. Later efforts 
to develop quantitative models of the early verbal suggestions have led to a contro-
versy between the aesthetic and the utilitarian views.

Our paper is twofold. First we focus on the disagreement between Darwin and 
Wallace. We give an overview of its roots and its scale, showing how it involved not 
only sexual, but also aspects of natural selection, and we consider some differences 
in their understandings of how selection works. This analysis suggests that the clas-
sical theme of Wallace refusing “sexual selection” on grounds of his rejection of 
“female choice” is but a part of a larger picture. In particular we consider possible 
differences in their views on how the evolutionary principles apply to the human 
species. In the second part of this paper, we view Darwin and Wallace as rival scien-
tists embodying two competing evolutionary principles, namely, Beauty and Utility, 
and how this has contributed to shaping the evolutionary debate of sexual selection 
throughout the Twentieth century and until today, as evidenced by several chapters 
of this book (see papers by Prum and Cézilly, this volume).

2.2  Darwin and Wallace: a Range of Disagreements

Sexual selection is Darwin’s second important concept. In 1871 (t. I, p. 256), he 
defined it in a rather general fashion, as “the advantage which certain individuals 
have over other individuals of the same sex and species, in exclusive relation to 
reproduction”. Darwin decomposed sexual selection in two classes of phenomena: 
in some species, male competition for females is evident while, in others, female 
choice of males is clearly shown (Darwin 1859, pp. 87–90). Males, particularly in 
polygynous species, might fight over females, leading to selection for physical size 
and weaponry, as in the case of the male elk’s antlers. Females, on the other hand, 
would choose among males, but on what basis? How does it help the peahen’s 
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posterity to choose a peacock with a splendid tail, for example? Darwinian female 
choice focuses on beauty for beauty’s sake and does not emphasize the utility of ex-
aggerated features, like ornaments. In contrast to this view, Wallace noted that Dar-
win attributed colors or courtship displays in birds and insects to sexual selection, 
but he thought that the ‘greater vigor’ and ‘higher vitality’ of males might somehow 
be associated with, or perhaps lead to their greater coloration or activity. He also 
attributed a role to the protective value of drab colors for females. Besides, he em-
phasized how elaborate male crests and erectile feathers might function as species 
recognition signals, or as a means to frighten away predators, not to attract females.

It can be said that Wallace emphasized both the protective and the signaling 
value of color while Darwin stressed its aesthetic value. But beyond the specific is-
sue of sexual selection, Darwin and Wallace entertained different views on several 
issues, and not only on the mechanisms that account for sexual dimorphism.

2.2.1  Darwin and Wallace as Codiscoverers

When Darwin received Wallace’s Ternate manuscript called “On the tendency of 
species to form varieties; and on the perpetuation of varieties and species by natural 
means of selection” on 18 June 1858, he immediately wrote to his friend and men-
tor, the geologist Charles Lyell: “Your words have come true with a vengeance that 
I should be forestalled. You said this when I explained to you here very briefly my 
views of “Natural Selection” depending on the Struggle for existence. I never saw 
a more striking coincidence. If Wallace had my M.S. sketch written out in 1842 he 
could not have made a better short abstract! Even his terms now stand as heads of 
my chapters”. And, facing the future publication of Wallace’s manuscript, Darwin 
concluded: “all my originality, whatever it may amount to, will be smashed” (Dar-
win to Lyell, 18 June 1858, in Darwin 1991, p. 107).

In fact, Wallace’s letter was not the first, but the third that the self-educated col-
lector had sent to the famous author of the Voyage of the Beagle: the two men were 
in touch since 10 October 1856, and Wallace knew that Darwin was preparing a big 
book “on species and varieties, for which he ha[d] been collecting information for 
20 years”. The young naturalist (he was only 35 at the time) thought that Darwin’s 
work might save him the trouble of “proving that there is no difference in nature be-
tween the origin of species and varieties”, as he wrote to his friend the entomologist 
Henry Walter Bates (Wallace to Bates, 4 Jan. 1858, in Marchant 1916, t. I, p. 67).

The convergences in the ideas of these two men were indeed remarkable. Es-
pecially both referred to a form of “struggle for existence” (Wallace 1858, p. 54). 
Nevertheless, as there were a number of points of differences between them, Dar-
win and Wallace have also been cast as rivals and competitors by others: some claim 
that Wallace was the true discoverer of the mechanism of evolution and that Darwin 
usurped the credit; others that Darwin was the true discoverer and Wallace’s initial 
essay was not an adequate statement of the mechanism of evolution. Such claims 
no doubt generate a certain notice, but they are not well supported by the comments 
and attitudes of the two men themselves, each of whom referred to the other as  
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co-discoverer on many occasions, both privately and publicly. The two principals 
were friends and admired each other; and indeed there was much to admire: in addi-
tion to their writings on evolution, both made other, substantial contributions to sci-
ence, and both would be remembered today, had they never written about evolution.

What were the main differences? First and foremost, Darwin viewed the modifi-
cation of physical and behavioral traits in domestic animals and plants by selective 
breeding as a kind of metaphor, an indication of what selection by natural forces 
might be able to accomplish. Wallace, on the other hand, viewed domestic species 
as essentially abnormal, and considered that they would rapidly return to the ances-
tral type if released to the wild. In his initial essay of 1858 he sought to refute

the assumption that varieties occurring in a state of nature are in all respects analogous to 
or even identical with those of domestic animals, and are governed by the same laws as 
regards their permanence or further variation”. In contrast, Wallace thought that “there is 
a general principle in nature which will cause many varieties to survive the parent species, 
and to give rise to successive variations departing further and further from the original type, 
and which also produces in domesticated animals, the tendency of varieties to return to the 
parent form. (Wallace 1858, p. 54)

Thus, Wallace never agreed with Darwin’s frequent and prominent use of human 
artificial selection of domestic varieties as an argument supporting the possibility 
of nature selecting new varieties. He disputed the usefulness of domestication as a 
sound analogy for understanding the modification of species in the wild: the pos-
sibility that domestic breeds would revert to an original “type” when becoming 
feral was a stumbling block to Wallace (Gayon 1998; Beddall 1968). Consistently 
with this critique of Darwin’s foundational analogy with the world of breeding, 
Wallace never fully accepted the phrase “natural selection”, as it was based on and 
encapsulated the analogy between Nature and the breeders’ “selecting” actively al-
beit unconsciously some traits over others. Wallace did not like the term at first, 
and examination of his copy of the Origin shows that he cautiously crossed the 
word (Beddall 1988). In several letters to Darwin, Wallace repeatedly denounced 
the “agentive” connotations of the word “selection” and he was constantly urging 
Darwin to state that nature is not a breeder capable of conscious choice (Gayon 
1998; Hoquet 2011). Wallace was so concerned with a possible personification of 
“selection”, that he was even responsible for Darwin’s introducing Herbert Spen-
cer’s phrase “survival of the fittest” in the fifth edition of the Origin (1869). It’s 
ironic that, in spite of his early reluctance to accept the term selection, Wallace 
later became a strong and convinced selectionist. His Darwinism (1889) reshaped 
Darwin’s theory as a pan-utilitarianism, promoting an interpretation of Darwin that 
was so radical that George Romanes, another disciple of Darwin, accused Wallace 
of being “ultra-Darwinian” (see below sect. 2.1).

A third difference bears on what is now called “the levels of selection”. Both 
Darwin and Wallace strongly believed in the causal power of natural selection, but 
they disagreed on the level at which competition occurs: Darwin referred to com-
petition between individuals, while Wallace, though his initial statement referred to 
competition among individuals, tended to focus on competition between popula-
tions. This difference has been often noted, at least since the work of paleontologist 
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Henry Fairfield Osborn (1894) (for instance by Bowler 1976; Gayon 2009a; Bock 
2009, Ruse, this volume). H.F. Osborn called the Darwin-Wallace moment “one of 
the most striking of all the many coincidences and independent discoveries in the 
history of the Evolution idea” (1894, p. 243). However, when Osborn compared 
Darwin and Wallace’s contributions to the 1st July 1858 meeting of the Linnaean 
Society, he concluded: “remarkable as this parallelism is, it is not complete. The 
line of argument is the same, but the point d’appui is different. Darwin dwells upon 
variations in single characters, as taken hold of by Selection; Wallace mentions 
variations, but dwells upon full-formed varieties, as favorably or unfavorably adapt-
ed” (1894, p. 245; emphasized by Osborn). The struggle is much more intense in the 
Darwinian world, so that the slightest difference in organization or instinct can have 
the most dramatic effect on individual survival; on the other hand, in the Wallacean 
world, environmental change occurs, and some varieties happen to be adapted to 
it. In contrast with Darwin’s focus on individual variation, Wallace’s 1858 paper 
focuses on varieties: “the very clear recognition of the importance of individual dif-
ferences” came only later in his writings and “marked a significant development in 
his thought” (Bowler 1976, p. 17). Such difference in emphasis is somewhat remi-
niscent of a dispute that arose in the twentieth century among the 3 founders of the 
Modern Synthesis. R. A. Fisher and J. B S. Haldane viewed evolution as proceeding 
through single gene selection, whereas Sewall Wright emphasized gene interaction 
and saw collections of genes as the unit of selection, giving rise to Haldane’s fa-
mous paper “A defence of beanbag genetics” (Haldane 1964).

So we have listed three disagreements of varying importance between Darwin 
and Wallace: on the value of the analogy with domestic breeds; on the appropriate-
ness of the term “natural selection”; and perhaps on the levels of selection and the 
difference between variations and varieties. We come now to a major difference that 
forms the theme of this paper.

2.2.2  Disagreement on Sexual Selection

It should be added that, from the very outset, Darwin and Wallace disagreed about 
sexual selection, its importance in the development of secondary sexual character-
istics, and its role in human evolution. The theme of sexual selection is treated in a 
short section in the chap. 4 of Darwin’s On the Origin of Species (1859, pp. 87–90), 
and is also briefly mentioned in an earlier essay published jointly with Wallace’s 
paper in 1858 (see below). Darwin later wrote an entire two-volume book on the 
subject (1871), revealing the importance he ascribed to this process. Between the 
publication of his two major works, and especially around 1867–1869, Wallace and 
Darwin were both working on the issue of sexual characters and had an extensive 
correspondence on the subject, trying to resolve their differences (collected and 
analyzed by Kottler 1980, 1985). It seems that once again, Wallace “still anticipated 
ideas in the most embarrassing manner” (Irvine 1955, p. 184) and Darwin was ob-
viously annoyed by this new coincidence. He wrote to Wallace, 29 April 1867: “It 
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is curious, how we hit on the same ideas” (Marchant 1916, t. I, p. 184). But 2 days 
later, on May 1st, Wallace replied to Darwin:

I had thought of a short paper on The Connection between the colors of female birds and 
their mode of nidification—but had rather leave it for you to treat as part of the really great 
subject of sexual selection—which combined with protective resemblances and differences 
will I think when thoroughly worked out explain the whole coloring of the animal kingdom. 
(1st May 1867, http://www.darwinproject.ac.uk/entry-5522)

As this last quote shows, Wallace constantly showed unabashed deference to Dar-
win and sent him all his notes on the topic. But beyond his submission to Darwin’s 
priority, there were strong disagreements between the two men—and Darwin was 
trying his best to bridge the gap between them and have them come to an agreement. 
On 23 September 1868, Darwin restated the problem of their divergence between 
protection and sexual selection: “We differ, I think, chiefly from fixing our minds 
perhaps too closely on different points, on which we agree” (Marchant 1916, t. I, 
p. 225). Darwin tried to bring by all possible means closer agreement between him 
and Wallace. However, eventually, it turns out that Wallace did not think sexual se-
lection was a significant evolutionary factor although he seemed, at times, to waver 
somewhat.

An early discussion of sexual selection appears in the portion of Darwin’s 1844 
essay that was read to the Linnaean Society in July 1858, along with Wallace’s 
paper “On the Tendency of Varieties to depart indefinitely from the Original Type.” 
Darwin wrote:

Besides this natural means of selection, by which those individuals are preserved, whether 
in their egg, or larval, or mature state, which are best adapted to the place they fill in nature, 
there is a second agency at work in most unisexual animals, tending to produce the same 
effect, namely, the struggle of the males for the females. These struggles are generally 
decided by the law of battle, but in the case of birds, apparently, by the charms of their 
song, by their beauty or their power of courtship, as in the dancing rock-thrush of Guiana. 
The most vigorous and healthy males, implying perfect adaptation, must generally gain the 
victory in their contests. This kind of selection, however, is less rigorous than the other; it 
does not require the death of the less successful, but gives to them fewer descendants. The 
struggle falls, moreover, at a time of year when food is generally abundant, and perhaps 
the effect chiefly produced would be the modification of the secondary sexual characters, 
which are not related to the power of obtaining food, or to defense from enemies, but to 
fighting with or rivaling other males. (Darwin 1858, p. 50)

In this passage, as later in the Origin, sexual selection appears to be an umbrella 
term for two different kinds of phenomena: male-male rivalry leading to arma-
ments; female preferences leading to ornaments. The first of these mechanisms, 
rivalry among males, was generally undisputed. Wallace accepted it (1905, t. II, 
pp. 17–18) and he considered “a very general fact that the males fight together for 
the possession of the females. This leads … to the stronger or better-armed males 
becoming the parents of the next generation … From this very general phenomenon 
there necessarily results a form of natural selection, which increases the vigor and 
fighting power of the male animal” (1889, p. 282). Vigor was a rationale for includ-
ing male-male competition as part of natural selection.

What was really at stake was the idea that female animals have the capacity to 
choose their mates. Darwin had strongly supported the possibility of female aesthetic  
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choice. In the Origin, he wrote: “if man can in a short time give elegant carriage and 
beauty to his bantams, according to his standard of beauty, I can see no good reason 
to doubt that female birds, by selecting, during thousands of generations, the most 
melodious or beautiful males, according to their standard of beauty, might produce 
a marked effect” (1859, p. 89). For Darwin then, it was not unreasonable to invoke 
a rudimentary aesthetic sense on the part of the peahen as a factor in the selection 
of the peacock’s tail. Note that he invokes here the model of artificial selection by 
humans—a model that Wallace presumably would have rejected.

Wallace did not reject female choice in general, but he thought that female pref-
erences targeted male vigor, not beauty. Accordingly, he endorsed two main objec-
tions that had been raised against females’ taste for the beautiful:

a/Female choice, if it seeks for sheer beauty (unrelated to the signaling of any 
quality), undermines the power of natural selection, as this mechanism is only con-
cerned with benefits. Especially, female preferences for this or that trait would have 
no evolutionary foundation.

b/Assuming a sense of beauty in lower animals raises the broader question of 
animal faculties. As Gayon (2009b) puts it, female choice amounts to claiming “that 
many animals, from fishes to primates, have perceptive, emotional and cognitive 
abilities that make them able to discriminate and choose their sexual partners. This 
claim raised no more or less than the problem of the gradual evolution of the mind”.

Accordingly, Wallace thought that sexual selection ( sensu female choice) was 
an unnecessary hypothesis (Gayon 2009b). Wallace could not accept the notion of 
peahens with an aesthetic sense and was seeking for usefulness of traits.

These points are now well-established in the literature (Cronin 1991; Milam 
2010). But other elements should also be brought to the fore. First, as noted ear-
lier, Wallace’s environmentalist conception of natural selection (Nicholson 1960) 
should be differentiated from Darwin’s own understanding of natural selection as 
“a competitive process within the species, which can change the species even under 
unchanged conditions” (Gayon 2009b). This may ultimately impact on their con-
trasted views on sexual selection: Wallace’s reluctance to accept sexual selection is 
linked to the fact that sexual selection is “a purely competitive process among the 
members of one sex within the species”; while, for Darwin, sexual selection “was 
based exclusively upon differential reproductive success among individuals of one 
sex” and “did not rely upon an adaptive advantage” (Gayon 2009b). For Wallace, 
sexual selection “was outside Darwinism”, while for Darwin, sexual selection, “be-
cause of its primarily competitive and individualistic nature, revealed something 
important about how selection in general works in nature” (Gayon 2009b).

Darwin’s sexual selection aims at explaining certain largely male traits: weap-
ons and beauty, or sex differences “in structure, colour, or ornament”, as Darwin 
himself puts it. Darwin focuses, among other traits, on exuberant coloration in 
males. Wallace has a different take on this question. He is interested in the rela-
tively plain or drab coloration of the females compared to the males in many bird 
species; he thinks it is the result of natural selection, to protect them from pre-
dation as they nested, while the males in those cases are less subjected to such 
selection. The focus on coloring shows the paramount importance of protection. 
Two positions are open: one (Darwin’s) claim that colouration results from female  
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preference for beautiful feathers in males; the other (Wallace’s) stresses the pro-
tective value of coloration in females. Darwin himself was oscillating (Darwin to 
Wallace, 16 September 1868):

You will be pleased to hear that I am undergoing severe distress about the protection & 
sexual selection: this morning I oscillated with joy towards you: this evening I have swung 
back to old position, out of which I fear I shall never get. (Marchant 1916, t. I, p. 222–223)

Wallace took great pride in having shown the usefulness of phenomena which were 
previously regarded as non-adaptive. He was an extreme utilitarian and, as a result, 
a pan-selectionist. Wallace argued we should look at nature assuming that each 
feature we see is useful:

… other slight differences which to us are absolutely immaterial and unrecognizable, may 
be of the highest significance to these humble creatures, and be quite sufficient to require 
some adjustments of size, form, or color, which natural selection will bring about. (1889, 
p. 148)

Wallace also rephrased Darwin’s “great general principle” as: “all the fixed charac-
ters of organic beings have been developed under the action of the law of utility”, 
entailing for instance that “so remarkable and conspicuous a character as color, 
which so often constitutes the most obvious distinction of species from species or 
group from group, must […] in most cases have some relation to the wellbeing of 
its possessors.” (1889, p. 187–188).

Another important issue between Darwin and Wallace is sex-linked inheritance. 
On that matter, it should be noted that the first words of the section on sexual se-
lection in the Origin provides us with an important key to understand Darwin’s 
mechanism: peculiarities appear “in one sex and become hereditarily attached to 
that sex” (1859, p. 87). Darwin called Wallace’s attention on their diverging views 
on inheritance in his letter dated 5 May 1867 (Marchant 1916, I, p. 185). As Kottler 
put it (1980, p. 204): “At the heart of their disagreement was a basic difference of 
opinion about the laws of inheritance.” At the climax of the controversy (23 Sep-
tember 1868) Darwin wrote to Wallace: “I think we start with different fundamental 
notions on inheritance.” Wallace believed that, as a rule, variations as they first ap-
peared, were inherited equally by both sexes, and that, afterwards, natural selection 
had to convert equal inheritance into sex-limited inheritance. Whenever one sex is 
endangered more than the other (for instance by conspicuous coloration), natural 
selection would convert the equal inheritance of the variations sexually selected, 
into sex-limited inheritance, so that the sex in greater danger loses conspicuous 
coloration. Following his belief in the generality of equal inheritance, Wallace at-
tributed the drab coloration of the less conspicuous sex to natural selection for the 
sake of concealment of the individuals in greater danger. On the other hand, Darwin 
was in favor of sex-limited inheritance of traits: in his view, female animals never 
had to “lose” bright coloration or to be modified for protection—as they never ac-
quired gaudy feathers.

We now understand that it is a misconception to regard Wallace as opposed en-
tirely to sexual selection. Besides, while Wallace thought that sexually dimorphic 
traits were initially the same in both sexes and natural selection had to make the sex 
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in greater danger less conspicuous, Darwin claimed that sexually selected traits are 
only present in one sex, and natural selection has to keep the sex in greater danger 
less conspicuous (Kottler 1980). Such disagreement reflects the fact that the actual 
(Mendelian) laws of genetics were of course unknown to both of them.

2.2.3  The Riddle of Human Evolution

The question of sexual selection was also closely linked to the question of human 
evolution. First, sexual selection was deeply tied with anthropomorphic views. The 
flavor of Wallace’s thinking on the topic can be seen in a well-known passage from 
his book Darwinism:

It will be seen, that female birds have unaccountable likes and dislikes in the matter of 
their partners, just as we have ourselves, and this may afford us an illustration. A young 
man, when courting, brushes or curls his hair, and has his moustache, beard or whiskers in 
perfect order and no doubt his sweetheart admires them; but this does not prove that she 
marries him on account of these ornaments, still less that hair, beard, whiskers and mous-
tache were developed by the continued preferences of the female sex. So, a girl likes to see 
her lover well and fashionably dressed, and he always dresses as well as he can when he 
visits her; but we cannot conclude from this that the whole series of male costumes, from 
the brilliantly coloured, puffed, and slashed doublet and hose of the Elizabethan period, 
through the gorgeous coats, long waistcoats, and pigtails of the early Georgian era, down 
to the funereal dress-suit of the present day, are the direct result of female preference. In 
like manner, female birds may be charmed or excited by the fine display of plumage by the 
males; but there is no proof whatever that slight differences in that display have any effect 
in determining their choice of a partner. (1889, pp. 286–287)

But beyond these considerations, the genesis of Darwin’s concept of sexual selec-
tion is, on a deeper level, intimately tied to the puzzle of human races. As Desmond 
and Moore have shown (2009, p. 282), Darwin’s earlier notice of sexual selection 
was found in a manuscript note on Knox’ Races of man. Darwin wrote to Wallace 
(March 1867): “…my sole reason for taking it up [i.e. the subject of man] is that I 
am pretty well convinced that sexual selection has played an important part in the 
formation of races, and sexual selection has always been a subject which has inter-
ested me much.” (Marchant 1916, t. I, p. 182). And again, on 29 April 1867: “in my 
Essay upon Man I intend to discuss the whole subject of sexual selection, explain-
ing as I believe it does much with respect to man.” (t. I, p. 183).

Darwin and Wallace disagreed on the importance of sexual selection in the 
evolution of secondary sexual characteristics, and also on the question of human  
evolution.

Darwin sought naturalistic explanations for phenomena, including behavioral 
phenomena, and considered human capacities such as cognition, emotions, aesthet-
ic feelings to be traits that had evolved, and thus could also exist in other species. He 
wrote a book about the expression of emotions in animals (1872). While there is still 
debate on the question of animal cognition, it is fair to say that modern neurology 
and studies of animal behavior have largely vindicated Darwin’s basic viewpoint 
(e.g., Griffin 2001).
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Wallace had a rather Cartesian view of human mental abilities. He believed that 
some perhaps mystical principle was involved in the generation of the human mind 
and its consciousness. As a result, the intelligent design movement has apparently 
adopted Wallace in recent years, claiming that his version of evolution anticipated 
their claims (Flannery 2008, 2011).

Darwin’s view: A Gradation of Mental Powers It is particularly interesting that 
Darwin published his major discussion of sexual selection in the same book as his 
treatment of human evolution, which was also not treated extensively in the Origin. 
This juxtaposition may relate to a deeper division between him and Wallace, involv-
ing their views on human evolution, as well as their views on sexual selection by 
female choice: the two differences may in fact have been related.

Why should these two great intellects be likely to differ on the subject of hu-
man evolution, and also on the possibility of sexual selection by female choice? 
There is a strong temptation here to indulge in what is sometimes termed whig 
history—the application of contemporary norms to past historical events or fig-
ures. Both Darwin and Wallace were of course Victorians, with constant immer-
sion in the racial, ethnic and gender biases of the period. However, let us note at 
the outset that Wallace was, among other things, a strong feminist, and it is thus 
difficult to see his opinion as simply the result of male bias. Similarly, Darwin 
was an abolitionist and a strong opponent of slavery, and indeed it has been 
argued that this was a major factor in his development of the theory of evolu-
tion by natural selection (Desmond and Moore 2009), so it becomes difficult to 
ascribe his views on human evolution to racism.

We will argue here that their disagreements about sexual selection as well as 
about human evolution probably did not arise primarily from Victorian biases, but 
rather had roots in fundamentally different conceptions about the evolutionary rela-
tions of humans to other species, and that this difference in turn reflected, at least in 
part, differences in their experiences as naturalists.

To understand this difference we need to consider the backgrounds of both men. 
A major difference in the personal backgrounds of Darwin and Wallace was their 
experience of non-European peoples and cultures. Darwin had traveled, of course, 
circumnavigating the globe for 5 years in the Beagle, with extensive inland excur-
sions in South America and elsewhere, but he was usually either in the company 
of fellow Englishmen or in any case supported, protected and cushioned, directly 
or indirectly, by the great authority of the British Navy. According to all accounts, 
he was a very tolerant person, not given to aggression or autocratic assertion, and 
a Whig politically, strongly opposed to slavery. Nevertheless he was also a prod-
uct of mid-Victorian British culture, with a strong belief in progress and little in-
depth personal knowledge of non-European cultures (see Browne 1995, especially 
chap. 10, pp. 234–253; Desmond and Moore 2009). His expressed surprise when 
encountering the natives of Tierra del Fuego serves to illustrate this and makes a 
sharp contrast with the “domesticated” figure of the 3 natives transported back to 
South America on the Beagle:

The Fuegians rank among the lowest barbarians; but I was continually struck with sur-
prise how closely the three natives on board H.M.S. Beagle, who had lived some years 
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in England, and could talk a little English, resembled us in disposition and in most of our 
mental faculties. (Darwin 1871, t. I, p. 34)

Much of his other information regarding other “savage” peoples came from anec-
dotal accounts by a variety of travelers. Continuing the quotation above, he states

If no organic being excepting man had possessed any mental power, or if his powers had 
been of a wholly different nature from those of the lower animals, then we should never 
have been able to convince ourselves that our high faculties had been gradually developed. 
But it can be clearly shown that there is no fundamental difference of this kind. … there is 
a much wider interval in mental power between one of the lowest fishes … and one of the 
higher apes, than between an ape and man. (Darwin 1871, t. I, pp. 34–35)

On the other hand,
Nor is the difference slight in … intellect, between a savage who does not use any abstract 
terms, and a Newton or Shakespeare. Differences of this kind between the highest men of 
the highest races and the lowest savages are connected by the finest gradations. … there is 
no fundamental difference between man and the higher mammals in their mental faculties. 
(Darwin 1871, t. I, p. 35)

Darwin strongly believed in the unity of the human family, but (it is like the oth-
er face of the same coin), as a result, he tended to view, possibly unconsciously, 
other populations as “uncivilised” (for instance, 1859, p. 38, 140). His belief in 
progress entailed gradual improvement by stages, entailing that the native Fuegians 
represented earlier evolutionary stages, less advanced than Europeans. However, 
he would clearly have disagreed with the theory of retrogression or degradation, 
espoused by, among others, the Archbishop of Dublin Richard Whately (1855), or 
George Campbell, 8th Duke of Argyll (1869). According to the theory of degrada-
tion, the ‘savage races’ of mankind presented a degradation from a previously more 
advanced civilized state, and Darwin clearly refuted these theories in his Descent 
(Darwin 1871, t. I, p. 181; see also Gillespie 1977).

In any case, Darwin clearly thought of the human species as being derived evo-
lutionarily from earlier primates, and from these and many other passages, it’s clear 
he saw no unbreachable barrier separating humans from other animal species, and 
believed there had been a succession of evolutionary stages from earlier primates to 
humans, with no impermeable boundary. He thus had no difficulty with the idea that 
the rudimentary beginnings of human intellectual, moral and a esthetic sensibilities 
could be found in lower animals, an attitude evident in the very title of another of 
his books, On the Expression of the Emotions in Animals and Man (1872). And he 
also noted the profound unity of all human beings, in sharing the same basic emo-
tions (see Radick 2010).

A rather direct indication of the link between his views on human evolution and 
his adoption of sexual selection by female choice is found in an addition to chap. 8 
in the second edition of The Descent of Man. Where the first edition read:

No doubt this implies powers of discrimination and taste on the part of the female which 
will at first appear extremely improbable; but I hope hereafter to shew that this is not the 
case. (1871, t. I, p. 259)

The second edition reads:
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No doubt this implies powers of discrimination and taste on the part of the female which 
will at first appear extremely improbable; but by the facts to be adduced hereafter, I hope 
to be able to show that the females actually have these powers. When, however, it is said 
that the lower animals have a sense of beauty, it must not be supposed that such sense is 
comparable with that of a cultivated man, with his multiform and complex associated ideas. 
A more just comparison would be between the taste for the beautiful in animals, and that in 
the lowest savages, who admire and deck themselves with any brilliant, glittering, or curi-
ous object. (1874, p. 211)

As noted by others (Prum 2012), Darwin was quite serious in ascribing an aesthetic 
sense to other species. The difference in mentality, emotions and sensibility be-
tween humans and other creatures was one of degree, and not fundamental: these 
qualities were also evolving.

Wallace’s View: Beyond the Scope of Natural Selection Wallace presents a con-
trast. Having spent many years largely on his own, first in South America and then 
in Southeast Asia, in intimate contact with native populations, he could appreci-
ate from personal experience the competence and intelligence of the peoples he 
encountered, and was convinced that the mentality and reasoning power of ‘sav-
ages’ was quite comparable to that of ‘civilized’ Europeans. Thus he had a unitary 
view of the various kinds of humanity, as a single species, with great variety, but all 
at the same intellectual level. Like Darwin, he was a mid-Victorian, but his personal 
history was different, and he was also perhaps more of a maverick than Darwin, far 
more active politically, espousing a variety of political and social causes.

Reviewing Darwin’s The Descent of Man and Selection in Relation to Sex, he 
wrote that the “vast amount of the superiority of man to his nearest primate rela-
tives is what is so difficult to account for” (Wallace 1871, p. 183). Darwin, as we 
have seen, did not share this view and considered that the differences between other 
animals and humans, though indeed large, were essentially of degree rather than 
fundamental.

Further, Wallace continues, “It must be admitted that there are many difficulties 
in the detailed application of [Darwin’s] views, and it seems probable that these can 
only be overcome by giving more weight to those unknown laws whose existence 
he admits but to which he assigns an altogether subordinate part in determining the 
development of organic form” (Wallace 1871). These “unknown laws” were men-
tioned by Darwin in the Origin: the laws of growth, development, inheritance, cor-
relation, the “direct action of the environment,” and the laws of habit and instinct—
many of these have become major areas of twentieth and twenty-first century  
biological research but were largely unexplored in Darwin’s day. Wallace tended 
to view some of these as evidences of a controlling Mind or Supreme Intelligence, 
and his involvement in spiritualism and related subjects in his later years no doubt 
reflects this view (Slotten 2004).

In a joint review of the tenth edition of Charles Lyell’s Principle of geology 
(1867) and of the sixth edition of his Elements of geology (1865), Wallace devel-
oped the following argument: the brain of the “lowest savages” (Wallace thinks of 
the Australians or the Andaman islanders) and, probably, those of “the pre-historic 
races,” was an organ barely “inferior in size and complexity to that of the highest 
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types (such as the average European)”; in other terms, two or three thousand years 
would be sufficient for them to acquire, by a “process of gradual development”, 
the average results of humans of higher civilizations. In contrast to that, the mental 
requirements of these lowest savages, “are very little above those of many animals”: 
“the higher moral faculties and those of pure intellect and refined emotion are use-
less to them, are rarely if ever manifested, and have no relation to their wants, 
desires, or well-being” (Wallace 1869, p. 91–392). Hence the following paradox: 
“How, then, was an organ developed so far beyond the needs of its possessor? Natu-
ral selection could only have endowed the savage with a brain a little superior to 
that of an ape, whereas he actually possesses one but very little inferior to that of the 
average members of our learned societies.”

In his copy of this text, Darwin wrote in the margin a vehement “No”, triple 
scored and showered with exclamation points (Irvine 1955, p. 187).

A curious and perhaps ironic end-note on Wallace and sexual selection may also 
be mentioned. He did, in fact, allow for the possibility of sexual selection by female 
choice in one species, namely in humans. Though he rejected Darwin’s speculation 
that hairlessness and skin color in humans were products of sexual selection, he 
nevertheless invoked a kind of sexual selection by female choice in another area. 
He thought violent tendencies in humans would gradually diminish and intelligence 
increase, as women chose mates and had children preferentially with gentler, more 
intelligent males (Wallace 1913). He obviously followed the logic of sexual selec-
tion by female choice, but was not willing to grant it status as an evolutionary force, 
except in the (for him, exceptional) case of humans. Darwin, the mid-Victorian, 
tended somewhat to pessimism, while the younger Wallace, like many Europeans of 
the Edwardian era, was in some ways an optimist, believing in incremental progress 
in human society. Wallace died in 1913, too soon to witness the events that began a 
year later in Sarajevo.

In summary, Darwin’s and Wallace’s views diverged on two accounts: one re-
lated to the mental abilities of animals, one related to the mental capacities of so-
called “uncivilized men”. On the first point, Darwin thought it was not unreason-
able to invoke a rudimentary aesthetic sense on the part of the peahen as a factor in 
the selection of the peacock’s tail, whereas Wallace could not accept the notion of 
peahens with an aesthetic sense. On the second point, while both men recognized 
the unity of the human family, Darwin was struck by the lowness of non-European 
civilizations, to the point that he estimated that the distance between human and 
animal brains was not so large; while Wallace emphasized the gap between humans 
and non-human animals and stressed the seeming impotence of natural selection 
when it came to explaining human higher mental faculties. Darwin had a continu-
ous view of mental powers, from non-human animals to humans; while Wallace, 
having a sense of a strong discontinuity between humans and non-humans, thought 
it was a sufficient argument to repel the role of natural selection and call for other 
(supernatural) agencies.

Darwin saw humans as simply part of an evolutionary continuum, their mental, 
aesthetic and emotional qualities as differing in degree, but not fundamentally from 
those of other animals. In contrast, Wallace viewed humans as a special case. In 



T. Hoquet and M. Levandowsky32

particular, he considered that human mentality, cognition, aesthetic senses, and spiri-
tuality could not be a product of natural selection, and it was difficult for him to ac-
cept the idea of an aesthetic sensibility in non-human animals. He was not religious 
in the conventional sense of organized religion, but he viewed humans as more than 
simply products of natural selection, and this is no doubt connected to his life-long 
interest in spiritualism and the occult. Eventually, in a review of E.B. Poulton’s Co-
lours of Animals, Wallace stated (1890, p. 291): “This most interesting question … 
in all probability, will not be finally settled by the present generation of naturalists.”

2.3  Shaping the Darwin/Wallace Debate: What  
the Positions of Darwin and Wallace Imply.

Now that we have analyzed the complexity of the debate between Darwin and Wal-
lace, we will approach the historical steps towards the rephrasing of their diver-
gence in terms of Utility vs Beauty.

2.3.1  Sexual Selection During the “Eclipse of Darwinism”

The historian Peter J. Bowler and others have noted that, for a period of several 
decades before and to some extent after 1900, Darwin’s version of evolution by 
natural selection was out of favor with many biologists, who supported other types 
of evolutionary theory: Lamarckism, theistic evolution, mutationism, orthogenesis 
(Bowler 1983, 1988). While Darwin’s sexual selection is often considered merely 
an expression of Victorian prejudice, Bowler claims that, “during the eclipse of 
Darwinism, sexual selection was even less popular among biologists than natural 
selection was” (Bowler 1984, p. 314). In other terms, in spite of its familiar ring 
for a Victorian reader, Darwin’s concept elicited more criticisms than positive re-
sponses. And indeed, although it didn’t evoke the great eruption of criticism that 
greeted the appearance of the Origin, Darwin’s theory of sexual selection did attract 
criticism and satire, as in the lampoon by Richard Grant White, The Fall of Man, or 
the Loves of Gorillas (1871), in which gorillas exercise sexual selection by mating 
with a variety of other species. Such ridicule of sexual selection in the lay press 
may have served sometimes as proxy for opposition to Darwin’s other mechanism, 
natural selection, and to evolutionary thought in general.

With regard to animal coloration, Darwin’s aesthetic hypothesis was viewed as 
emphasizing love and beauty, whereas Wallace’s adaptationist standpoint empha-
sized vigor and safety (mimicry, protection). Ironically, enemies of Darwin’s natural 
selection were quite at ease with the idea of sexual selection as it seemed to resur-
rect a metaphysical (and non utilitarian) kind of beauty. For instance, the Duke of 
Argyll’s Reign of Law (1867) discussed coloration in hummingbirds: he asked why 
a topaz crest should be selected in preference to a sapphire one. Focusing solely 
on utility, Darwin’s natural selection seemed to be missing the point that is central 
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to Argyll’s conception of nature: beauty for its own sake. But sexual selection ap-
peared to restore beauty to nature. It should be noted that early reactions to Darwin’s 
model of sexual selection, including that by Wallace, considered it as separate from, 
or even contradicting natural selection.

While some recent readers have suggested that Darwin integrated beauty into na-
ture (e.g. Cronin 1991), many of his contemporaries thought the tie between beauty 
and divine creation was impossible to sever: as soon as Darwin acknowledged the 
existence of beauty, he had reintroduced a teleological feature in nature. The reluc-
tance of many biologists (including Wallace) to follow Darwin in this model starts 
with what was considered the special status of beauty. It was necessary to decide 
whether Darwin’s incorporation of an aesthetic quality such as beauty among ani-
mals, was consistent with a naturalistic framework.

The rephrasing of the Darwin-Wallace debate in terms of Beauty vs Utility owes 
a lot to the biologist George J. Romanes (1848–1894), who was described by the 
Times as “the biological investigator upon whom, in England, the mantle of Mr. 
Darwin has most conspicuously descended” (quoted by Thiselton-Dyer 1888). Ro-
manes was fighting with Wallace over Darwin’s legacy. He depicted Wallace as a 
supporter of a pan-utilitarian stance. For instance, Romanes attributed to Wallace 
the thought that “natural selection has been the sole means of modification …Thus 
the principle of Utility must necessarily be of universal application” (1892, t. II, 
p. 6). Romanes referred to “two great classes of facts in organic nature: namely, 
those of Adaptation and those of Beauty. Darwin’s theory of descent explains the 
former by his doctrine of natural selection, and the latter by his theory of sexual 
selection” (Romanes 1892). Apparently, Romanes committed to both Darwinian 
mechanisms, but by phrasing the problem this way, with a clear divide between 
Utility and Beauty, he, willingly or not, confirmed the idea that natural and sexual 
selection were two rather separate mechanisms, having little to do with each other.

In fact, while Darwin saw at first no contradiction between natural and sexual 
selection, he saw clearly that sexual selection could lead to the evolution of non-
adaptive traits. As a result, his followers asked whether sexual selection challenged 
what Darwin had called the “paramount power of natural selection” (Darwin 1859, 
p. 84). In 1877 Eduard von Hartmann claimed that Darwin weakened his case for 
natural selection by trying to take beauty (and not merely utility) into account (Hart-
mann 1877; Hoquet 2009).

While Darwin and Wallace debated on the sex-limited character of variation, 
their followers put forward the topic of the “greater eagerness” of males. Both Dar-
win and Wallace, but maybe Wallace even more than Darwin, had stressed the idea 
of the “greater vigor” of males. In 1883, Harvard and Johns Hopkins biologist Wil-
liam Keith Brooks suggested that a more fundamental explanation was required in 
order to explain why males have stronger passions (Brooks 1883). If it is a general 
rule that males are more modified than females, then biology needs a theory of he-
redity that accounts for this fact.

Brooks disagreed with Wallace’s hypothesis that females were drab in order to 
be less visible to predators: he noted that in species where both males and females 
brood, a colour dimorphism subsists. He supported Darwin’s hypothesis that “the 
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excessive exposure of the male to the action of selection, natural and sexual” is the 
cause of his being modified. Male characters being useful, they have been positive-
ly selected for; while there was no such pressure for the evolution of corresponding 
female traits. “No one can doubt the truth of this statement, but it does not go to 
the root of the matter. The question is not how peculiarities useful to the male alone 
have been restricted to that sex, but why the female has not acquired another set of 
characteristics to fit her for her peculiar needs” (Brooks 1883). Brooks explicitly 
put forward the problem of sex-limited inheritance. The “provisional hypothesis of 
pangenesis”, described in Darwin’s book Variation under domestication (1868) was 
never introduced to later editions of the Origin of Species; but it played an important 
role in W.K. Brooks’ understanding of his ideas on sexual selection. Brooks sug-
gested that transmission of gemmules by the mother was more rare than transmis-
sion by the father, explaining why males vary more than females.

A different approach to the question of sexual dimorphism was taken by Patrick 
Geddes and Arthur J. Thomson (1889). For them, “no special theory of heredity is 
required,—the males transmit the majority of variations, because they have most 
to transmit”. Darwin and Wallace’s theory are considered symmetrical: sexual se-
lection is, with Darwin, acknowledged as a minor accelerant, natural selection is, 
with Wallace, understood as a retarding “brake” on the differentiation of sexual 
characters, but for these authors, the key to sexual dimorphism is to be found in a 
constitutional or organismal origin, which they term “the katabolic or anabolic dia-
thesis which preponderates in males and females respectively” (Geddes and Thom-
son 1889). (It should be noted that these various speculations occurred before the 
the actual laws of Mendelian heredity were rediscovered).

We see how, with Brooks and Geddes & Thomson, the debate on sexual selection 
has moved away from the topic of female choice to encompass the question of male 
vigour and male variability (allegedly superior to that of females).

In a 1903 book dedicated to W.K. Brooks, Thomas Hunt Morgan argued vigor-
ously against sexual selection theory. He gave a comprehensive list of objections, 
bearing both on natural and sexual selection, mixing cartoonesque and biological 
remarks. Morgan coarsely caricatured sexual selection in anthropomorphic terms: 
“It sounds a little strange to suppose that women have caused the beard of man to 
develop by selecting the best-bearded individuals, and the compliment has been 
returned by the males selecting the females that have the least amount of beard” 
(Morgan 1903). His objections also included observations bearing on the laws of 
sex-limited inheritance: “It is also assumed that the results of the selection are trans-
mitted to one sex only. Unless, in fact, the character in question were from the be-
ginning peculiar to only one sex as to its inheritance, the two sexes might go on for-
ever selecting at cross-purposes, and the result would be nothing”(Morgan 1903).

Thus, Morgan rejected both Darwin and Wallace: the numerous difficulties that 
the theory of sexual selection had met led to rejecting it as an explanation of the 
secondary sexual differences amongst animals; but Wallace’s explanation of the sex 
differences as due to the excessive vigour of the male, was equally unsuccessful. In 
the end, Darwin's theory was only useful as it “served to draw attention to a large 
number of most interesting differences between the sexes, and, even if it prove to 
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be a fiction, it has done much good in bringing before us an array of important facts 
in regard to differences in secondary sexual characters”. As to the theory itself, it 
“meets with fatal objections at every turn” (Morgan 1903). For Morgan, the key to 
sexual differences was to be found in internal (hormonal) factors—a view that was 
taken up by some major histories of biology of the early twentieth century (Ràdl 
1913; Nordenskjöld 1920; quoted by Cronin 1991, p. 50–51).

In the early twentieth century the scientific climate changed rapidly. Mendel’s 
laws of particulate genetics were rediscovered, and this paved the way for develop-
ment of the science of population genetics. Basic principles and tools such as the 
principle today known as the Hardy-Weinberg distribution were developed (the rel-
evant papers were published in 1908), and major figures such as R. A. Fisher, J.B.S. 
Haldane and Sewall Wright began to develop theoretical connections between ge-
netics and evolution by natural selection. Eventually information and insights from 
genetics, paleontology and ecology would be gathered together into a broad view of 
evolution that was termed the Modern Synthesis (Mayr and Provine 1980).

There is a common claim that the question of sexual selection was largely ig-
nored during this period by leading evolutionary biologists such as Theodosius 
Dobzhansky and G.G. Simpson. The great emphasis was always on the effects of 
natural selection. At most, secondary sexual signals which could not be explained 
as due to competition among males, such as antlers, were seen as identity signals of 
species, to prevent hybridization: the peacock’s tail would tell the peahen that this 
male was a conspecific.

In fact, this common claim can be seriously challenged. First there was continu-
ous study of sexual selection in the field of experimental evolution. For instance, 
the entomologist Frank E. Lutz (1879–1943) published on “the effect of sexual 
selection” (1911). He worked at the time at the Carnegie Institute’s Station for Ex-
perimental Evolution, under the head of Charles B. Davenport. Lutz argues strongly 
in favor of female choice. “The basis upon which these flies discriminate against 
ultra-veined individuals when choosing a mate is a matter for further study. There is 
an elaborate ‘courtship’ in which the flirting of the wings in front of the prospective 
mate plays a large part. It seems as though a choice were made on the basis of sight, 
but I doubt whether that is the case. However, there is no doubt of the choice. It is 
a clear case of the undoing of artificial selection by sexual selection.” (Lutz 1911, 
p. 37).

Secondly, as noted by Erika Milam (2010), Theodosius Dobzhansky and his col-
leagues extensively worked on mate choice (especially male choice) in their studies 
on reproductive isolation in drosophila.

2.3.2  Beauty for Beauty’s Sake? R. A. Fisher  
and the Runaway Model

Traditionally depicted as the sole major exception to the general neglect surrounding 
sexual selection, the geneticist and statistician R. A. Fisher (1890–1962) also played 
a key role in shaping the terms of the Darwin-Wallace debate. Fisher criticized 
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Wallace’s idea that animals do not show any preference for their mates on account 
of their beauty, and that female birds do not choose the males with the finest plum-
age. He also revived Darwin’s idea of beauty for beauty’s sake and developed it into 
what came to be known as the “runaway” model. Oddly, Fisher, an early pioneer in 
the field of applied mathematical statistics, did not construct a mathematical model 
of the process, but his verbal description and discussions became the basis for oth-
ers to take up that challenge. Fisher provided a more precise verbal statement of 
an effect perhaps hinted at by Darwin: essentially, a positive feedback mechanism.

In a first paper published in 1915, Fisher rejected Wallace’s argument against 
aesthetic choice as weak: 1/ because of our necessary ignorance of the motives from 
which wild animals choose between a number of suitors; 2/ because there remains 
no satisfactory explanation either of the remarkable secondary sexual characters 
themselves, or of their careful display in love-dances, or of the evident interest 
aroused by these antics in the female; 3/ because this objection is apparently associ-
ated with the doctrine put forward by Wallace that the artistic faculties in man be-
long to his “spiritual nature” and have come to him independently of his animal na-
ture. But, Fisher acknowledged, the strongest point in Wallace’s objections was that 
Darwin had left unexplained the origin of the aesthetic sense in the lower animals.

In 1930, Fisher gave a succinct summary of the disagreement between Darwin 
and Wallace in the following terms:

The theory put forward by Darwin to account for the evolution of secondary sexual char-
acters involves two rather distinct principles. In one group of cases, common among mam-
mals, the males, especially when polygamous, do battle for the possession of females. That 
the selection of sires so established is competent to account for the evolution, both of spe-
cial weapons such as antlers, and of great pugnacity in the breeding season, there are, I 
believe, few who doubt … (Fisher 1930, p. 131)

At first sight, Fisher’s account is in full acceptance of the first mechanism identi-
fied by Darwin, namely male-male competition. But, at the same time, one can feel 
the influence of Morgan’s hormonal creed in his interpretation of male-male fights: 
it has become especially clear, according to Fisher, that male-male competition is 
now beyond doubt, “especially since the investigation of the influence of the sex 
hormones has shown how genetic modifications of the whole species can be made 
to manifest themselves in one sex only” (p. 131).

For the second class of cases, Fisher continued, for which the amazing development of the 
plumage in male pheasants may be taken as typical, Darwin put forward the bold hypoth-
esis that these extraordinary developments are due to the cumulative action of sexual pref-
erence exerted by the females at the time of mating. (p. 131)

Here, Fisher isolated the second factor (intra-sexual selection) from the first one, 
showing that what Darwin had unified under the general head “sexual selection” 
should be clearly divided into two different factors. Fisher continued:

The two classes of cases were grouped together by Darwin as having in common the 
important element of competition, involving opportunities for mutual interference and 
obstruction, the competition being confined to members of a single sex. To some other 
naturalists the distinction between the two types has seemed more important than this 
common element, especially the fact that the second type of explanation involves the will 
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or choice of the female. A. R. Wallace accepted without hesitation the influence of mutual 
combats of the males in the evolution of sex-limited weapons, but rejected altogether 
the element of female choice in the evolution of sex-limited ornaments. (Fisher 1930, 
pp. 131–132)

We see here how Wallace’s stance is clearly divided in two parts: acceptance of 
male-male competition; rejection of female choice. But Fisher raises several objec-
tions against Wallace:

a. As Argyll convincingly argued, the hypothesis of protective colouration during 
brooding is not sufficient;

b. Wallace made errors in assuming that “the effect of selection in the adult is 
diminished by a large mortality at earlier stages” (Wallace 1889, p. 296). Fisher 
argues that “if one mature form has an advantage over another, represented by a 
greater expectation of offspring, this advantage is in no way diminished by the 
incidence of mortality in the immature stages of development, provided there is 
no association between mature and immature characters”.

In conclusion, Fisher suggested that Wallace’s reluctance to accept Darwin’s female 
choice was clearly deriving from his “conviction that the aesthetic faculties were 
a part of the ‘spiritual nature’ conferred upon mankind alone by a supernatural act, 
which supplies an explanation of the looseness of his argument” (p. 134).

Fisher’s approach to female choice is original, in that he admits that “with respect 
to sexual preference, the direct evidence of its existence in animals other than man 
is, and perhaps always will be, meager” (p. 135). But at the same time, he suggests 
this should be approached with an evolutionary eye: “the tastes of the organisms, 
like their organs and faculties, must be regarded as the products of evolutionary 
change, governed by the relative advantage which such tastes may confer” (p. 136).

This leads Fisher to formulate his idea of a runaway model. The question Fisher 
posed was: why should a peahen prefer to mate with the peacock with the most 
splendid tail? His model says: because it’s fashionable. Other females also choose 
the males with the most impressive tails, so if her sons inherit the genes for a splen-
did tail they will get to mate more frequently, and their genes will spread in the 
population. But how does the fashion get started? Fisher suggested that, initially, a 
slightly larger tail may have conferred some minor selective advantage, so that, by 
natural selection, the genes of females mating with a peacock with a larger tail may 
have been somewhat favored. With time, though, the main advantage became the 
fact that more females mated with males with larger tails and the increased number 
of matings in itself would lead to the greater fitness of large-tailed males. As Fisher 
noted, this becomes a “runaway”, an accelerating process, where both the male trait 
and female preferences for it increase geometrically (exponentially) until the coun-
ter-selective disadvantages of an extreme dimorphism lead to a balance between the 
opposing forces of natural selection and sexual selection. So the process ends in a 
dynamic equilibrium.

In Fisher’s own words, this 2-step process involves two selective influences:
(i)   an initial advantage not due to sexual preference, which advantage may be quite incon-

siderable in magnitude, and



T. Hoquet and M. Levandowsky38

(ii)  an additional advantage conferred by female preference, which will be proportional to 
the intensity of this preference. The intensity of the preference will itself be increased 
by selection so long as the sons of hens exercising the preference most decidedly have 
any advantage over the sons of other hens, whether this be due to the first or to the 
second cause (p. 136).

The two characteristics affected by such a process, namely plumage development in the 
male, and sexual preference for such developments in the female, must thus advance together 
and so long as the process is unchecked by severe counterselection, will advance with ever 
increasing speed. In the total absence of such checks, it is easy to see that the speed of 
development will be proportional to the development already attained, which will therefore 
increase with time exponentially, or in geometric progression (p. 137).

Fisher’s runaway process stresses the co-evolution between preferences and traits.
What was Fisher’s motivation in developing this insight? It may be related to his 

early interest in eugenics and his view of sexual selection as a mechanism for ‘racial 
repair’ and human progress (Bartley 1994).

Fisher’s conjecture was later supported by detailed mathematical analysis (for 
instance Kirkpatrick et al. 1990). Modeling simulations have shown that the initial 
selective advantage could be dispensed with, and that the runaway process could 
begin with an arbitrary signal (O’Donald 1967; Lande 1981; Kirkpatrick 1982). 
But beyond his formulation of the runaway principle, Fisher’s contribution was 
important in shaping Darwin and Wallace as standing for two rival evolutionary 
mechanisms.

2.3.3  The Good Gene Model

Meanwhile, a rather different kind of explanation for extreme secondary sexual 
characteristics such as the peacock’s tail was developed. Focusing on the utility of 
secondary characters, this view is now called the “good gene hypothesis”: it claims 
that beauty has always, eventually, a purpose. This pan-utilitarian stance has come 
to be viewed as ‘Wallacean’ although one can find elements of it in texts by Charles 
Darwin or his grandfather Erasmus Darwin. For instance, in the passage from the 
1844 Essay quoted above, Darwin refers to the fact that “the most vigorous and 
healthy males … must generally gain the victory”—that is, the song, beauty or 
power of courtship could serve as a signal of a vigorous and healthy male. Similarly, 
Erasmus Darwin (1794, t. I, p. 503) stated: “The final cause of this contest amongst 
the males seems to be, that the strongest and most active animal should propagate 
the species, which should thence become improved.”

A striking extension of the good gene hypothesis was proposed by Amotz Zahavi 
(1975, 1977; Zahavi and Zahavi 1997) and came to be known as “the handicap 
principle”. The basic idea is a counter-intuitive one, and it caused much contro-
versy. According to Zahavi’s principle, odd or costly features like the peacock’s tail 
become subject to adaptive explanations. Being able to survive and function while 
encumbered with the cost, or handicap of an extreme sexual dimorphism, such as 
the peacock’s tail or the heavy antlers of the male elk, or elaborate display behav-
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iour in itself serves as a signal of superior genes in a mate. This proposal aroused 
immediate negative reactions among many, but with time, it has come to be seen 
as a real possibility, partly because of the appearances of mathematical models in-
dicating how it might work (Pomiankowski 1987; Grafen 1990), so the handicap 
mechanism of Zahavi can no longer be dismissed. It has fostered the rise of the new 
field of signal theory, now become a sub-branch of sexual-selection theory (May-
nard Smith and Harper 2003). Zahavi has offered an elegant solution to the riddle of 
female preference for exuberant traits: a question that Darwin had not asked, “why 
waste attracts mates and deters rivals” (Zahavi and Zahavi 1997, p. 38). And yet the 
feeling of exuberance in front of sexually-differentiated traits, still remains a strong 
argument in favour of the Fisherian runaway process. Interestingly enough, Zahavi, 
while probably being the most prominent neo-Wallacean today, does not claim this. 
There is only one reference to Wallace in Zahavi and Zahavi (1997, p. 44): “Wal-
lace, in his argument with Darwin over sexual selection, proposed that the main 
function of male showing off is species recognition.” Accordingly, Zahavi distin-
guishes two kinds of natural selection: utilitarian selection, which favors straight-
forward efficiency; signal selection, which results in costly features and traits that 
look like “waste”. In other words, he recasts Darwin’s sexual selection as the differ-
ence between utilitarian and signal selections. The only difference between signal 
and sexual selection is that the former is much broader than the latter, including all 
signals, not just those affecting potential mates or sexual rivals.

This distinction clearly raises the question of the meaning of “utility”. Darwin 
had commented in the Origin “on the protest lately made by some naturalists, 
against the utilitarian doctrine that every detail of structure has been produced for 
the good of its possessor”: “They believe, Darwin claimed, that very many struc-
tures have been created for beauty in the eyes of man, or for mere variety. This 
doctrine, if true, would be absolutely fatal to my theory. Yet I fully admit that many 
structures are of no direct use to their possessors.” (1859, p. 199). So Darwin, at 
least in the Origin, did not believe that beauty for beauty’s sake was compatible 
with his natural selection theory. So let’s take a difficult textbook case: the famous 
peacock tail. The good gene model refers to the selection of characteristics such as 
‘vigor’, so its supporters ask if the peacock’s tail could be, somehow, a signal of 
greater fitness—the ‘honest signal’ hypothesis. Perhaps peacocks with longer tails 
are also healthier or more fecund? The motivation for this hypothesis was no doubt 
a desire to uncover something that conventional natural selection could work on, 
and it also has the advantage of immediately suggesting experimental and field 
studies. In genetic terms, the basic component here would be a linkage disequilib-
rium between the conspicuous signal (as in the peacock’s tail) and other, adaptive 
physiological features, so that the signal can serve as a proxy for another feature that 
is in fact the subject of natural selection.

It was found experimentally that, given a choice, peahens evidently preferred 
peacocks with bigger, more brilliant tails (Petrie et al. 1991), and that the offspring 
of peacocks with larger, more brilliant tails were healthier in various ways, or in 
any case tended to survive and produce more offspring (Petrie 1992,1994; Moller 
and Alatalo 1999). However, there has been a recent debate, initiated by a report 
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of study over several years of feral peacocks in which there appeared to be no 
preference for mating with males with longer trains (Takahashi et al. 2008; Loyau 
et al. 2008). This has triggered the claim that the “poster-child” example for sexual 
selection was actually flawed (Roughgarden 2009). Further examinations of this 
question have concluded that the situation is complex. Another recent study found 
that males with smaller, less decorated tails are chosen less often as mates but above 
a low threshold there appeared to be no advantage to having larger, more decorated 
tails (Dakin and Montgomery 2011). However, it is possible that part of the expla-
nation for these somewhat disparate results from different groups may be found in a 
study by Loyau’s group, which found a correlation between mating success and the 
iridescence, or structural colour of the peacock’s tail (Loyau et al. 2007). Females 
may be responding to the quality of the structural colour (which was not measured 
in the other studies cited), more than to the size or number of eyespots in the tail (On 
the “peacock tale”, see Cézilly, this volume).

Potential complexities of this kind of indirect selection could also arise through 
the intricacies of pleiotropic pathways and linkage disequilibrium, as suggested by a 
study by Hale et al. (2009). They found experimentally that (1) male peacocks with 
longer trains tended to have more diversity in their major histocompatibility com-
plex (MHC), generally considered to signify superior immune response to diseases; 
and also that (2) females preferentially mate with males with longer more elaborate 
trains. However, in their multivariate analysis of data from a captive population, 
they also found that, statistically, peahens lay more and larger eggs for males with 
a more diverse MHC but not necessarily for males with longer trains. Thus, in this 
case the linkage disequilibrium, if it exists, may be with some other signaling fea-
ture or features beside the train. (Again, though, this study did not attempt to moni-
tor iridescence, or structural colour features of the males’ tail feathers.)

2.4  Concluding Remarks

This paper endeavored to give a detailed overview of the debate between Darwin 
and Wallace: we have differentiated the motivations and views of the founders of 
the evolutionary paradigm. But beyond the two men Darwin and Wallace, this paper 
also gave an opportunity to analyze some conceptual issues between natural and 
sexual selection. It is often argued that sexual selection and natural selection do not 
contradict each other, but our study of the Darwin/Wallace controversy reveals that 
from an historical point of view, this seeming harmony between all types of selec-
tion is illusory. In any case, sexual selection was clearly seen as different from and 
even as contradictory to natural selection.

The Darwin-Wallace controversy continues, in a multitude of forms, to fuel new 
theoretical, experimental and field research. Several papers in this collection still 
refer to the two major figures, almost ritually, and Darwin and Wallace are energeti-
cally hauled over the fuzzy border between good and bad science.
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The alleged opposition between the Fisher runaway process and the good-gene 
hypothesis have been a central concern for many historians of biology. Serving as a 
grid framing more recent debates, the differences between the Darwinian-Fisherian 
“sexy son” and the Wallacean-Zahavian “healthy offspring” have been variously 
rephrased over time, for instance, as “good-taste” vs “good-sense” (Cronin 1991, 
p. 183). Ridley (1993, p. 143) has likened the conflict to the feud of the Montagues 
and the Capulets in Romeo and Juliet, and suggested that it was rooted more in per-
sonality than in objective science: “Those of a theoretical or mathematical bent—
the pale, eccentric types umbilically attached to their computers—became Fisheri-
ans. Field biologists and naturalists—bearded, besweatered, and booted—gradually 
found themselves Good-geners”. The difference would be more one of “scientific 
temper”: mathematical modeling vs naturalistic fieldwork.

Ultimately, the rhetorical reference to Darwin and Wallace may well serve as 
an introductory and pedagogical “red herring”: readers are lured into this historical 
battle of the founding fathers, in order to make the pill of highly abstract theoreti-
cal modeling easier to swallow. For instance, Grafen (1990) studied a model of the 
Zahavi mechanism that explicitly excludes the Fisher process and, in his words, 
“places Zahavi’s handicap principle on the same logical footing as the Fisher pro-
cess”. To do this, he required three mathematical appendices, the last of which is 23 
pages long and employs relatively advanced tools and concepts (e.g., measures on 
Banach space) that in general will be familiar only to mathematicians; he then pro-
poses a method of quantifying the relative importance of the Fisher process and the 
Zahavi principle in both theory and facts (data), and presents a “Fisher index,” to 
indicate the relative importance of the two processes in a given model or situation. 
Prum (2010) suggests that the pure Fisher process, without linkage disequilibrium 
between signal and other adaptive genes, should be considered a null hypothesis in 
a continuum of models. This may prove to be a fruitful way to look at the landscape 
of theory.

One can question whether these mechanisms are really mutually exclusive. In-
deed, both seem plausible and have support. It might well be that they do both occur 
in separate cases, or perhaps even simultaneously in a single case, and a realization 
is developing that the two mechanisms may not necessarily be incompatible.
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Abstract In The Descent of Man and selection in relation to sex (1871) Darwin 
put forward theoretical principles which foreshadowed two breakthroughs of evo-
lutionary thinking in the twentieth century: sex ratio evolution and the principle 
of a density-dependent trade-off between offspring number and offspring quality. 
His contribution to the subject long remained unknown since he withdrew them 
from the second and final edition of the book (1874). This is the biggest change 
in Darwin’s lifelong reflection on evolutionary mechanisms. Why did this scrupu-
lous and prudent scientist once decide to publish these views, then to reject them 3 
years later? I will review the reasons he became interested in the issue, the status 
he gave to the question in his thinking, and the probable reasons he was eventually 
dissatisfied with the solution he found. I will also consider the status of another 
of Darwin’s hypotheses, with which he was dissatisfied in relation to this ques-
tion: that of a reciprocal sexual choice between the most vigorous males and the 
most vigorous females. Darwin’s solution to sex ratio evolution was independently 
discovered in 1930 by Fisher, but it was not until 1984 that Darwin’s priority was 
acknowledged. I will show that Darwin’s solution went further than so-called Shaw-
Mohler’s demonstration in 1953. I will also raise the issue of density-dependent 
selection, which appeared in contemporary evolutionary biology in 1971 but which 
was clearly addressed, a century earlier, in the same section of the first edition of 
The Descent of Man.

Keywords Darwin · Sexual selection · Sex ratio · Population density regulation
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3.1  Introduction

A commonly held view is that Darwin’s Descent of Man and Selection in relation 
to Sex was a great synthesis for his time on sexually dimorphic traits in most phyla 
of animal kingdom, with brilliant insight on a major evolutionary force, sexual se-
lection, including its division into two different mechanisms (sexual struggle and 
sexual choice), a dual concept still in use today. Another common view is that the 
book conveys the anthropomorphic explanation that the aesthetic sense of females 
drives evolutionary change in male ornaments. While it is right that Darwin referred 
to the aesthetic sense of females as a proximate mechanism (as it would be termed 
today), he did not make it the ultimate reason that sexual choice existed in animals, 
and was in search of a deeper and universal selective force.

Until recently it was also commonly believed that sex ratio theory (which ex-
plains why males and females are born in nearly equal number in most species) 
had been first put forward by Fisher in The Genetical theory of natural selec-
tion (1930), an important book in the history of evolutionary theory, and that this 
question could be understood only in the age of genetics. It was not until 1984 
that Sober mentioned that Darwin had published the same conclusion as Fisher 
in the—usually non-widely read—first edition of The Descent of man (1871) 
and that nobody could have ever suspected his talented contribution to the sub-
ject since he deleted it from the second and last edition (1874) of the book. Sober 
(2007) presents it as a “retractation”. It was also observed that Darwin’s first enun-
ciation of this principle had been discussed in the interim meantime, and even put 
by Carl Düsing (1884) in form of a mathematical model (Edwards 2000) which 
Fisher could hardly have ignored (Edwards 1998). I will also raise the issue of 
density-dependent selection, a model predicting that rules of intraspecific competi-
tion change with population level. It appears in evolutionary biology in the 1970s 
but is clearly addressed, a century earlier, in the same section of the first edition of 
The Descent of Man.

This section of the book is strange in many ways. Firstly it consists in a “supple-
ment” inserted in the middle of the book (pp. 300–320 of a work of 828 pages). 
Second, Darwin there appears to be very different from the prudent and methodical 
writer we are accustomed to reading. He hardly refers to facts and switches from 
one subject to another in the order they occur to him in successive reflections. Third, 
as said before, he there opens a window on a variety of subjects, and will shut it 
after only 3 years with no real explanation.

These facts are of importance for understanding Darwin’s method. They illus-
trate the solitude of a rigorous thinker in a century during which he was renowned 
and nevertheless misunderstood. They are also of importance to evolutionary biolo-
gists today. Given the paucity of basic knowledge in what was to become popula-
tion biology, the ability of a formidable thinker to solve, at least at the level of 
intuition, some of the main issues of twentieth century’s evolutionary theory may be 
a matter for reflection on the minimal requisites for addressing them.
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3.2  Sexual Selection, a Question That Seems Simple

After having presented natural selection in The Origin of Species (1859), tackling 
the issue of sexual selection in The Descent of Man (1871) allowed Darwin to ad-
dress a similar question under a different perspective. While avoiding some dif-
ficulties encountered with natural selection, he was facing new ones. In natural 
selection, the selective agent is hard to identify, except in cases like mimicry, where 
selection is exerted by predators; for instance, the selection effected by birds on 
mimetic butterflies makes it clear that selection has no purpose and derives from 
the mere conditions of life. But this can be viewed as a special case. In other cases 
it may be difficult to show that natural selection is not the personification of nature. 
While the modification of domestic breeds due to the selection exerted by the ag-
riculturist had given Darwin the experimental demonstration of the possibility of 
his theory, its translation into a natural phenomenon depended on the assumption 
that the competitive pressure exerted by crowding upon natural populations had the 
same constant and long-term effect as the continued choice made by agriculturists.

The two kinds of sexual selection (sexual struggle and sexual choice) offered 
two different ways to present the comparison between competitive pressure in the 
wild and the choice exerted by the breeder in a garden. In sexual struggle, it is the 
direct confrontation between males which generates competition, resulting in the 
long term evolution in favour of the most successful ones. This process is very 
similar to that of natural selection, but for its limitation to one sex. In sexual choice 
(most frequently involving the choice exerted by females among males), the selec-
tive agent is a well identified factor—a member of the same species yet acting for 
the sake of its own, external motivations—which offers a vivid example in which 
selection in the wild is not merely a metaphor of purpose selection, the “aesthetic 
sense” of females being the transposition of the constant choice exerted by humans.

Examples of the first kind of sexual selection (sexual struggle) were abundant in 
some mammals, like deers or elephant seals where males fight against each other 
for taking control of females. The same was true of the second kind (sexual choice), 
which was easily illustrated in birds, in which the often brightly coloured orna-
ments of males seemed to result from the continued action of the choice exerted by 
females, as for peacocks and paradise birds.

3.3  Matching Numbers, the Difficulty Begins

Darwin and Wallace’s theories of natural selection were based on the principle that 
selection requires an excess of individuals (the famous “Malthusian” principle). 
Making a choice assumes the possibility of retaining some individuals and discard-
ing others. In natural selection, this excess is provided by the reproductive potential 
of a species being larger than is necessary to maintain the population level, allowing  
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the differential survival of individuals in the struggle for life (Darwin’s “law of 
death”). For sexual selection Darwin admitted that selection did not act through 
death but through failure to reproduce. It is easy to conceive that in many species 
males can compete to inseminate females. An obvious objection was this: when 
the successful males have been allowed to mate, what bars the others from also 
doing so? This put in centre stage the proportion of the sexes (“sex ratio” in mod-
ern terms). If males and females are equally available at the age of reproduction, 
what will allow some males to mate more than the others? In species where male 
struggle occurs, successful males sometimes gather harems through which they mo-
nopolize females, as for stags or elephant seals, thus denying reproduction to other 
males. The answer is less evident in some other organisms, including monogamous 
birds. This argument will long be a major objection to Darwin’s sexual selection, as 
shown by its use in the early twentieth century by T. H. Morgan in his refutation of  
Darwinism:

Supposing that the females select the most beautiful males, then, since in the vast majority 
of higher animals the males and the females are in equal numbers, the others will also be 
able to unite with each other in pairs after this first selection has taken place. Nothing will 
therefore be gained in the next generation. (Morgan 1903, p. 214)

As in many other instances, Darwin had thought of the objection before anyone.
I have not attempted to conceal that, excepting when the males are more numerous than 
females, or when polygamy prevails, it is doubtful how the more attractive males succeed 
in leaving a larger number of offspring to inherit their superiority in ornaments or other 
charms than the less attractive males. (Darwin 1871, part II p. 400)

Since sexual selection did not eliminate individuals through death, the simplest way 
to explain competition for access to mating was to imagine that one sex was limit-
ing, thus the other was limited. The matching of male and female numbers in most 
species contradicted this explanation. Darwin found a solution, which appears in 
the two editions of The Descent of Man. If sexual choice is linked to an ability to 
leave a more vigorous progeny, then the first individuals to mate will still have an 
advantage over the others, even though the later would eventually be able to mate. 
This solution assumes a reward in both sexes.

Such females, if they select the more attractive, and at the same time vigorous males, will 
rear a larger number of offspring than the retarded females, which must pair with the less 
vigorous and less attractive males. So it will be if the more vigorous males select the more 
attractive and at the same time healthy and vigorous females; and this will especially hold 
good if the male defends the female, and aids in providing food for the young. The advan-
tage thus gained by the more vigorous pairs in rearing a larger number of offspring has 
apparently sufficed to render sexual selection efficient. (Darwin 1871, p. 271)

Darwin was somewhat satisfied with his reasoning, as shown by the fact that he 
mentions it as a mechanism acting both in humans and in the other animals, but 
he was not fully satisfied. In birds, this hypothesis was flying in the face of facts. 
Sexual dimorphism, which obviously proceeds from sexual selection, is at its pinna-
cle in birds, suggesting an asymmetry between the sexes, whereas this mechanism 
suggests the contrary. Darwin apparently doubted that he held the whole answer 
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and maintained that a biased sex ratio would have been a better solution. But with 
its value being desperately even in most species, he admitted his disappointment:

A large preponderance in number of the males over the females would be still more effi-
cient; whether the preponderance was only occasional and local, or permanent: whether it 
occurs at birth, or subsequently from the greater destruction of the females; or whether it 
indirectly followed from the practice of polygamy. (Darwin 1871)

And the question recurred: why is extreme sexual dimorphism not associated with 
unbalanced sex ratios?

A numerical preponderance of males would be eminently favourable to the action of sexual 
selection. Nevertheless especially birds, which are strictly monogamous, display strongly 
marked secondary sexual characters; whilst some few animals, which are polygamous, are 
not thus characterised. (Darwin 1871, p. 266)

Thus Darwin was led to address a new question: Why do males and females almost 
universally match in number? This led him to consider the action of natural selec-
tion on the sex ratio. Note that he considered sex ratio as a potential prerequisite of 
sexual selection, not as a consequence of it. Therefore, its value had to pertain to 
another cause than sexual selection itself, and he assumed it resulted from some as 
yet unidentified, yet universal, form of natural selection.

3.4  Current State of the Theory of Sex Ratio Evolution

The essentials of the theory of sex ratio evolution as it is currently conceived can be 
presented in simple words, and in three steps.

1. Step one (Figs. 3.1a–c). If the cost of producing a male or a female is the same, 
then a simple reasoning shows that the population sex ratio will adjust to a value 
of 1/1. Let’s take a species in which all individuals are alike in size, in adaptation, 
and in developmental time, except that some are males and some are females. 
The number of matings effected by each sex is the same, since each mating 
involves a male and a female. Hence, if the numbers of males and females are 
equal (Fig. 3.1a), both sexes are equally “fertile”, meaning that the probability 
of a given individual being involved in a mating is the same in both sexes. A sex 
which would be over-represented in the population (Fig. 3.1b) would be less 
“fertile”, since the probability of a given individual being involved in a mating 
would be lower than for the other sex. In such a population, a parent producing 
more descendants of the rarer sex than the population mean would have more 
grandchildren than average. For instance, if there are 75 % males, it is advanta-
geous to have more than 25 % daughters (that is between above 25 and 100 %). 
Note that this is true for a wide spectrum of proportions of the sexes in the prog-
eny, including a one-to-one proportion of males and females. If the property of 
this parent to have a different offspring proportion is a heritable trait, this trait 
will rise in frequency as long as it benefits from the bias in the sex ratio. But this 
will not last, since it modifies the population. Its frequency will stabilize when 
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the population sex ratio has the same value as the bias generated by the trait. For 
instance, if the sex ratio is of one male for three females, a variant producing 
one male for two females will have an advantage and rise in frequency in the 
population until the population sex ratio is of one male for two females. Then its 
advantage will stop. If the trait determines an excess of the rarer sex or a one-to-
one sex ratio, its frequency will rise until the population sex ratio is one-to-one. 
Then, its frequency will remain at this value, and the population sex ratio will 
be stable. What is true for an excess of males holds true for an excess of females 
owing to our assumptions above that there are no other differences between the 
sexes than being “males” or “females” (Fig. 3.1c). This reciprocity means that a 
fluctuating sex ratio will tend to return to a one-to-one state whatever the direc-
tion of fluctuations (Shaw and Mohler 1953).

2. Step two (Fig. 3.1d). If the cost of producing a male or a female is not the same 
to some parent, then the population sex ratio will evolve towards an equalization 
of the investment of this parent in each sex. Let’s suppose that all individuals 
are no longer alike in size, in adaptation, and in developmental time as was for-
merly assumed, and that new conditions of life make it possible to produce three 
males for the cost of one female. If the population sex ratio is still of one male 
per female, it becomes advantageous for a parent to use its resources for produc-
ing males rather than females. In turning females into males, for the cost of one 

Fig. 3.1  A stepwise introduction to sex-ratio theory. Left to right: a Each mating involves one 
male and one female, therefore an equal number of matings are effected by members of either sex; 
in a population where males and females are in equal number, they have the same probability to 
mate; they are equally “fertile”, all other factors being equal. b In a population where females are 
in excess over males, males have a higher probability to mate; they are more “fertile”. In this popu-
lation it is advantageous for a parent to produce either a progeny with a lesser deviation in sex-
ratio, or with an equal number of each sex, or with an excess of the rarer sex. c Symmetrical case: 
if males are in excess over females, females are on average more fertile than males. It is advanta-
geous for a parent to produce a lesser excess of sons over daughters, or an equal number of each, 
or a larger number of daughters. d If one sex is more costly to produce than the other, the optimal 
investment in each sex can be different. For instance, if three males are the same cost to produce 
as one female, it is advantageous to have more sons than average provided there is less than three 
males for one female in the population. If the population reaches ¾ males and ¼ females, then the 
expected fertility of three sons is equal to that of a daughter. The population is at equilibrium, and 
the sex of the progeny of a parent (whatever the proportion of its sons and daughters) is irrelevant 
to its fitness. If the proportion changes, then it becomes advantageous to produce more of the sex 
for which the average investment of the population is lower
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reproductive individual, it will have three! However, this condition will not last, 
since it will result in a new change in the population sex ratio, which will stop 
when the number of males is three times the number of females. Then a female 
is three times more fertile than a male. Thus, producing three males instead of 
one female is neither advantageous nor disadvantageous, and sex ratio evolution 
will stabilize at this point. Thus the actual control variable is not the number 
produced in each sex. The underlying factor determining the fitness of the parent 
is the balance of the parent’s investment in its progeny of each sex, as compared 
to the average investment in each sex in the population.

3. Step three. In modern scientific literature, the evolution of sex is a domain of 
genetic research, with complex mathematical modelling (e.g. Karlin and Les-
sard 1986), encompassing a large number of strategies used by organisms for 
transmitting genes from one generation to the next. Species with separate sexes 
are only a fraction of actual cases, since reproduction in many plants and ani-
mals involves hermaphroditism, which can itself take several forms, and renders 
theory even more complex.

One fact was not apparent in the demonstration given above. In the guise of “ac-
cess of individuals to reproduction”, we were speaking of genes, and we implicitly 
assumed something of Mendelian inheritance: the presence of alleles transmitted 
unchanged across generations in the form of “diploid genes” (those genes which 
are borne by “autosomes”, as opposed to “sex-chromosomes”). The genome in-
cludes different kinds of chromosomes, most of them being autosomes. In many 
species however, there are genetic elements which are transmitted only from mother 
to daughter. These include: mitochondrial DNA, so-called “B” chromosomes, and 
intracellular bacteria from the Wolbachia genus. Over evolutionary time, these ele-
ments most frequently tend to evolve in such a way as to bias Mendel’s laws of 
inheritance towards the production of females. Why do they tend to behave this 
way? When a variant of these elements has the property to do so, it gets an advan-
tage in its own transmission over alternative variants. Since we need considering 
only maternal lineages in this instance, we can easily understand that those elements 
producing more daughters than average will tend to overrun their competitors. X-
chromosomes can also evolve this way. We all know that in some species, includ-
ing humans, sex-determination has evolved into a system determining at random 
the sex of new eggs with a 50/50 probability of being male or female1. This part is 
played by “sex-chromosomes”, like X- and Y-chromosomes in mammals. Strange 
as it may look, this system is under the control of autosomes. In some species, 
X-chromosomes inhibit the development of Y-bearing sperm cells, thus hijacking 
Mendel’s laws to their own profit, since all surviving sperm cells will produce X-
bearing sperm, resulting in all-daughter progeny. These cheating genes could lead 
to all-female populations, and to the eventual extinction of species. However, when 
males become rare, we are again in the process of sex ratio disequilibrium discussed 

1 This is a consequence of the fact that populations with an even sex ratio are in a stable state; see 
Maynard-Smith’s (1982) concept of evolutionary stable strategies.
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above. It is in the interest of compensatory genes, borne by autosomes, to re-estab-
lish an even sex ratio. This sometimes generates a continued sex ratio war, and its 
effects are recorded in Drosophila DNA even today (Derome et al. 2004, 2008).

The reader could also object that in some species, for instance in some turtles, 
sex is determined by the temperature at which an egg is incubated, and that even sex 
ratios seem to result from a benevolent environment rather than from genetics. But 
of course, behavioural adaptation is itself a result of evolution, and so is probably 
the parental care of mother-turtles. Nowhere is the interplay of genetics and behav-
iour so apparent as in the case of social insects (Fig. 3.2), in which mother-queens 
lay a large number of female eggs to produce workers. It is the behaviour of these 
workers which will ultimately decide how many of the female eggs will be reared 
as reproductive females rather than as workers; thus behaviour determines sex ratio. 
This will determine what is generally presented as a “conflict” between queen and 
worker behaviour. In ants, queens are genetically equally related to their sons and 
to their daughters, and thus tend to invest equally in each, whereas theory shows 
that in these species (at least in simple cases) workers are less related to their broth-
ers than to their reproductive sisters, and thus tend to invest more in the latter. This 

Fig. 3.2  Behavioral determination of the proportions of sexuals in a Mendelian world. In a 
hymenopteran nest, sex proportions at the adult stage are determined by social interactions, since 
female eggs can be reared either as workers or as gynes (reproductive females), thus genetics 
seems to be absent from the process; and yet Mendelian genetics still determine the effort put by 
the members of the colony into each sex. In a monogynous and monandrous species (when nests 
have a single queen, fertilized by a single male), queens are equally related to their sons and daugh-
ters, thus the numerical sex-ratio tends to be 1/1, whereas workers are three times more related to 
their sisters than to their brothers, thus the parental care they provide (and its conversion into bio-
mass) tends to be female-biased. Thus even though a genetic switch is absent from the determina-
tion of sex, genetics ultimately determine the quantitative properties of the population of sexuals.
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apparent contradiction of interests is solved by the fact that queens invest through 
eggs, which are of equal size in the two sexes, whereas workers invest through 
their work, for which it is more costly to produce sisters than to produce sons. Thus 
an acceptable evolutionary balance is possible between queens and workers in the 
population.

To conclude on this technical part, we see that the current explanation of sex 
ratio evolution is in terms of genetic relatedness, even though a valid explanation 
may be put in terms of “access of individuals to mating” in the general case of an 
equal contribution of both sexes to their offspring (“diploidy”).

3.5  Fisher’s Theory

As will be seen below, Darwin’s theory of sex ratio evolution went as far as step 
two. As early as 1884, his theory was put in mathematics up to step one by Carl 
Düsing (1884, See Edwards 2000). Düsing’s account was well known in his time, 
and since Darwin had rejected his former views, The Descent of Man being gener-
ally known from the second edition, Carl Düsing was given full credit for his model. 
A reader could summarize it in 1903:

Düsing (..) suggests that there are self-regulating influences of such a kind that, when one 
sex becomes less numerous, the conditions imposed in consequence on the other sex are 
such as to bring the number back to the normal condition. (Morgan 1903, p. 423)

Düsing’s work on the statistics of sex ratio was widely known by those interested 
in quantitative biology (see the letter of Alphonse de Candolle to Francis Galton2, 
29 Sept. 1885) and his regulatory theory of sex ratio was known by those interested 
in research on heredity at the turn of the century (e.g. Thomson 1908). At a time 
when the relationship between the transmission and the development of characters 
was frequently obscured by the belief in the inheritance of acquired characters, 
some readers however misinterpreted his claim that sex ratio is regulated through 
factors like developmental time, the age of the parents etc., which were understood 
as primary causes rather than proximate factors, rendering his conclusions unread-
able to most (see Delage 1895, p. 346), and Düsing’s work was forgotten. Moreover 
research on this subject at the turn of the twentieth century went into a new direc-
tion, in parallel with investigations into the causes of heredity. It mostly involved 

2 “J’ai sur ma table un volume—malheureusement en allemand—qui contient le résumé de tout ce 
qu’on a réuni sur la proportion des sexes et le nombre des naissances en divers pays, chez l’homme 
et dans les animaux et les plantes. Le titre est: Die Regulierung des Geschlechtverhältnissen bei der 
Vermehrung der Menschen, Tiere and Pflanzen, von Carl Düsing, Dr Phil. Jena 1884. On rendrait 
service en traduisant cet ouvrage en anglais ou en français”: I have on my table a book—in Ger-
man unfortunately—containing a summary of everything having been collected on the proportions 
of the sexes and on the number of births in different countries, in man and in animals and plants. 
The title is: Die Regulierung des Geschlechtverhältnissen bei der Vermehrung der Menschen, Tiere 
and Pflanzen, von Carl Düsing, Dr Phil. Jena 1884. It would be helpful to translate this work into 
English or French. (Pearson 1924 p. 210)
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cytological, embryological and experimental evidence. During this period, known 
as the “eclipse of Darwinism” (Huxley 1942; Bowler 1983), several schools—inter-
nalists, externalists and hereditarians according to Maienschein (1984)—drove an 
important debate on sex ratio.

In the twentieth century the theory of sex ratio evolution became widely known 
with the return to Darwin initiated by Fisher’s Genetical Theory of Natural Selec-
tion (1930). Fisher went on to step two above. The argument was verbal, but was 
nevertheless difficult to read, as he put it in precise words that were the literal tran-
scription of his abstract thinking as a mathematician3. The summary given by Fisher 
at the end of the chapter is however straightforward:

Natural selection will tend to equalize the parental expenditure devoted to the production of 
the two sexes. (Fisher 1930 p. 162)

Fisher’s book was seminal in reinterpreting Darwinian selection in the framework 
of Mendelism, and remained the main reference in evolutionary genetics for 30 
years. Since Düsing’s work was unknown, Shaw and Mohler (1953) derived the 
mathematical treatment that was missing in Fisher’s book and unwittingly rediscov-
ered Düsing’s model in what became widely known as the Shaw-Mohler model of 
male and female brood size (see Maynard-Smith 1978; Crozier and Pamilo 1996).

The universal belief that Fisher’s theory was first on the subject was probably 
reinforced by the importance played by Mendelian sex-determination in the victory 
of genetics over alternative theories of heredity. The X-Y sex-determination system 
in Drosophila (Morgan 1910), mirroring the W-Z system in Abraxas, provided the 
elegant proof that biological heredity was carried by chromosomes. This was also 
the first paper of a brilliant school (Morgan’s Drosophila group) to investigate laws 
of recombination and to give the first insights into mechanisms of sex development 
(Bridges 1925). Sex ratio chromosomes in natural populations were also at the root 
of the first research project on the genetics of natural populations by Dobzhansky 
in 1935 (Provine 1981). So in a way, sex ratio “belonged” to Mendelism. To my 
knowledge, Darwin’s brilliant insight in the first edition of The Descent of Man was 
first recognised by Sober (1984). The history of the misunderstanding was docu-
mented by Sober (1984, 2007) and Edwards (1998, 2000), who also rediscovered 

3 “Let us consider the reproductive value of these offspring at the moment when this parental 
expenditure on their behalf has just ceased. If we consider the aggregate of an entire generation of 
such offspring it is clear that the total reproductive value of the males in this group is exactly equal 
to the total value of all the females, because each sex must supply half the ancestry of all future 
generations of the species. From this it follows that the sex ratio will so adjust itself, under the 
influence of Natural Selection, that the total parental expenditure incurred in respect of children 
of each sex, shall be equal; for if this were not so and the total expenditure incurred in producing 
males, for instance, were less than the total expenditure incurred in producing females, then since 
the total reproductive value of the males is equal to that of the females, it would follow that those 
parents, the innate tendencies of which caused them to produce males in excess, would, for the 
same expenditure, produce a greater amount of reproductive value; and in consequence would be 
the progenitors of a larger fraction of future generations than would parents having a congenital 
bias towards the production of females. Selection would thus raise the sex ratio until the expendi-
ture upon males became equal to that upon females.” (Fisher 1930, p. 141).
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Düsing’s model, along with the long yet interrupted concern of a number of scien-
tists around the proportion of sexes since the eighteenth century, which began with 
a debate about the role of providence in generation. Many people are still surprised 
to read the first edition of Darwin’s book and to discover his priority4. Below I will 
show that Darwin actually went further than has been hitherto recognized.

3.6  Darwin’s Theory of Sex Ratio Evolution

Here are the very simple words in which Darwin clearly expressed his deductions.
Let us now take the case of a species producing (..) an excess of one sex -we will say of 
males-. Could the sexes be equalised through natural selection? We may feel sure, from all 
characters being variable, that certain pairs would produce a somewhat less excess of males 
over females than other pairs. The former, supposing the actual number of the offspring to 
remain constant, would necessarily produce more females, and would therefore be more 
productive. (..) Thus a tendency towards the equalisation of the sexes would be brought 
about. (Darwin 1871 p. 316)

In this fragment, Darwin reaches step one above. However it has generally been 
missed that just afterwards, he reaches step two, that is, the point Fisher had arrived 
at, and this by a very original explanation. Darwin remarks that in a species with 
an excess of males, an advantage can be obtained by parents in two different ways: 
(a) one is to produce the same number of offspring in different proportions (fewer 
sons and more daughters); (b) the other is to produce fewer sons without increasing 
the number of daughters, and use the energy so spared to produce more vigorous 
daughters. These will be more fertile, thus this excess will still be advantageous to 
the parent. In other words their progeny can be more fertile either because it is more 
numerous or because it is more vigorous.

Those (parents) that produced few superfluous males would have one great advantage, 
namely that their ova or embryos would probably be larger and finer, or their young better 
nurtured in the womb and afterwards. (Darwin 1871, p. 317)

This conclusion has been overlooked by readers of Darwin, probably because he 
presents it as though the decisive reason to choose between the two models would 
be the advantage to the species. If evolution was leading parents to reproduce ac-
cording to solution (a), “our supposed species, he says, would by this process be 
rendered (..) more productive; and this would in many cases be far from an ad-
vantage” (Darwin 1871, p. 316). But the alternative (b) mechanism so put forward 
decreases crowding and offspring mortality in the population as a whole. Presenting 
evolution as acting for the “good of the species” was usual in biology until the first 
half of the twentieth century, but fell in disrepute after the mid-1960s (Williams 
1966)5. Another counterintuitive aspect in Darwin is that he seems to believe that if 

4 I was myself unaware of previous work on the subject when I discussed it (Veuille 2010).
5 Sober (2007) notes: “As we will see, Darwin’s explanation of even sex ratios invokes what is 
now usually classified as individual, not group, selection. But even so, it is well to remember that, 
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females are more numerous than males, they will remain unfertilized. This is “the 
assumption of monogamy that entails that some individuals must fail to reproduce 
if the sex ratio is uneven” (Sober 2007; Edwards 1998). Its corollary would be 
that the general fertility of the population would increase if the sex ratio is even. 
In modern language, the assumption that unmated females would fail to reproduce 
would be correct in strictly monogamous species where no “extra-pair copulations” 
occur6, but a modern ecologist would expect this to be rare in nature. This does not 
ruin Darwin’s sex ratio evolution model, but only his belief that an uneven sex ratio 
would decrease population fertility. Another idea of Darwin that may look strange 
to us is the kind of mutations he envisions: geneticists of the twentieth century 
would hardly believe that in a species with separate sexes the same phenotype could 
simultaneously lower the number of sons and increase the fertility of daughters.

Put in its historical context, and with its own approximations (which are in no 
way more extravagant than some models frequently used in population genetics 
textbooks nowadays) the principle eventually put forward by Darwin was mech-
anistic. Finally, the important conclusion remains that, as early as 1871, Darwin 
understood that the same reproductive effort of a parent could act either on the 
proportions of sons and daughters, or on the reproductive potential of each kind of 
offspring. In other words, he considered like Fisher that the controlling factor of 
sex ratio evolution was not simply the number, but the energy put in the progeny of 
either sex. This at least justifies that the title of Darwin’s paragraph on this question 
is not simply:

On the power of natural selection to regulate the proportional numbers of the sexes.

but

in other contexts, Darwin slides easily between talking about benefit to the species and benefit to 
individuals, eliding a distinction that post-1960s biology has found to be exceedingly important”. 
Note incidentally that a reasoning in terms of selection acting on groups will appear in the same 
chapter, but in the second edition of The Descent of Man: “With animals living in herds or troops, 
in which the males come to the front and defend the herd, as with bisons of North America and 
certain baboons, it is conceivable that a male-producing tendency might be gained by natural se-
lection; for the individuals of the better defended herds would have more numerous descendants” 
(Darwin 1874).
6 It is sometimes wrongly believed that this assumption of monogamy led Darwin to overlook that 
males can mate with more than one female, and that this would increase male-male competition. 
But in any population with monogamous pairs, the number of extra-pair copulations effected by 
males is exactly the same as the number of extra-pair copulations effected by females, since it 
takes two mates for a mating, either legitimate or illegitimate. If the sex ratio is even, females are 
on average as untrue as males. But the variance can be different. Modern literature has stressed 
that the variance in mating success is larger in males than in females. I have put forward (Veuille 
1982 Ph.D. thesis; Veuille 1986, Veuille and Mazeau 1988) that it is not necessary to assume that 
this larger variance results from a higher “eagerness” of males (Darwin 1871; Bateman 1948; Daly 
and Wilson 1978). It suffices to note that sexual competition stops with the fertilization of the last 
available oocyte; thus male mating success follows a Poisson distribution (in which the variance is 
equal to the mean), whereas female variance in mating success is virtually zero.
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On the power of natural selection to regulate the proportional numbers of the sexes, and 
general fertility (my emphasis).

Darwin will however continue along this line and move on to the new issue opened 
on “general fertility”.

3.7  On General Fertility, or Darwin’s  
“Density-Dependent Selection” Principle

The expression “density-dependent selection” belongs to modern literature. Dar-
win’s principle has no name of its own, or maybe could we call it the principle 
of “general fertility”, based on the title of this section of the book. It is a mere 
continuation of his former reasoning, and its deliberate inclusion in the book is 
indicated by the title of the section, as seen above. Of the five pages devoted to this 
section, three are on sex ratio (“the proportional numbers of the sexes”), and two 
on this new question derived from the former: can the fertility of a species increase 
indefinitely by the mere process of an increasing competition between individuals 
for reproduction? Maybe, some of Darwin’s premises could seem obsolete. But 
since considering selection in a context other than the adaptation of the organism to 
its environment, Darwin was facing for the first time a consequence of the mecha-
nistic process of intraspecific competition which probably looked counterintuitive 
to a naturalist: members of the same species are involved in a race for producing a 
maximum of offspring. If the increase in fertility is not associated with an increase 
in the adaptation of the species, the individuals so produced will tend to starve 
each other. Darwin was embarrassed by the fact that this was against the interests 
of the species.

The only check to a continued augmentation of fertility in each organism seems to be either 
the expenditure of more power and the greater risks run by the parents that produce a more 
numerous progeny, or the contingency of very numerous eggs and young being produced of 
smaller size, or less vigorous, or subsequently not so well nurtured. (Darwin 1871, p. 319)

While Darwin as a naturalist could not admit that species may not be adapted to 
their environment, he reacted in accordance with his scientific principles by seeking 
a purely mechanistic explanation. In so doing, he was led to test the consistency of 
evolutionary theory: since evolution results from competition between individu-
als, how can it bring about mechanisms regulating population numbers? In other 
words, can it be advantageous for an individual to limit its own reproduction? At 
first glance this would seem to be a contradiction, since, while population decrease 
might be advantageous to all, it would not seem to be in the interest of an indi-
vidual to limit its own progeny. Thus, seemingly, this behaviour cannot evolve. This 
question will be central to population biology a century later, in the 1960–1970s. 
It will launch the sociobiology debate when Wynne-Edwards (1962) will put for-
ward group-selection as a mechanism of self-control of population numbers, which 
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Maynard-Smith (1982) will counter with kin-selection, an altruistic behaviour 
based on genetic selfishness. In a related issue, McArthur and Wilson (1967) will 
oppose “r-strategists” (species with an expanding mode of population growth) to 
“K-strategists” (those with stable, auto-regulated populations). After Levins (1968) 
has put forward models of adaptation involving trade-offs between several com-
ponents, Roughgarden (1971) and Charlesworth (1971) will write mathematical 
models at different levels of generality through which density-dependent selection 
can adaptively promote the stabilization of population size. Darwin’s explanation is 
purely verbal, but is very clear on the issue.

The offspring indeed of the less fertile parents would partake of one great advantage; for 
under the supposed condition of severe competition, when all were pressed for food, it is 
extremely probable that those individuals which from some variation in their constitution 
produced fewer eggs or young, would produce them of greater size or vigour; and the adults 
reared from such eggs or young would manifestly have the best chance of surviving, and 
would inherit a tendency towards lessened fertility. (Darwin 1871, p. 319)

And he concludes the chapter:
By these steps, and by no other ones a far as I can see, natural selection under the above 
conditions of severe competition for food, would lead to the formation of a new race less 
fertile, but better adapted for survival, than the parent-race. (Darwin 1871, p. 320)

The explanation is clear and valid. It does not rely on the good of the species. 
Maybe we should refrain from judging Darwin’s expressions in the framework of 
our contemporary debates. Our disputes over group versus individual selection can-
not be compared to the opposition he was facing in his time. Of the generations of 
naturalists trained in the belief that an almighty providence had adjusted species to 
their function in the bosom of universal harmony, he had been the first to envision 
the power of blind material causes, and to put forward the challenging idea that they 
were responsible for the equilibrium of nature. It was legitimate to reflect back and 
question in the words of his potential detractors whether all this would not result in 
an endless race to produce more and more offspring leading to a demographic col-
lapse, and to give the Darwinian answer.

3.8  The Rejection of the Two Hypotheses  
by Darwin in 1874

There are relatively few changes in Darwin’s thinking. He has been said to have 
progressively changed his views about inheritance between the first (1859) and the 
sixth Darwin (1872) and final edition of the Origin of Species, even though there are 
merely minor modifications. The “provisional hypothesis of pangenesis” which he 
put forward in 1868 is thought to have made him a proponent of “use and disuse” 
mechanisms of heredity. The desire of the evolutionary synthesis community to re-
vive a mythical genuine Darwinism as expressed in the facsimile publication of the 
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first edition of the Origin of Species (Mayr 1964), showed that his opinion had not 
changed so much7. There is no retractation on variation in Darwin.

The biggest of all changes in Darwin’s thought is about the “proportions of the 
sexes”. This is actually the deepest revision he ever made in his work8. It is abrupt. 
It happens in 3 years. He gives up a former hypothesis without any explanation. 
Moreover, this change is hidden. The second edition of the book opens with a list of 
the changes made to the first edition, and this change is concealed behind the under-
statement “excess of males perhaps sometimes determined by selection”.

He actually deletes all of this section and replaces it with a discussion bearing 
exclusively on infanticide in humans, attempting to explain that infanticide results 
in an innate bias in sex ratio (see Veuille 2010). The title of this subsection is also 
less promising, since the once enthused “On the power of natural selection to regu-
late the proportional numbers of the sexes, and general fertility” is replaced by the 
more cautious “The proportion of the sexes in relation to natural selection”, which 
sounds like a question mark and actually leads to a disappointing conclusion:

I formerly thought that when a tendency to produce the two sexes in equal numbers was 
advantageous to the species, it would follow from natural selection, but I now see that the 
whole problem is so intricate that it is safer to leave its solution for the future. (Darwin 
1874, print. 1882 vol II, p. 260)

The only evolutionary mechanism put forward is inspired by a fragment of Colonel 
Marshall’s account published the year before on infanticide in the Todas of India. 
In short, an imaginary model assumes that if only one third of females survive in-
fanticide before reproduction, this practice will create a bias in the sex ratio of the 
population, eventually favouring the birth of males. This is obviously the opposite 
of the principles he had put forward 3 years earlier: the sex ratio on which natural 
selection is expected to act is the sex ratio at the age of reproduction. A larger mor-
tality of females in childhood would result in a bias in the operational sex ratio, 
eliciting a regulatory mechanism in favour of female births. We are thus caught in a 

7 In this facsimile edition, the editor introduced 30 new entries to “Lamarck J-B” in the index. 
Only two of them actually referred to pages where Darwin mentioned the name of Jean-Bap-
tiste Lamarck. In the other 28 pages he candidly discussed the inheritance of acquired characters, 
weighting its positive and negative value.
8 It is also the largest modification of The Descent of Man. Of the 554 pages devoted to sexual 
selection, 67 are on “principles of sexual selection”. Thus the section of the book on mechanisms 
is relatively short, compared to empirical sections where he describes secondary sexual characters 
in the whole animal kingdom. In the “principles” chapter some changes are found between the 
two editions. In “the male generally more modified than females", he adds 59 lines to explain why 
males tend to vary more than females. In "laws of inheritance", he adds 23 lines to discuss the 
presence of female-linked traits in males (e.g. nipples in male mammals). The section on sex ratio 
stability is presented as a “supplement” of 21 pages, of which 16 are a discussion on various esti-
mates of the sex ratio in different species, and 5 are on the action of natural selection on it. In the 
16 pages of discussion he adds 55 lines in the subsection on “sex ratio in man” to discuss the larger 
mortality of illegitimate male infants. Finally, in the part where he presents his sex ratio evolution 
theory, he deletes everything (169 lines) and replaces it by a discussion bearing exclusively on 
infanticide in humans (253 lines).
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contradiction. In this second edition, nothing is left of his earlier hypothesis, and it 
is not alluded to, except for the concluding words cited above. Likewise, Darwin’s 
theory on general fertility, which was a consequence of his theory of sex ratio evolu-
tion is dropped, probably because it is no longer appropriate, being thought of as a 
consequence of his sex ratio theory.

3.9  Darwinian Inheritance

Why did Darwin suppress sex ratio evolution from his work? It would be of little 
help to try to understand what is meant when he says that the problem is too “in-
tricate” to be dealt with. This is an understatement. Another question is why he 
published this hypothesis in the first edition, since it is probably one of the rare 
instances in his work where he published a reasoning, however brilliant, without a 
solid body of supporting facts. This also cannot be answered. We can just remark 
that in both editions the question arises in a “supplement”, as though Darwin was 
just mentioning speculations which should not weaken the whole book.

But can we ourselves, from our perspective as contemporary scientists, say why 
he failed? There has been one misunderstanding from the very beginning. The 
mechanism of heredity he had in mind was probably not compatible with the hy-
pothesis he was trying to clarify.

Thus a question to address is what Darwin meant by “variation”. He made a 
difference between the origin of variations and the fact that some of them did not 
eventually survive life conditions whereas others did. This is the main difference 
between him and what will be called “Lamarckian” theories of evolution at the end 
of the nineteenth century. For Lamarckian schools, the origin of variation was also 
the mechanism of evolutionary change. Despite this, both schools—Darwin and 
most of the Lamarckians—shared general views on the mechanism of biological 
inheritance: the use or disuse of organs generated small quantitative changes dur-
ing development, and these changes became hereditary. They were the raw mate-
rial of evolution. These ideas were rather loosely written in Lamarck, who was a 
naturalist from another generation. They were more clearly presented later. Prosper 
Lucas’s (1847, 1850) two-volume treatise on Hérédité gave a new meaning to the 
French word ( hérédité: the social transmission of goods, estates and titles): that 
of biological transmission. In accordance with the ideas of French psychiatrists, 
his conception was that variations were pathological with respect to the normal 
state. Herbert Spencer (1867) was the first to present a version of Lamarckian in-
heritance in which variations were the normal state. “Variation is co-extensive with 
heredity” he said in a brilliant formula, while extending the new meaning of the 
French word to its English equivalent, “heredity”9. Darwin hardly ever had any 
strong conception of biological inheritance until he examined the question thor-
oughly and wrote a treatise on the subject. This was “Variation in Plant and Animals 

9 In his translation of Darwin’s Origin of Species, Hoquet (2013, pub. Seuil, Paris) translates 
Darwin’s “inheritance” by “héritage”, thus avoiding using “hérédité”.
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under Domestication” (Darwin 1868). In it he prudently put forward the provi-
sional hypothesis of “pangenesis”, which is summarized in the theoretical chapter 
on sexual selection of The Descent of Man:

This important distinction between transmission and development will be easiest kept in 
mind by the aid of the hypothesis of pangenesis, whether or not it be accepted as true. 
According to this hypothesis, every unit or cell of the body throws off gemmules or unde-
veloped atoms, which are transmitted to the offspring of both sexes, and are multiplied 
by self-division. They may remain undeveloped during the early years of life or during 
successive generations; their development into units or cells, like those from which they 
were derived, depending on their affinity for, and union with, other units or cells previously 
developed in the due order of growth. (Darwin 1871, p. 280)

In the sexual selection section of The Descent of Man (which represents about one 
half of the book), Darwin describes and discusses secondary characters throughout 
the whole animal kingdom, and often refers to a series of empirical laws, which are 
broadly inferred from the phenomena of heredity, concerning characters limited to 
sex or to a special part of the life cycle. That he considered these laws as provisional 
is shown by his frequent reference to the “unknown laws of variation”.

From the point of view of Lamarckians, their conception was more logical than 
Darwin’s. If variations were acquired as a mechanism of active adaptation of indi-
viduals during the developmental process, they were adapted from the outset, and 
no further selection was necessary. Darwin believed that developmental variation 
and natural selection often went the same way, but he nevertheless retained selec-
tion as the endpoint of the evolutionary process. Nowhere is it more visible than in 
the case of sexual choice, since females select variability among males in a way that 
can sometimes decrease the survival of the later:

It is evident that the brilliant colours, top-knots, fine plumes, &c., of many male birds can-
not have been acquired as a protection; indeed they sometimes lead to danger. That they 
are not due to the direct and definite action of the conditions of life, we may feel assured, 
because the females have been exposed to the same conditions, and yet often differ from the 
males to an extreme degree. (Darwin 1871, p. 234)

Like breeders, females selected variation as a raw material that was enhanced by 
variations in the conditions of life, but which they used to their own profit.

Darwin frequently made an implicit assumption which was rarely expressed 
since it was then widely admitted: it is the idea of “blending inheritance”, whereby 
the offspring were thought to be intermediate between their parents, as though they 
were a mix of them. This mistake was swept away only in 1900 with the advent of 
Mendelism and its principle of segregation of characters, whereby meiotic reduc-
tion precedes the union of haploid gametes, these being mere random drawings of 
the parental alleles. With Mendelism, heredity is particulate (genes are distinct enti-
ties) and transmission is semi-conservative between each parent and their common 
offspring. It may be blending inheritance, rather than the assumption of monogamy, 
which Darwin had in mind when referring so often to the characteristics of “certain 
pairs”. In which case his trouble must have been at its deepest, since one can hardly 
figure out a mechanism whereby sex-determination would ensue from a mix of the 
parents, not to speak of use and disuse.
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3.10  Could Darwin Have Not Withdrawn Sex Ratio 
Evolution From His Work?

Everybody agrees that sex is not heritable. Males do not beget males and females 
do not beget females. In birds, mammals, and many insects, sex chromosomes are 
a token allowing sex to be drawn a random at each birth. Darwin apparently as-
sumed that some pairs had a “tendency” to produce some proportion of the sexes, in 
which case strong recurrent selection would have been required to counterbalance 
blending effects. There are reasons to believe that he was deeply embarrassed. For 
instance, sex-biased infanticide (the focus of the new chapter in the second edition 
of The Descent of Man) cannot lead to a heritable tendency of survivors to gener-
ate more of the unaffected sex, since our heredity is not influenced by the death of 
our fellow conspecifics. On the contrary, if juveniles are killed in one sex, this will 
become the rarer sex at maturity, and, according to Darwin’s first edition of The 
Descent of Man, producing this sex will be advantageous to the parents. But Darwin 
endorsed Colonel Marshall’s suggestion that female infanticide in the Todas led to a 
surplus of male births in the population. It would be interesting to understand why 
he made this mistake, which he had not made 3 years earlier.

The “unknown laws of variation” seemed to offer no way for an evolution of sex 
ratio through natural selection in the schemes he could envision. He must have felt 
as if in a labyrinth. Darwin also knew that polygamy could not by itself bias the sex 
ratio, and very cleverly cites the example of horses:

Hardly any animal has been rendered so highly polygamous as our English race-horse, and 
we shall immediately see that their male and female offspring are almost equal in number. 
(Darwin 1871, p. 303)

It is not surprising that he withdrew his account on the proportions of the sexes and 
general fertility. The ways of nature seemed unknowable.

As noted by Sober (2007), “Darwin does not state his reasons for retracting”. 
Maybe we will never know. Neither will we probably ever know why he once de-
cided to publish a hypothesis which, however perceptive it may look today, and 
however “Darwinian” it may seem for our Darwinian culture, must have been very 
difficult to conceive in his time. It is only a marvel for us that he published it, let-
ting us admire how deep his proper reflection could go towards solving some of 
the most complex issues of evolutionary biology, at least as temporary hypotheses. 
Moreover, he did not simply retract, though we may be too inclined to see it in such 
terms because we are more attentive to how far he was from us than to the difficul-
ties of research at a time when experimental biology was in its infancy. He deleted 
his former chapter, but also added a longer one on infanticide in humans. He says 
why he chose this subject: because there are more data in humans, and because 
“there is reason to suspect that in some cases man has by selection indirectly influ-
enced his own sex-producing power”. This was probably an illusion, but one to tell 
us something of his method. Being disappointed by his hypothesis, he was trying to 
gather new data, in search of firm ground.
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In introducing the book where he rediscovered the subject, Fisher stated that 
Mendelian heredity was particulate and that this made the difference between the 
new era and that of Darwin: blending inheritance had been refuted. It appears that 
Darwin had gone as far as could be gone, given the poor understanding of hereditary 
mechanisms in his generation. The matter remained speculative, and publishing on 
it looked premature. A man who had been patient enough to delay publication on 
natural selection for so many years until it could be understood; a man who had so 
many books to finish, could withdraw reflections which were not ripe enough to be 
put in the shape of a comprehensive theory. The wanderings of his thought in the 
second edition of The Descent of Man suggest he himself had difficulties to follow 
the thread of his analyses. We don’t know what he had on mind when he withdrew 
his chapter, but he was surely wise to do so. We are only happy that he had not come 
to this conclusion immediately.

Acknowledgments I am most grateful to Thierry Hoquet and Annabel Whibley for their help in 
the preparation of this manuscript. My research is supported by UMR 7205 (Muséum National 
d’Histoire Naturelle, Centre National de la Recherche Scientifique, Ecole Pratique des Hautes 
Etudes).

References

Bateman AJ (1948) Intra-sexual selection in Drosophila. Heredity 2:349–368
Bowler PJ (1983) The eclipse of Darwinism, Anti-Darwinian evolution theories in the decades 

around 1900. The Johns Hopkins University Press, Baltimore
Bridges C (1925) Sex in relation to chromosomes and genes. Am Nat 59:127–137
Charlesworth B (1971) Selection n density regulated populations. Ecology 52:469–474
Crozier RH, Pamilo P (1996) Evolution of social insect colonies. Sex allocation and kin-selection. 

Oxford University Press, Oxford
Daly M, Wilson MI (1978) Sex, evolution and behaviour: adaptations for reproduction. Duxbury 

Press, Duxbury
Darwin CR (1859) On the origin of species by means of natural selection. John Murray, London
Darwin CR (1868) Variation in plants and animals under domestication. John Murray, London
Darwin CR (1871) The descent of man, and selection in relation to sex, 1st ed. John Murray, 

London
Darwin C (1872) The origin of species by means of natural selection, or the preservation of fa-

voured races in the struggle for life. 6th ed. Murray. 458 p
Darwin CR (1874) The descent of man, and selection in relation to sex, 2nd ed. John Murray, 

London
Delage Y (1895) La structure du protoplasma et les théories sur l’hérédité et les grands problèmes 

de la biologie générale. Reinwald & Cie, Paris
Delage Y (1903) L’hérédité et les grands problèmes de la biologie générale. Deuxième édition 

revue et augmentée. Reinwald Schleicher frères & Cie, Paris
Derome N, Métayer K, Montchamp-Moreau C, Veuille M (2004) Signature of selective sweep as-

sociated with the evolution of sex ratio drive in Drosophila simulans. Genetics 166:1357–1366
Derome N, Baudry E, Ogereau D, Veuille M, Montchamp-Moreau C (2008) Selective sweeps 

reveal a two-locus model for sex ratio meiotic drive in Drosophila simulans. Mol Biol Evol 
25:409–416

Düsing C (1884) Die Regulierung des Geschlechtsverhaltnisses bei der Vermehrung der Men-
schen, Tiere und Pflanzen. Jenaische Zeitschr für Naturw 17:593–940



M. Veuille64

Edwards AWF (1998) Natural selection and the sex ratio: Fisher’s Sources. Am Nat 151(6):564–
569

Edwards AWF (2000) Carl Düsing (1884) on the regulation of the sex ratio. Theor Popul Biol 
58(3):255–257

Fisher RA (1930) The genetical theory of natural selection. Clarendon, Oxford
Huxley J (1942) Evolution the modern synthesis. Allen & Unwin, London
Karlin S, Lessard S (1986) Theoretical studies on sex ratio evolution. Princeton University Press, 

Princeton
Levins R (1968) Evolution in changing environments, Princeton University Press. 120 p
Lucas P (1847) Traité philosophique et physiologique de l’hérédité naturelle dans les états de santé 

et de maladie du système nerveux avec l’application méthodique des lois de la procréation au 
traitement général des infections dont elle est le principe, vol 1. Baillière, Paris

Lucas P (1850) Traité philosophique et physiologique de l’hérédité naturelle dans les états de santé 
et de maladie du système nerveux avec l’application méthodique des lois de la procréation au 
traitement général des infections dont elle est le principe, vol 2. Baillière, Paris

Maienschein J (1984) What determines sex? A study of converging approaches 1880–1916. ISIS 
75:457–480

Maynard-Smith J (1978) The evolution of sex. Cambridge University Press, London
Maynard-Smith J (1982) Evolution and the theory of games. Cambridge University Press, London
Mayr E (1964) Charles Darwin on the origin of species: a facsimile of the first edition. Harvard 

University Press, Cambridge
McArthur RH, Wilson EO (1967) The theory of island biogeography. Princeton University Press, 

Princeton, 203 p
Morgan TH (1903) Evolution and adaptation. McMillan Co, New-York
Morgan TH (1910) Sex-limited inheritance in Drosophila. Science 12:120–122
Pearson K (1924) The life, letters and labours of Francis Galton, vol II: researches of middle life. 

Cambridge University Press, Cambridge.
Provine WB (1981) Origin of the genetics of natural populations series. In: Lewontin RC, Moore 

JA, Provine WB, Wallace B (eds) Dobzhansky’s genetics of natural populations I-XLIII. Co-
lumbia University Press, New York, pp 1–86

Roughgarden J (1971) Density-dependent natural selection. Ecology 52:453–468
Shaw RF, Mohler JD (1953) The selective significance of the sex ratio. Am Nat 87:337–342
Sober E (1984) The nature of selection. MIT Press, Cambridge
Sober E (2007) Sex ratio theory, ancient and modern: An eighteenth-century debate about intel-

ligent design and the development of models in evolutionary biology. In Jessica Riskin (ed.) 
Genesis Redux: Essays in the history and philosophy of artificial life. University of Chicago 
Press. pp 131–62

Spencer H (1867) Principles of biology vol I. Williams and Norgate, Edinburgh
Thomson J (1908) Heredity. John Murray, London
Veuille M (1986) Natural variation in sexual behaviour in Drosophila. In: Médioni J, Vaysse G 

(eds) Genetic approaches to behaviour. Privat, Toulouse, pp 121–128
Veuille M (2010) Darwin and sexual selection: one hundred years of misunderstanding. In special 

issue “Another Darwin”. CR Biol 333:145–156
Veuille M, Mazeau S (1988) Genetic variability of sexual behaviour in natural populations of 

Drosophila melanogaster. Behav Genet 18:389–403
Williams GC (1966) Adaptation and natural selection. Princeton University Press. 307 p
Wynne-Edwards VC (1962) Animal dispersion in relation to social behaviour. Olivier and Boyd, 

Edinburgh



65

Chapter 4
Sexual Selection in the French School of 
Population Genetics: Claudine Petit (1920–2007)

Jean Gayon

© Springer Science+Business Media Dordrecht 2015
T. Hoquet (ed.), Current Perspectives on Sexual Selection, History, Philosophy and 
Theory of the Life Sciences 9, DOI 10.1007/978-94-017-9585-2_4

J. Gayon ()
Institut d’histoire et de philosophie des sciences et des techniques,  
Université Paris 1 Panthéon-Sorbonne, 13 rue du Four, 75006 Paris, France
e-mail: jean.gayon@gmail.com

Abstract This paper analyses Claudine Petit’s contributions to the experimental 
study of sexual selection. It examines the two sources of Petit’s work on the “advan-
tage of the rare” in Drosophila melanogaster: the Tessier school of experimental 
genetics, with its methodology founded upon population cages, and the Dobzhan-
sky/Mayr American school, which considered it mainly in relation with the problem 
of reproductive isolation. The evolution of Petit’s research is examined in detail, as 
well as the important role that her experimental work had in the issue of frequency-
dependent selection. Petit’s final overtly non-adaptive interpretation of sexual 
selection is examined, in contrast with Dobzhansky’s conception.
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This paper analyses Claudine Petit’s contributions to the experimental study of 
sexual selection. In 1982–1983, I spent a year in her laboratory of evolutionary 
genetics as a student. I was then mostly ignorant that sexual selection had been so 
important in her career. However, I was impressed by the quality of the teaching 
that her lab offered in evolutionary biology, something not unique, but quite excep-
tional in France at that time. Claudine Petit was one of the pupils of Georges Tessier 
(1900–1972), who founded a productive school of population genetics in the 1940s. 
Other prominent population geneticists who completed their PhDs under Tessier 
were Maxime Lamotte (1920–2007), who obtained international recognition for 
his work on random genetic drift in wild populations of the snail Cepaea nemora-
lis, Charles Bocquet (1918–1977), who made extensive studies on the geographi-
cal polymorphism of Sphaeroma serratum, and Ernst Boesiger (1914–1975), who 
studied heterozygosity in natural populations of Drosophila melanogaster and its 
relationship with relation with sexual selection. Although not the most productive 
scientists among those mentioned here, Boesiger is probably the best known in the 
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anglophone literature because he was a friend of Theodosius Dobzhansky and pub-
lished several books with him (Dobzhansky and Boesiger 1968, 1983).

I examine here the scientific context within which Claudine Petit initiated her 
work on sexual selection (The Tessier school of experimental population genetics, 
but also the influence of the Dobzhansky and Mayr’s approach to sexual isolation 
and sexual selection), and the development of her own work.

Since Petit’s contribution consisted in studying sexual selection in the fruit fly 
with the tools of experimental population genetics, I will first locate this work within 
the context of Philippe L’Héritier and Georges Tessier’s work in the 1930s, the first 
in population genetics in France (for more information, see Gayon and Veuille 2001). 
Philippe L’Héritier (1906–1982) and Georges Tessier were two mathematically 
trained biologists. In 1932, when he was 26, L’Héritier went for several months to 
USA with a Rockefeller grant to study genetics. There he discovered the existence 
of population genetics when attending the 6th International Congress of Genetics 
at Ithaca, where he was particularly impressed by the talks of Ronald Fisher and 
Sewall Wright. Fascinated by their mathematical genetical approach to evolution, 
he returned to France with the project of studying the demographic evolution of 
different strains of Drosophila in a controlled experimental environment. When he 
came back to France at fall 1932, he designed the first “demometer” or “population 
cage”. Because he was a skilled amateur carpenter, he had no difficulty in making 
himself several samples of this unprecedented laboratory apparatus.

Population cages were wooden boxes (50 cm × 30 cm × 15 cm), with glass on 
the top. At the bottom, 21 removable vials contained food for the flies. Every day, a 
vial of fresh food (yeast) was introduced to replace the oldest one. The 21 vials cor-
responded to the development of two generations of Drosophila at 26°C. Females 
laid their eggs in the last available vial of food, which became crowded within a 
few hours. Flies were periodically counted after anesthetization by CO2, and rein-
troduced into the box afterwards. At the beginning, L’Héritier and Teissier used the 
population cage to study the demographic growth of a genetically homogeneous 
population, and observe whether an equilibrium was reached or not. Teissier, who 
was primarily interested in phenomena of growth of all sorts (organs, organisms, 
populations of cells) immediately saw that the population cage was more appropri-
ate than Raymond Pearl’s procedure of transferring indefinitely a growing collec-
tion of flies from one bottle to another or several other bottles (Pearl 1925, 1927). 
L’Héritier and Teissier’s first result was that a population of flies could be indefi-
nitely maintained at a level of approximately 400 adults. Since a new vial of food 
allowed females to deposit approximately 2000 eggs every day, there was a tremen-
dous larval competition. Following this experiment, L’Héritier and Teissier carried 
out an impressive amount of work in just 5 years (1933–1938). In 1936 they ran ex-
periments on no fewer than 36 populations simultaneously. Their general objective 
was to test the predictions of the models of theoretical population genetics (mainly 
Fisher and Wright), and of some models of theoretical ecology (especially Gause’s 
principle of competitive exclusion). In 1938, Sewall Wright visited L’Héritier 
and Teissier’s laboratory at the École Normale Supérieure (Paris). There, at Teis-
sier’s request, he wrote probably his best account of the shifting balance theory 
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(Wright 1939; Provine 1986), and he brought back to US the notion of population 
genetics. This led to a joint paper with Dobzhansky, the very first paper ever made 
with the help of a population cage outside France (Wright and Dobzhansky 1946).

To illustrate the spirit of Teissier and L’Héritier’s experimental approach to pop-
ulation genetics, I will here describe two major results. In 1934, they published 
the result of their very first experiment, which placed in competition two strains of 
Drosophila ( wild and Bar), initially present in equal numbers. The curve published 
in this paper (L’Héritier and Tessier 1934) describes the evolution of the frequency 
of the Bar gene over five months. They observed a progressive elimination of the 
mutant gene, but the rate of elimination diminished over time, suggesting a possible 
equilibrium (Fig. 4.1). The authors hypothesized that competition was lower when 
the mutant was present at a low frequency. Since the experiment accidentally came 
to a premature end, the two biologists repeated the same experiment with two popu-
lation cages, over 600 days instead of 150. They did indeed observe that the mu-
tant did not become extinct, stabilizing at approximately 2 %. “It can be concluded, 
without any assumptions about the nature of the factors determining the superiority 
of the normal gene over Bar in the struggle for life, that this superiority tends to 
disappear when Bar has become rare in the population. If this superiority cancels 
out before the total disappearance of Bar, populations should show an indefinite 
state of stability, and would now show only random variations in their genetic make 
up.” (L’Héritier and Teissier 1937a). Thanks to my friend and colleague Michel 

Fig. 4.1  Curve of elimi-
nation of Bar in a mixed 
population of wild and Bar. 
Abscissa: time (days). Ordi-
nate: frequency of gene Bar. 
(L’Héritier and Tessier 1934)
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Veuille, who found in his laboratory the raw data of this experiment, I have been 
able to see the tables of data, and the remarkable curve drawn from them: during 
the last months of the experiment, the curve becomes indeed strictly flat. However, 
the frequency of Bar being very low, there was a significant risk of total elimination 
of the mutant. L’Héritier and Tessier’s experimental protocol could not in fact dis-
criminate between selective and stochastic elimination. However, this remarkable 
experiment remained a model for Teissier’s pupils in the 1940s and 1950s. Claudine 
Petit, furthermore, found in it the inspiration for her hypothesis of the “advantage 
of the rare” (or frequency-dependent selection) in her first work on sexual selection 
in flies.

In the same time as the Bar experiment was conducted, L’Héritier and Tessier be-
gan similar work with a mixed population of wild and ebony (L’Héritier and Tessier 
1937b). Over 2 years, the frequency of the mutant decreased from 0.90 to 0.14, and 
seemed to evolve towards an equilibrium, although the results were stranger than in 
the case of Bar (see Fig. 4.2). In the conclusion of the paper, the authors proposed an 
explanation of the observed phenomenon through Fisher’s model of heterosis (i.e. 
selective advantage of the heterozygote).

At the time, these results were spectacular. They had a tremendous impact on 
the French scene, because, in a deeply Lamarckian country, they showed that Dar-
win’s theory of natural selection was not just rhetoric and speculation, but could 
be experimentally investigated. They also made L’Héritier and Tessier widely rec-
ognized among the members of the rather limited club of population geneticists in 

Fig. 4.2  Selective elimination of mutant genes in mixed populations of Bar/wild and ebony/wild. 
Representation of L’Héritier’s and Tessier’s synthesis (1937c) by Timofeeff-Ressovsky (1940). 
Abscissa: number of days. Ordinates: % of mutant allele. Curiously, Timofeeff-Ressovsky gives 
an erroneous reference (good title, error on journal title and pages), mixing up the synthetic paper 
(1937c) and the two papers of the same year on Bar and ebony. (1937a and b)
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the world at the time. In 1939, Nikolay Timofeeff-Ressovsky, who was then the 
leading biologist in the domain of experimental population genetics (significantly 
earlier than Dobzhansky), mentioned these experiments of L’Héritier’s and Teissier’s 
in the famous Edinburgh Conference published by Julian Huxley in 1940 as The New 
Systematics (Timofeeff-Ressovsky 1940, p. 81–82). Quoting L’Héritier and Teissier 
(1937c), he gave a striking diagram (Fig. 4.2) representing simultaneously the results 
of the two experiments of competition—Bar against wild, and ebony against wild 
(Timofeeff-Ressovsky 1940, p. 80). L’Héritier attended the conference, but was not 
asked to publish in Huxley’s volume. Nevertheless, the very fact that he was invited, 
as well as Timofeeff-Ressovsky’s quotation, show that the two young French biolo-
gists’ work was known among population geneticists. Other facts attest to this. I have 
already mentioned Sewall Wright’s stay in Paris in Teissier’s laboratory. Julian Hux-
ley’s close relationship with Teissier, because of their joint paper on the terminology 
of allometry, was another connection (Huxley and Teissier 1936a, b, c).

The scientific methodology that I have described is exactly that which inspired 
the group of young biologists who began working in population genetics under 
Teissier after WWII. By then, L’Héritier and Teissier had agreed to work along dif-
ferent lines. L’Héritier, although he had a leading role in the mid-1930s, decided 
to work on a strange phenomenon of non-Mendelian inheritance discovered in the 
course of his experiments with his population cage (a phenomenon that was eventu-
ally attributed to the sigma virus). Teissier took over the work in population genet-
ics, and attracted a number of young biologists to this new field; I mentioned the 
best-known earlier. The spirit of this school was to compare as rigorously as pos-
sible the prediction of theoretical population genetic models with experimental data 
obtained either in the wild or with population cages. Another feature of Teissier’s 
school, exceptional in the 1930s and 1940s, was its focus upon the level of genes, 
not gene complexes (like Dobzhansky), or phenotypes.

Claudine Petit was one of Teissier’s students who decided to work in this spirit. 
She had not the sophisticated and brilliant curriculum vitae of most of her col-
league. Born in 1920, she had begun as a schoolteacher in 1940. Then, after the 
German invasion, she engaged in the Resistance. She was caught and imprisoned, 
as her father before her, but she succeeded in escaping. She was condemned to 20 
years of hard labor by a French court in 1943 in Chartres, and condemned to death 
in absentia by a German court in 1944 in Amiens. Since she was not caught again, 
she escaped both these sentences, and she remained in hiding till the end of the 
war (Petit 2000). After the war, she spent a few months at the Central School of 
Journalism (supported by the French Communist Party). Encouraged by her party 
to find a job, she was recruited as a young researcher at the CNRS ( Centre national 
de la recherche scientifique), and entered George Teissier’s laboratory in October 
1945. As she herself often declared to me, her past in the French Resistance, her 
strong Communist commitment, and a rather difficult personal itinerary probably 
convinced Teissier to accommodate her with generosity. In 1946, she was appointed 
Assistant at the Faculty of Science of Paris, with teaching duties, but pursuing her 
research under Teissier. Here she made her entire career, ending as director of the 
laboratory of evolutionary genetics of the renamed University of Paris 7, after the 
dissolution of the University of Paris in 1969.
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The young Claudine wanted to work in the field of population genetics. The 
reasons for this are unclear. It is likely that, with her poor academic curriculum, her 
modest origin, her fame as a Resistant, and active membership in the Communist 
Party, she felt attracted by Georges Tessier, a prominent figure in the Resistance and 
in the Party, a famous scientist, who was also Director General of the CNRS when 
she entered his laboratory. As he always did with his students, Teissier allocated a 
subject to Claudine, and, since she said she wanted to work in population genetics, 
he put her at work on sexual selection. She accepted and began working on the 
mutant Bar, looking for evidence of sexual selection—a possible component of the 
strong selective handicap of this fly. Till her death in 2007, Claudine Petit remained 
extremely grateful to Teissier. Among Teissier’s students, she was probably the one 
who remained most faithful to Teissier’s methodology and model organism ( D. 
melanogaster).

Claudine Petit’s entire list of publications is somewhat modest with respect to 
today’s standards. However, the obsessive pressure for publication was not what 
it has now become. Including everything (that is, 36 articles in scientific journals, 
as well as chapters in collective books, communications in the proceedings of sci-
entific meetings, and encyclopaedic articles), this list contains 56 titles1. Among 
these, seven are obituaries or historical papers. The 49 remaining titles are scientific 
contributions, which can be classified as follows:

• 12 whose title includes “sexual isolation”.
• 14 whose title contains “sexual selection” or “sexual competition”.
• 9 that bear upon subjects that rely heavily on Claudine Petit’s work on sexual 

selection (advantage of the rare, mating systems)
• 12 papers dealing with problems indirectly related to sexual isolation and sexual 

selection ( e.g. Drosophila’s sexual behavior, genetic structure of population)

In addition, there wert also two textbooks, both on genetics and evolution. The last 
one, written with Emile Zuckerkandl, was quite successful in France in the 1970s 
and 1980s (Petit and Prévost 1967; Petit and Zuckerkandl 1976).

We are therefore looking at a scientific career of 40 years almost entirely devoted 
to sexual isolation and sexual selection. This not trivial, especially in the case of 
sexual selection, if one thinks of the rarity of the works devoted to sexual selec-
tion, especially among geneticists, in the mid twentieth century. Petit’s work was 
a pioneering contribution and was quoted by a number of international specialists, 
notwithstanding Dobzhansky’s skepticism, which lasted until one of his own pupils, 
Lee Ehrman, did similar work in the late 1960s (Eherman 1966). Whatever that may 
be. This work offers an interesting opportunity for examining how sexual selection 
became a problem for experimental population genetics.

As noted above, when Claudine Petit began her research as a doctoral student, 
she was highly dependent on the methods and models elaborated by L’Héritier and 
Tessier in experimental population genetics. But, as she observed at the beginning 
of her PhD dissertation, published as a special issue of the Bulletin biologique de la 

1 Source: personal communication, shortly before Claudine Petit’s death.
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France et de la Belgique, L’Héritier and Teissier postulated random mating. What 
if this assumption were lifted; what consequences would there be if homogamy 
and sexual choice were to be taken into account? (Petit 1951a, p. 393). This way of 
locating herself relative to her supervisor’s work was typical of Teissier: when they 
came to him and expressed to work in population genetics, he suggested to them to 
lift one of the conditions that he had himself neglected in his experimental work. To 
Maxime Lamotte, he recommended finding a suitable subject species to evaluate 
the role of random genetic drift; to Charles Bocquet, he suggested working on isola-
tion through distance (whence Bocquet’s clever choice of Sphaeroma serratum, a 
small crustacean that ranges all along the coasts of western Europe—only one geo-
graphic dimension to consider!); Ernst Boesiger was advised to work on heterosis; 
in the same mode, Petit was put to work on models implying non-random mating.

Once this general orientation was fixed, Petit looked at the existing literature. 
She never quoted Ronald Fisher’s theoretical consideration on sexual selection, 
but, from the beginning, she was aware of Dobzhansky’s and Mayr’s experi-
ments on sexual isolation together and separately (Dobzhansky and Mayr 1944, 
Dobzhansky and Streisiger 1944, Dobzhansky 1944, Mayr and Dobzhansky 1945, 
Mayr 1946a, b). This literature was obviously essential to her, and constituted the 
second inspiration of her work, together with L’Héritier and Teissiers methodology 
of population cages. This is why she wrote that sexual selection began being con-
sidered by population genetics as early as 1938: this was the year of the first paper 
ever published on the subject (Dobzhansky and Koller 1938). The close associa-
tion of “sexual selection” and “sexual isolation” is characteristic of the American 
Dobzhansky/Mayr school. Like these authors (esp. Dobzhansky), Petit associated 
the two terms in a number of papers before 1970. The American school (Dobzhan-
sky, Mayr, Patterson) had a simple methodology. They used to confront a male with 
two females from two different species, and they observed that the male most often 
chose a mate of his own type. They used the expression “sexual selection” for this 
phenomenon.

Petit was however not interested, or not primarily interested, in reproductive iso-
lation, and she did not work on individuals from different species in the key papers 
that led to her PhD dissertation in 1958. An excerpt of a paper published in 1953, 
which includes the word “isolation” in its title, shows well that the purpose was not 
to study reproductive isolation: “Sexual isolation between races, lineages or mu-
tants of a given species, has been recently studied by the school of Dobzhansky and 
Mayr. But the effects of this phenomenon upon the evolution of populations have 
rarely been studied; moreover, prior theoretical work on populations supposed that 
mating was random, any male having equal chances to fertilize any female” (Petit 
1951b, p. 2482; my translation).

This early paper shows well both the saturation of Petit’s vocabulary by the 
Dobzhansky school. But it also indicates, from the very beginning, her indepen-
dence from both the American way of using “sexual selection” with the purpose of 
treating the problem of the origin of reproductive isolation, and the current work 
done by her supervisor. In reality, if one looks at what she effectively did in her 
early papers (1949, 1951a, b, 1952, 1953, 1954, 1955, 1958), it can be seen that: 
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(1) Petit explicitly worked on what she called “the sexual selection coefficient” 
(ratio of the number of males of a given genotype that copulates with females of a 
given genotype). (2) She did not work on geographical races (much less species) 
of Drosophila, but on laboratory mutants. (3) She was not primarily interested in 
reproductive isolation, but in the dynamics of populations where mating was not 
random. (4) She did not concern herself with male choice, but treated only female 
choice. To support this, she relied upon her own experiments. Her bibliographies, 
however, indicate she was aware of authors such has Rendel (1945) and Bateman 
(1948).

It was only after 10 years of work that Claudine Petit began clearly to dissociate 
the expressions “sexual isolation” and “sexual selection”. Still, in her PhD disserta-
tion (Petit 1958), perhaps the best scientific contribution she ever wrote, she says 
that her study did not aim to discover cases of recent isolation of geographic races, 
but to discover in the lab “the genetic mechanisms that control isolating variations 
[les variations d’isolement]” (Petit 1958, pp. 251–252). Retrospectively, this sounds 
strange. In fact, the entire doctoral dissertation is devoted to the problem of the factors 
that determine the variation of the “sexual coefficient”. This tendency to confound 
“sexual isolation” and “sexual selection” was common in all population geneticists 
who spoke of sexual selection at the time, not only Dobzhansky and his collaborators, 
but also Mather and Harrison (1949) and Bruce Wallace (1950). After 1960, this kind 
of approximation disappeared in Petit’s publications, to be replaced by subtle reflec-
tions about the nature of the relation between sexual selection and sexual isolation, 
and homogamy, subjects to which I will return in my conclusion. I will now analyze 
Petit’s methodology and main results on sexual selection over her entire career.

4.1  Methodology

Petit’s method of studying sexual selection was quite simple and elegant, and unique 
when she invented it. Basically, she combined two techniques. One consisted in as-
sembling “synthetic population” in population cages. These synthetic populations 
were composed of two strains of Drosophila melanogaster, most generally a wild 
type and a mutant. The flies were put together for a rather short time (from a few 
hours to 5 days), so as to identify a possible mating bias as a component of selec-
tion. The other technique was based upon the extraction of females, which were 
each then introduced into a different test tube, where they released their fertilized 
eggs. Thanks to appropriate genetic markers, Petit could infer what type of males 
the female had copulated with.

The main objective of the experiments was to establish the curve of variation 
of the “sexual selection” ( K), defined as the ratio between the probability [P] of 
fertilization by male [A], and the probability ( Q) of fertilization by male [B]. If the 
frequencies of males [A] and [B] in the population are p and q, then it can be shown 
that K = P/Q × q/p (for details, see Petit 1951, p. 8–15). This coefficient measures 
the intensity of sexual selection. If K = 1, it means that all males have equal access 
to females, and there is no sexual selection.
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4.2  Bar/wild Experiments

Petit’s first experiments were made on a mixed population of Bar and wild, the ma-
terial on which L’Héritier and Tessier had begun their own experiments on natural 
selection in 1934. Petit published her results in 1951. She plotted K agains the rela-
tive numbers of the two types of males in the population. Repeating the experiment 
form any initial proportion of males, she obtained the graph given in Fig. 4.3. The 
curve obtained shows that (1) wild males are always advantaged ( K always > 1).  
(2) K varies in function of the number of mutant males in the population. (3) When 
the number of males is > 50 %, K is constant.

In light of this result, Petit reproduced L’Héritier and Teissier’s experiments 
of 1934 and 1937 (described earlier in this paper). L’Héritier had observed that 
an equilibrium seemed to be reached when the mutant Bar became rare (~1%; 
see Fig. 4.2). With no justification, they had attributed this result to a variation 
in the value of the selection coefficient. And, since they had identified only one 
selective factor, larval competition, they had hypothesized that larval competition 
disappeared when Bar became rare. In 1951, Claudine Petit reproduced L’Héritier 
and Teissier’s experiment, and obtained a similar curve of elimination of Bar. But 
she explained it by a combination of two processes: variation of the value of the 
coefficient of larval competition (σ), and variation of the value of the coefficient 
of sexual selection ( K). Since she had been able to find the values of both, she 
was able to compare the theoretical evolution of the population under several 
conditions, and the observed evolution. Figure 4.4 reproduces a graph that sum-
marizes the results.

Fig. 4.3  Evolution of the 
sexual coefficient K in a 
mixed population of Bar and 
wild, in the course of the 
evolution of the population 
(Petit 1951, p. 403). Abscissa: 
frequency of wild males. 
Ordinates: K (Probability of 
fertilization by a wild male/
Probability of fertilization 
by Bar). The graph shows 
that K, although always > 1, 
decreases when the frequency 
of wild males increases
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To sum up, these complex experiments showed that sexual selection changed in 
function of the composition of the population. Their contribution to L’Héritier and 
Teissier’s famous experiment on Bar was at least as important as the idea of larval 
competition, quite an interesting result. Bar is indeed handicapped in more than one 
way.

4.3  White/wild Experiments

After the Bar/wild, Claudine Petit began working on a synthetic population of white 
and wild, a more favourable system that gave spectacular results (Petit 1954, 1958). 
The evolution of a white/wild mixed population is quite similar to that of an ebony/
wild population reported by L’Héritier and Teissier in 1937, that is establishment of 
an equilibrium at a level where the mutant stabilizes at a rather high frequency (see 
Fig. 4.2). This fact was known in Tessier’s surroundings, and was puzzling, because 
white is an extremely handicapped mutant. It is blind, and it has severe limitations 
in terms of his capacity for moving, using its wings, etc. What Petit was quick to 
observe with her methodology was that white has a strong mating advantage when 
it becomes rare in the population (< 40 %). Figure 4.5 reproduces the diagram which 
revealed the phenomenon. Figure 4.6 reports the results of the same experiments, 
as well as other similar ones carried out after 1954; this diagram was reproduced 
many times in subsequent publications, and gave Claudine Petit an international 

Fig. 4.4  Comparison of experimental and theoretical evolution of a mixed population containing 
the Bar and the wild gene (Petit 1951, p. 413). Abscissa: number of generations. Ordinates: ratio 
of the frequencies of Bar gene over wild gene. Bold dots represent the experimental population 
effectively observed. The dotted lines represent three theoretical populations. (The line with 
smaller dashes (---) “Sexual isolation” (understand: sexual selection) alone, the line with bigger 
dashes (– – –) Larval selection alone, the dotted dash line (–.–.–) Sexual isolation and larval 
selection in combination)
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reputation in the 1960s. This figure was first given in 1954, then reproduced many 
times in subsequent papers. Note a small but conceptually significant difference 
between the two diagrams. The K coefficient, originally designated an “isolation co-
efficient”, was renamed the “sexual coefficient” in 1958. Both diagrams show that 
the mutant is advantaged when it is either “rare” (< 40 %) or abundant (> 80 %). In 
between, the wild type has an advantage. Therefore an intermediate equilibrium is 
possible with respect to sexual selection. However, it never occurs that white elimi-
nates wild in a population cage (L’Héritier and Teissier 1936; Petit 1954, 1958). 
This results from many handicaps affecting white, beside its peculiar behaviour in 
a mating situation. Therefore, in contrast with the Petit’s previous experiments on a 
Bar/wild mixed population, sexual and natural selection exerted opposing forces in 
the white/wild experiments.

In her 1958, Claudine Petit went further. She methodically examined a num-
ber of factors that could affect the shape of the curve of variation obtained for the 
sexual coefficient: effect of the density of population, effect of temperature, effect 

Fig. 4.5  Variation of the coefficient of “sexual isolation” in a mixed population white/wild. 
Abscisa: frequency of w males in the populations of males. Ordinates: coefficient of sexual isola-
tion, K. The various points indicated ( circles, squares, etc.) refer to four experiments made from 
1953 and 1954
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of genetic context (revealed by the replacement of one or several chromosomes). 
The general conclusion of the inquiry was that sexual competition is “an extremely 
complex phenomenon”, and a “plastic phenomenon” that depends highly upon the 
physical environment, the demography of the population, and the genetic context. 
The sexual coefficient was not, therefore, an intrinsic property of a given strain.

4.4  Further Developments

After her remarkable results about sexual competition in D. melanogaster, Petit 
remained attached to the same experimental system ( white/wild), but her work 
evolved along two main directions.

Fig. 4.6  Same experiment as in Fig. 4.5, graph given in Petit (1958). The original caption says: 
“Variation of the coefficient of sexual selection in function of the proportion of white males”. 
Dark circles summarize the results obtained in 1953-1954. Crosses summarize further experi-
ments. Dashed lines represent the standard deviation
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First, she first developed a systematic argument in favour of the “advantage of 
the rare”, and, more generally, of frequency-dependent selection, as a major factor 
explaining the genetic polymorphism observed in nature ( e.g. Ehrman and Petit 1969; 
Petit and Anxolabehere 1968; Petit 1970, 1974; Petit and Nouaud 1975). Lewontin’s 
The Genetic basis of evolutionary change (Lewontin 1974) echoes this argument. In 
this book, Lewontin claimed that, although the advantage of the rare is an important 
phenomenon, it couldn’t suffice to explain the magnitude of genetic polymorphism.

Secondly, Claudine Petit pursued the study of sexual behaviour that she had begun 
in her PhD. She entered into a controversy over the real mechanism that confers an 
advantage to either the wild type or the mutant in function of the composition of the 
population, and thus acquired a reputation as a specialist of the genetics of behaviour. 
Two psycho-physiological phenomena are involved in the mating behaviour of Dro-
sophila. One is sensorial, the other was locomotory. From a sensorial point of view, 
neither olfaction or vision is relevant. What counts are the mechanoreceptors of the 
females (Johnston’s organ). This organ, located on the legs of the flies, is sensitive to 
air vibration. Females are sensitive to the beating of wings of males. If this beating 
does not occur, the female is not receptive. Therefore, female choice could be based 
upon differences among females with respect to mechanoreception. The locomotory 
aspect of mating behavior is dance. The males vibrate their wings and dance in the 
front of the female. However the white mutant is unable to dance around. He is just 
able to beat his wings and weakly dance behind the female (See Fig. 4.7). What kind 
of advantage, then, could, the mutant have when rare in the population?

Fig. 4.7  Schematic representation of the dance of wild and white male flies (Petit 1974, p. 435). 
Wild males dance in front or on the sides of the female in order to attract her attention. Mutants 
have a poor dance limited to small movements behind the females.
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Petit ultimately asserted (Petit 1974) that the advantage is not properly a be-
havioral mechanism. It is not either an adaptation designed by a selective process. 
Rather, it is an “ecological” constraint, which she described in terms of competition 
for space in the context of courtship. Here is the proposed explanation: If the male 
mutant is rare, he will be advantaged because the male will stand behind the female 
and jump over her while two or three males will dance around her. If the mutant 
male is abundant, several mutants will take positions behind the female and impede 
one another’s access to her: then a wild fly will more likely jump over the female. It 
is as simple as this. For Petit, this process does not require to hypothesize a geneti-
cally determined behavior aiming at something. It is just a question of accessibility 
to a resource (space in this case). If a given resource is abundant relative to the rare 
type, then the rare type will be favored. Therefore, as Petit proposed, the advantage 
of white is just a case of the more general case of partitioning of the ecological space 
of resources. There is no innate mechanism, there is just a spatial constraint deter-
mined by the composition of the population (itself a particular dimension of the 
environment). Oddly, this is exactly the general explanation of the advantage of the 
rare that Lewontin proposed in his 1974 book, in the section devoted to frequency-
dependent selection. Since Lewontin’s book and Petit’s chapter were published the 
same year, it is hard to know whether one of the authors influenced the other. What-
ever the case may be, Lewontin wrote that Petit’s work on sexual selection was the 
best-known case of the advantage of the rare.

To conclude, I will return to several conceptual ambiguities that I have men-
tioned in passing in this paper: sexual selection vs. sexual isolation, sexual selection 
vs. natural selection, and sexual selection vs. homogamy All have something to do 
with Dobzhansky, and also with Dobzhansky’s best ally in France on the subject of 
sexual selection, Ernst Bösiger. They may also be related to Darwin’s original no-
tion of sexual selection.

At the very time when Claudine Petit was developing her own studies on sexual 
selection in flies, another pupil of Georges Tessier, Ernst Bösiger, was also working 
on sexual selection. In 1968, Dobzhansky and Bösiger co-authored a book entitled 
Essais sur l’évolution, which contains a full chapter on sexual selection (Chap. 10, 
pp. 90–118). Retrospectively, the connection between the Teissier school and the 
Dobzhansky school (initiated in 1938 on the occasion of Sewall Wright’s visit to 
Teissier’s lab in Paris) illuminates the terminological association between “sexual 
selection” and “sexual isolation” in Petit’s early papers that I have underlined a 
number of times in my paper. Looking at Bösiger and Dobzhansky’s 1968 chapter 
on sexual selection reveals what was at stake in her work, something that she dis-
covered only progressively, when she moved away from Dobzhansky’s conception 
of sexual selection. It will be useful, then, to recall what the conception of sexual 
selection shared by Dobzhansky and Bösiger was.

Bösiger wrote his PhD dissertation on heterosis in natural populations. Intrigued 
by the high number of recessive genes in natural populations of Drosophila 
melanogaster, he claimed, and actually showed, that one of the mechanisms that 
maintain a high degree of polymorphism was sexual selection, insofar as male 
heterozygotes are more fertile and are able to inseminate many more females than 
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monozygotes. This fitted well with Dobzhansky’s view that genetic polymorphism 
is not so much a “load” due to imperfect selection, but rather something that is posi-
tively maintained by one or various sorts of balanced selection. I have no idea how 
Bösiger and Dobzhansky came to enter into their close professional and friendly 
relationship, but the intellectual convergence between the two of them certainly 
contributed to their collaboration.

Let us now look to what Bösiger and Dobzhansky actually say. Their chapter 
begins with a quotation from Darwin’s Descent of Man, and Selection in Relation 
to Sex:

Sexual selection depends on the success of certain individuals over others of the same sex 
in relation to the propagation of the species; whilst natural selection depends on the success 
of both sexes, at all ages, in relation to the general conditions of life. The sexual struggle 
is of two kinds; in the one it is between the individuals of the same sex, generally the male 
sex, in order to drive away or kill their rivals, the females remaining passive; whilst in the 
other, the struggle is likewise between the individuals of the same sex, in order to excite or 
charm those of the opposite sex… (Darwin 1871, p. 339)

After this quotation, Dobzhansky and Bösiger distance themselves, and say that it is 
necessary today to adjust Darwin’s concept of natural selection to “present knowl-
edge”. According to them, three new mechanisms, unknown to Darwin, should be 
included in the domain of sexual selection. A first mechanism is interspecific isola-
tion. The authors claim that sexual selection has played a role in the construction 
of adaptive mechanisms prohibiting mating between geographic races that have 
diverged. A second “mechanism” is the maintenance of genetic polymorphism by 
sexual selection. Dobzhansky and Bösiger mention a number of authors, among 
them Petit. They conclude that sexual selection may not act simultaneously with 
natural selection to maintain polymorphism. They also mention Bösiger’s hypoth-
esis that heterosis favors male vigor. The third mechanism is speciation through 
intraspecific sexual selection. This “mechanism” refers to Dobzhansky’s hypothesis 
of reinforcement of reproductive isolation through ethological processes.

These three claims illuminate both the reasons why the young Petit confounded 
“sexual isolation” and “sexual selection”, and also what was original in Petit’s ap-
proach to sexual selection. She confounded the two notions because Dobzhansky’s 
school had been her first and most important influence. Dobzhansky could not con-
ceive that sexual selection had no adaptive effect, and, since he believed that the 
main adaptive effect was to reproductively isolate populations that had previously 
diverged, the two concepts and the two terms tended to fuse one into the other, or at 
least to be interchangeable.

However, the comparison between Petit and Bösiger/Dobzhansky also reveals 
what was distinctive in Petit’s approach. In reality, the process that she progres-
sively identified and explained had nothing adaptive about it. As she convincingly 
showed, sexual selection in favor of mutants such as Bar or white in artificial popu-
lations is not based either upon adaptive devices preventing interfertility (Dobzhan-
sky), or male vigor (Bösiger), but upon a pure phenomenon of competition, whose 
outcome depended upon contextual circumstances of different sorts, especially 
the composition of the population. Therefore, in a sense, Claudine Petit’s work 
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on selection was more “Darwinian” than Dobzhansky’s. It emphasized the aspect 
of pure competition in a “natural process of selection” (sexual selection) different 
from conventional “natural selection”, that is, independently of any adaptive effect.
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Abstract The biological definition of what counts as sexual selection has gradually 
changed since Darwin introduced the concept. This paper reviews a sequence of 
definitions that reflect increasing knowledge of the diverse ways animals partici-
pate in reproductive social behavior. Later definitions accommodate more data than 
Darwin’s primary formulation. The latest approach, suggested in a catalyst meeting 
held at the National Evolution Synthesis Center in July 2013, distinguishes fertil-
ity selection as a density-dependent process from sexual-selection as a frequency-
dependent process. The former consists of reproductive social behavior focussed on 
increasing the size of the reproductive pie, the later on securing a larger share of a 
given reproductive pie. The approach of social selection advocated here focusses on 
how to increase the size of the pie rather than on how to monopolize a larger share 
of a fixed pie. Social selection reverses the logic of sexual selection by starting with 
offspring production and working back to mating, and by starting with behavioral 
dynamics and working up to gene pool dynamics. In social selection courtship can 
potentially be deduced as a negotiation leading to an optimal allocation of tasks 
during offspring rearing. Mating pairs may form “teams” based on the reciprocal 
sharing of pleasure. The parent-offspring relation can be managed by the parent 
considered as the owner of a “family firm” whose product is offspring. The coop-
eration in reproductive social behavior may often evolve as a mutual direct benefit 
through individual selection rather than as some form of altruism requiring kin or 
multi-level selection.

Keywords Sexual selection · Social selection · Social infrastructure selection · 
Anisogamy · Teams · Pleasure · Family firm · Cooperation · Mutual direct benefit ·  
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5.1  Introduction

As readers are well aware, Darwin’s (1871) theory of sexual selection has been 
debated since its origin. Milam (2010) has reviewed the disagreements about sexual 
selection that began with Wallace (1871) and continued through the early to mid 
1900’s. Early critics contested the ability of animals to make “choices” about mates 
and whether animals have “minds”. The mid 1900’s witnessed an eclipse of at-
tention to sexual selection, although female choice per se interested the Modern 
Synthesis architects as a mechanism contributing to reproductive isolation between 
species (Mayr 1963). During the 1970’s, interest in sexual selection to explain the 
evolution of ornaments, armaments and mating behavior resurfaced (Parker et al. 
1972; Trivers 1972; Dawkins 1976). Today though, sexual selection is yet again 
open to debate (Roughgarden 2009; Clutton-Brock 2009; Roughgarden and Akçay 
2010; Shuker 2010; Rosvall 2011). The biological disagreements are now about 
what animals are choosing for, and who is doing the choosing rather than whether 
animals are capable of making choices.

Philosophical disagreement continues on whether and how sexual selection might 
be conceptually distinct from natural selection (eg. Millstein 2011). In contrast, this 
article focusses on how within biology the idea of sexual selection has changed in 
recent years. This article also briefly presents the alternative approach of social se-
lection. In this article both sexual selection and social selection are taken as alterna-
tive mechanisms within an overall genetical selection process that includes natural 
selection, the later being understood as lumping viability with fertility selection.

This conference has asked whether anything is now left of sexual selection. My 
answer is no, nothing is left of the original sexual selection although something 
might be found in the guise of restated definitions of sexual selection. More impor-
tantly, an expanded field of inquiry not limited to Darwin’s conceptualizations that 
I have termed “sexual selection studies” is prospering.

5.2  Sexual Selection and its Changing Definitions

Sexual selection may be interpreted as a specific hypothesis about how ornaments 
and armaments evolved together with what objectives mating and courtship are 
intended to accomplish. Sexual selection may also be interpreted as a “master nar-
rative” for reproductive social behavior as presented by Parker and Pizarri (Chap. 7 
this volume).1 This article critiques sexual selection as a specific hypothesis that 

1 Parker and Pizarri present an “evolutionary cascade” beginning with the origin of sexual re-
production, continuing through the evolution of anisogamy, and culminating in the emergence 
of sexual selection, sexual conflict and characteristic sex strategies. They contend this sequence 
has “remarkable logical beauty” and that sexual selection is a “logical imperative” because “sex-
ual selection emerges deductively as the logical consequence of this evolutionary succession.”  
I disagree. The Parker and Pizarri master narrative begins with anisogamy as an outcome of a 
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has been continually morphing. It does not focus on sexual selection as a master 
narrative nor does it critique the large field of what I have termed “sexual selection 
studies.” Settling on what a specific hypothesis states is a necessary condition for 
assessing its truth, for otherwise the hypothesis can always be (and has been) re-
stated to accommodate any facts that are discovered. The way in which the concept 
of sexual selection has needed to be continually modified reveals a trend away from 
role-based definitions of sexual selection.

5.2.1  Sexual Selection 1.0: Darwin 1871

Darwin (1871) asserted that the following universal sex roles: “Males of almost all 
animals have stronger passions than females,” [p. I.272] and “The female, on the 
other hand, with the rarest of exceptions is less eager than the male. As the illustri-
ous Hunter long ago observed, she generally ‘requires to be courted;’ she is coy” 
[p. I.273].

Darwin claimed that female choice during courtship causes the evolution of or-
naments, now called inter-sexual selection: “Many female progenitors of the pea-
cock must, during a long line of descent, have appreciated this superiority; for they 
have unconsciously, by the continued preference for the most beautiful males, ren-
dered the peacock the most splendid of living birds” [p. II.141].

Darwin further claimed that competition among males for access to females, 
now called intra-sexual selection, causes the evolution of armaments: “In the same 
manner as man can improve the breed of his game-cocks by the selection of those 
birds which are victorious in the cockpit, so it appears that the strongest and most 
vigorous males, or those provided with the best weapons, have prevailed under 
nature, and have led to the improvement of the natural breed or species” [p. I.258].

Darwin summary of reproductive social life in animals is one of continuing con-
flict: “On the whole there can be no doubt that with almost all animals, in which the 
sexes are separate, there is a constantly recurrent struggle between the males for the 
possession of the females” [p. I.260].

“primordial sexual conflict” between competing gametes. This origin to their narrative is prob-
lematic. An alternative possible origin of anisogamy relies on cooperation among gametes to 
maximize fertilization rates. Union in an anisogamous population among many micro- with a 
few macro-gametes achieves more surviving zygotes than union in an isogamous population with 
an intermediate number of same-sized gametes (cf. Roughgarden and Iyer 2011, also termed the 
“Kalmus” effect). This cooperative advantage, rather than one gamete type parasitizing the invest-
ment of the other gamete type, may underlie the origin of male and female gametes. This means 
that the entire evolutionary cascade can veer off in a sexual-cooperation direction or a sexual-
competition direction depending on unknowable initial conditions. Hence, the outcome of such a 
cascade is an empirical contingency, not a logical necessity. Furthermore, the Parker and Pizarri 
master narrative is not the only proposed master narrative. In The Genial Gene I sketched an alter-
native master narrative based on cooperative interactions at each step in the cascade that appears 
to accord better with the facts (cf. Roughgarden 2009, esp. pp. 235–248). These alternative master 
narratives should be subjected to test.
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One of Darwin’s other passages however, seems to define sexual selection more 
generally than a specific set of claims about the roles of males and females and their 
concomitant social life. When distinguishing sexual selection from natural selec-
tion, he wrote “We are, however, here concerned only with that kind of selection, 
which I have called sexual selection. This depends on the advantage which certain 
individuals have over other individuals of the same sex and species, in exclusive 
relation to reproduction” [p. I.256].

Is Darwin’s definition of sexual selection a specific hypothesis about the evo-
lutionary causes of ornaments and armaments, or simply a hypothesis that a gen-
eral distinction can be drawn between an advantage in relative reproduction vs. an 
advantage in adaptation to the environment? The answer is not clear although his 
application of the idea of sexual selection was solely in the context of the sex-role 
narratives of his day.

Therefore, this article singles out as Sexual Selection 1.0, Darwin’s original hy-
pothesis that:

SexS 1.0: Generally throughout nature, competition among males for mates, and choice of 
mates by females, causes the evolution of armaments and ornaments in males.

5.2.2  Sexual Selection 1.1: Adding Genes

Because SexS 1.0 was framed before genes were discovered, it has been restated 
in light of genetics. As Coyne (2004) articulates, “We now understand … Males, 
who can produce many offspring with only minimal investment, spread their genes 
most effectively by mating promiscuously … Female reproductive output is far 
more constrained by the metabolic costs of producing eggs or offspring, and thus 
a female’s interests are served more by mate quality than by mate quantity.” Here, 
“quality” means heritable genetic quality. Thus, Sexual Selection 1.1 is the hypoth-
esis that:

SexS 1.1: Because of their low investment in sperm, males spread their genes most effec-
tively by mating promiscuously whereas females, because of their high investment in eggs, 
spread their genes most effectively by selecting to mate with the genetically best male, 
resulting in the evolution of ornaments and armaments in males.

Tracing sex-role difference to a difference in parental investment departs from Dar-
win’s view.

In 1871 he wrote, “We are naturally led to enquire why the male in so many and 
such widely distinct classes has been rendered more eager than the female, so that 
he searches for her and plays the more active part in courtship. It would be no ad-
vantage and some loss of power if both sexes were mutually to search for each oth-
er; but why should the male almost always the the seeker?” [p. I.273] Further, “the 
male element is invariably brought to the female; and we can see the reason; for the 
ova, even if detached before being fertilized and not requiring subsequent nourish-
ment of protection, would be, from their larger relative size, less easily transported 
than the male element” [p. I.274]. Thus, “It would, therefore, be a great advantage 
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to such animals, as their organisation became perfected, if the males when ready to 
emit the fertilising element, were to acquire the habit of approaching the female as 
closely as possible” [p. I.274] Continuing, “in order that they should become more 
efficient seekers, they would have to be endowed with strong passions” [p. I.274].

In 1874, Darwin expands, “The female has to expend much organic matter in 
the formation of her ova, whereas the male expends much force in fierce contests 
with his rivals, in wandering about in search of the female, in exerting his voice, 
pouring out odoriferous secretions, etc.: and this expenditure is generally concen-
trated within a short period” [p. 232]. Therefore, “On the whole the expenditure of 
matter and force by the two sexes is probably nearly equal, though effected in very 
different ways and at different rates” [p. 233].

Although a single sperm is smaller than a single egg, according to Darwin the 
parental investment of both male and female winds up being about the same. Thus, 
Darwin emphasized the sexes differed in the kind, not the quantity, of their repro-
ductive investment.

To Darwin, the explanation of the male sex role lies in what is needed to trans-
port sperm and not in how cheap sperm are relative to an egg. Thus, SexS 1.1 is 
not merely an updating of the original SexS 1.0 to include genes, but a substantive 
revision in regards to the cause of why males and females differ in their mating 
behavior.

5.2.3  Sexual Selection 1.2: Accounting for Sex-Role Reversal

Both SexS 1.0 and 1.1 are contradicted by the phenomenon of sex-role reversal.
As Darwin (1874) wrote, “With birds there has sometimes been a complete trans-

position of the ordinary characters proper to each sex; the females having become 
the more eager in courtship, the males remaining comparatively passive, but appar-
ently selecting the more attractive females, as we may infer from the results. Certain 
hen birds have thus been rendered more highly colored or otherwise ornamented, as 
well as more powerful and pugnacious than the cocks” [p. 233]. To explain the evo-
lution of ornaments in females rather than male, Darwin reverses the narrative but 
gives no guide or explanation as to when such a transposition of roles should occur.

Today, sex role reversal is attributed to a reversal in the operational sex ratio 
(OSR) (Emlen and Oring 1977) which is the ratio of the number of males ready to 
mate to the number of females ready to mate. Typically the OSR is biased towards 
the male (i.e., more males than females available for mating). The supposition is 
that the sex showing the lower parental investment is more available while the sex 
showing the higher investment is busy with the offspring care. The male’s sperm 
represents an initially lower parental investment than the female’s egg, thereby ini-
tially biasing the OSR toward males. However, changing the availability and need 
for resources for each sex may result in the male supplying more of the parental 
investment overall than the female. If so, the operational sex ratio shifts to favor fe-
males rather than males, resulting in sex role reversal (Gwynne and Simmons 1990; 
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Simmons 1992; Fosgren et al. 2004). To take this explanation for sex-role reversal 
into account, the definition of sexual selection now becomes modified, as Sexual 
Selection 1.2, to be the hypothesis that:

SexS 1.2: The sex with the higher proportion of individuals available to mate, usually 
but not necessarily the male, spreads its genes most effectively by mating promiscuously 
whereas the other sex, usually but not necessarily the female, spreads its genes most effec-
tively by selecting to mate with the genetically best partner, resulting in the evolution of 
ornaments and armaments in the promiscuous sex.

The existence of sex-role reversal breaks any necessary connection between gamete 
size and sex role, and sex role is determined by the OSR. Some local ecological 
argument must explain why the OSR is biased toward the male or female, with the 
default being a male-bias because of sperm size relative to egg size.

5.2.4  Sexual Selection 2.0: Shuker’s Consensus Definition

The success of any role-based definition of sexual selection is challenged by fur-
ther considerations, however. In many non sex-role reversed species, females have 
ornaments and armaments including secondary sexual characters such as brightly 
colored plumage or pelage, elaborate ornaments, and weaponry (Andersson 1994; 
Amundsen et al. 1997; Amundsen 2000; Kraaijeveld et al. 2007). Moreover, fe-
males do not lack for competition with one another, typically for access to breed-
ing territories or resources needed for rearing offspring (Clutton-Brock 2009) and 
modes of competition among females have recently been summarized by Rosvall 
(2011) and Stockley and Bro-Jørgensen (2011). Furthermore, in many non sex-role 
reversed species male mate choice is as pronounced as female mate choice. John-
stone et al. (1996) point out that the logic behind the connection between choosi-
ness and the OSR involves counteracting tendencies such that “nature abounds with 
bi-parental-care species in which both sexes are ostentatiously plumed or brightly 
colored”. Moreover, Bonduriansky (2001) writing about male choice in insects, 
also concludes that non-sex-role reversed male choosiness (partial sex role rever-
sal) is not as much related to the OSR as to existence of a large female mate quality 
variance present in “systems where female fitness increases with each copulation”. 
These findings challenge the adequacy of SexS 1.2 that relies on the OSR as the 
criterion to determine sex roles.

Many other phenomena appear to belie any role-based version of sexual selec-
tion’s definition (Roughgarden 2004, 2009). Monomorphism occurs in species 
where both male and female are identical in external appearance, leading to the 
question of whether dimorphism or monomorphism is the norm. Mating initiation 
and frequency is much more extensive than needed for offspring production, sug-
gesting in cases not explained as sperm competition, that mating serves social pur-
poses. Template (or gender) multiplicity refers to species in which there are more 
than one phenotype per sex, so a “norm” for the sex cannot be identified. Typical 
examples include species featuring a territorial male morph and a non-territorial 
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male morph who somehow obtains copulations from the territorial male by mating 
with females in his territory or under his control. Transgender presentations pertain 
to species in which some individuals of one sex resemble the majority of individu-
als in the other sex, as in sunangel hummingbirds, suggesting that the phenotypic 
presentation of a male or female, including their ornaments, may be more related to 
signaling some social role other than a role directly in mating. Many species also 
feature extensive same-sex sexuality which again points to a social function of mat-
ing not related directly to fertilization. However, these diverse phenomena reviewed 
in Roughgarden (2004, 2009) are frequently downplayed as exceptions to sexual-
selection’s sex-role templates.

Studies have also appeared since 2004 on species that were not thought to be 
exceptional to standard sex-role templates but that nonetheless refuted sexual se-
lection. Examples include the collared flycatcher in which a 24 year study of 8500 
marked individuals found no genetic correlation between mate choice and ornament 
size (Qvarnström et al. 2006), the blue tit in which offspring fitness depended on en-
vironmental rather than genetic effects (Hadfield et al. 2006), the peacock in which 
peahens did not express any preference for peacocks with more elaborate trains 
similar to other studies of galliforms showing that females disregard male plum-
age (Takahashi et al. 2008) with further studies with peacocks continuing to report 
equivocal results (Hale et al. 2009; Dakin and Montgomerie 2011), a meta-analysis 
of extra-pair parentage in birds revealing that 60 % show an absence of genetic 
benefits to extra-pair matings (Akcay and Roughgarden 2007). And the classic stud-
ies of Bateman (1948) purporting to demonstrate in Drosophila that males attain 
a higher fitness through quantity of mating whereas female attain a higher fitness 
through quality of mating have been thoroughly discredited by four independent 
critiques (Tang-Martinez and Ryder 2005; Dewsbury 2005; Snyder and Gowaty 
2007; Gowaty et al. 2012).

Because of these difficulties with role-based definitions of sexual selection, 
Roughgarden (2005, 2007, 2009) argued that sexual selection as a general hypoth-
esis about how mating behavior causes the evolution of ornaments and armaments 
had been falsified by the data, that it was “wrong”, did not occur at all, and was a 
“myth”. In response Shuker (2010) argued that behavioral ecology had long since 
moved beyond role-based definitions of sexual selection and that Roughgarden’s 
critique was misdirected and misrepresented the current state of animal behavior 
research. However, Parker and Pizarri (Chap. 7, this volume) illustrate the hold 
that the traditional sex roles have on sexual selection theory.2 Nonetheless, Shuker 
articulated a definition of sexual selection here labeled Sexual Selection 2.0:

2 Parker and Pizarri endorse the Darwin-Bateman Paradigm (DBP) for typical male and female 
sex roles, contending not only that these sex roles are true but also are logically necessary, and that 
the Darwin-Bateman rationale for these sex roles provides “a powerful heuristic tool and the most 
parsimonious explanation for a bewildering diversity of biological patterns”. Again I disagree. 
The Darwin/Bateman Paradigm is not heuristic. It has not helped to understand female choice or 
the great many species in which the classic DBP sex roles do not occur. Adherence to the DBP 
requires an elaborate system of fabricated mimicries and assumptions about deceit to account for 
animals who do not act, or do not send the right signals, in accordance with DBP expectations. As a 
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SexS 2.0 Sexual selection is the selection of traits arising from competition for mates.

Shuker went on to say that this definition was a “standard definition of sexual selec-
tion” and that in his perception, it “represents the consensus among evolutionary bi-
ologists of what sexual selection is.” It remains to be seen whether this definition is 
a consensus. It is endorsed by Rosvall (2011) but not by Ah-King (2011) or Gowaty 
(2011). For my part, at the time it was proposed I endorsed this definition, primar-
ily because, as detailed below, Shuker offered testable criteria to ascertain whether 
sexual selection is taking place.

Female choice per se is not sexual selection according to SexS 2.0, nor does fe-
male choice for direct benefits count as sexual selection because, as Shuker (2010) 
writes, sexual selection is “a component of an overall natural selection process”.

SexS 2.0 is a considerable departure from previous definitions (hence the 2.0 
designation). As Shuker writes, “sexual selection is not dependent on what have 
been termed ‘sex roles’ (who chooses, who competes and so on).” Theories about 
sex roles are now located in a subject termed mating systems theory. Shuker writes 
“a test of our understanding of mating systems, [is] not a test of the fundamental 
process of sexual selection. I reiterate this point because clearly our grasp of mat-
ing systems is not as complete as we perhaps thought”. And, “I am aware that this 
separation may seem a little convenient, a nice way of hiding sexual selection away 
from some inconvenient truths”. SexS 2.0 is insulated from discoveries about mat-
ing roles for either sex.

Now, some phenomena might be some consequence of competition for mates 
and thereby qualify as sexual selection under SexS 2.0 but that did not qualify as 
sexual selection under SexS 1.x. In particular, sperm competition leading to the 
correlation of testes size with number of females each male mates might be an ex-
ample of SexS 2.0 and yet would be beyond the purview of SexS 1.x because testes 
size per se is typically neither an ornament nor armament (Harcourt et al. 1981; 
Birkhead 2000; Pizzari and Foster 2008; also Parker and Pizzari in this volume). 
However, because males who mate with many females have a higher demand their 
sperm supply, it is not clear if the testis size in such males is larger than that needed 
to supply the demand. Any excess in testis size beyond that needed to meet the 
demand is what would represent the outcome of sperm competition, and measuring 
such an excess would be difficult.

If SexS 2.0 is affirmed as the consensus definition, a task will be to acquaint the rest 
of the academy as well as the general public about this progressive step of disowning 
universal sex roles. SexS 1.0 is still accepted, I think, by social scientists including 
anthropologists and psychologists, as well as by philosophers including ethicists and 
theologians, as a statement of nature authorized by contemporary evolutionary sci-
ence. SexS 1.0 is the basis of an essentialist biological theory of human genders that 
turns up in the popular media, nature shows, and dating services and is often criticized 

dominant and hegemonic paradigm, the DBP has had a chilling effect on innovation. Furthermore, 
parsimony is not a principle of logic. Whether a proposition is true or not is independent of whether 
it is simple or complicated. A parsimonious hypothesis may be so simple as to be simplistic, as 
indeed the DBP may be judged.
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within the humanities as a sexist Victorian relic. This very widespread misimpression 
about what evolutionary science says about mating should be rectified.

5.2.5  Problems with Sexual Selection 2.0

Improving the definition of sexual selection does not make it true. The truth of 
sexual selection, even by SexS 2.0, is an empirical matter, and the possibility always 
exists that some selection force other than competition for mates may account for 
the evolution of ornaments, armaments and other traits in particular cases. More-
over, Shuker (2010) offers two criteria sufficient for empirically falsifying SexS 
2.0: “For sexual selection not to occur in a population, there either has to be no 
scope for competition (partners as resources are not limiting, and all partners are 
of equal quality), or the outcome of any competition for mates is totally random 
with respect to the traits expressed by individuals, such that successful partnerships 
represent a random sample of pairs of individual phenotypes (and thus genotypes)”, 
here referred to as the “equal quality” and “random pairing” criteria respectively. 
Both of Shuker’s criteria may often be satisfied.

For inter-sexual mate competition, choice by one sex, say females quickly weeds 
out any bad genes in males that are signaled by ornament attractiveness. There-
after, the “equal quality” criterion is satisfied because the weeding of bad genes 
has caused males to become genetically equal. This equality of male genetic qual-
ity removes any benefit to females of continued choosiness. Unless bad genes in 
males can be continually replenished, female choice for male genetic quality should 
quickly disappear as a expensive waste of time and energy. This situation is called 
the “paradox of the lek”. As of 2007 nine distinct hypotheses to circumvent the 
paradox of the lek had been proposed (Miller and Moore 2007). In 2008, two more 
attempts at circumvention appeared as well (Harris et al. 2008; Kotiaho et al 2008). 
The growing literature of the last dozen years aimed at “resolving” the paradox of 
the lek suggests the paradox may be difficult or impossible to resolve.

The “random pairing” criterion is also satisfied because according to population-
genetic theory, the fitness difference between a “good” and “bad” male resulting 
from the accumulation of weakly-deleterious mutations is too small to be detectable 
(Roughgarden 2009, pp. 53–54). Hence pairing will be at random with respect to 
the weakly-deleterious mutation load. Of course, strongly deleterious mutations are 
immediately detectable and do not require revelation through the display of orna-
ments or use of armaments.

The possibility that SexS 2.0 may not explain ornaments, armaments and court-
ship behavior generally invites consideration of additional hypotheses for these 
phenomena. One approach advocated by Prum (2010) as a “null model” argues that 
the ornaments are not adaptive. A preference for an arbitrary trait, say red color, 
can feed on itself so to speak, leading to the evolution of exaggerated characters 
combined with a strong preference for such characters—a “Fisherian runaway pro-
cess” (Fisher 1915, 1930). As Prum write, “An arbitrary trait is neither honest nor 
dishonest because it does not communicate any information that can be untruthful 
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or falsified. Arbitrary traits do not indicate anything other than availability to mate.” 
Prum argues that the colorful ornaments in manakins are consistent with a Fisherian 
runaway process. Although the Fisherian runaway process has received theoretical 
validation (Lande 1981; Kirkpatrick 1982) it has also been extensively criticized, 
and Prum acknowledges “There is not a single, generally accepted, textbook exam-
ple of an arbitrary secondary sexual trait in any organism”. If a runaway process ac-
counts for an exaggerated male trait, then the female preference for that trait should 
be correspondingly strong. Yet where data exist, such as for the collared flycatcher 
mentioned earlier (Qvarnström et al. 2006), female preference for the ornament 
(badge size in males) is not heritable and the genetic correlation between female 
choice and male badge size is zero, suggesting that the ornament in this species has 
nothing to do a runaway process.

5.2.6  Sexual Selection 3.0: NESCent Definition #3

To clarify the definitional status of sexual selection, in July 2013 I organized a cata-
lyst meeting at the National Evolutionary Synthesis Center (NESCent) in Durham, 
North Carolina. I coined the phrase “sexual selection studies” to serve as an um-
brella referring to studies of courtship and mating, parent-offspring relations, family 
organization, and the interrelations among these. The meeting was attended by 34 
participants reflecting a diversity of ages, nationalities, and disciplines, some of 
whom are contributors to the present volume. Two thirds of the participants brought 
special experience from their research and teaching in some area of sexual selection 
studies and one third brought perspectives from other areas of evolutionary biology 
and from the social sciences and humanities. The participants were not able to ar-
rive at a consensus definition of sexual selection, did not accept Shuker’s definition 
(SexS 2.0), and disagreed on many issues pertaining to sexual selection as recorded 
in the meeting’s final report (Roughgarden et al. 2013).

Here I wish to bring forward and endorse one of the definitions for sexual selec-
tion proposed by some of the meeting’s participants:

SexS 3.0 Sexual selection is the component of selection that results from differential fertil-
ization success among genotypes within a sex and that does not change total fertility.

This definition does not specify sex roles, does not specify the identity of the pro-
cesses that might produce sexual selection, and refers to fertilizations and not mat-
ings. This later feature implicitly recognizes that many matings do not result in 
fertilizations and that the function of many instances of mating may be social rather 
than to effect a fertilization.

Of the definitions considered by the NESCent group, this definition is the most 
explicitly genetical. It regards sexual selection as a component of a genetical selec-
tion process. In this definition the differences in fertilization success are assignable 
to different genotypes, implying that the differences are heritable. In this definition, 
the presence or absence of sexual selection is assayed in terms of genetical change 
and not in terms solely of behavior.
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Most importantly, this definition introduces the distinction between a frequency-
dependent process wherein genotypes differ in their share of a fixed reproductive 
pie vs. a density-dependent process wherein genotypes differ in the size of their 
reproductive pie. According to SexS 3.0, sexual selection pertains solely to compe-
tition for a larger share of a fixed pie, and not to changing the size of the pie.

This definition is consistent with a possible reading of Darwin’s (1871) passages 
intended to clarify the distinction between sexual selection and natural selection: 
“The males of many oceanic crustaceans have their legs and antennae modified in 
an extraordinary manner for the prehension of the female; hence we may suspect 
that owing to these animals being washed about by the waves of the open sea, they 
absolutely require these organs in order to propagate their kind, and if so, their 
development has been the result of ordinary or natural selection” [p. I.256]. But, 
“if the chief service rendered to the male by his prehensile organs is to prevent the 
escape of the female before the arrival of other males, or when assaulted by them, 
these organs will have been perfected through sexual selection, that is by the advan-
tage acquired by certain males over their rivals. But in most cases it is scarcely pos-
sible to distinguish between the effects of natural and sexual selection” [p. I.257].

In Darwin’s first scenario, grasping organs that prevent being washed out to sea 
while mating in ocean surf correspond to the outcome of fertility selection (increas-
ing the size of the pie). In Darwin’s second scenario, grasping organs that allow 
monopolizing a female to exclude other males correspond to the outcome of sexual 
selection. Darwin lumps fertility selection together with viability selection to form 
natural selection. So, in definition SexS 3.0, sexual selection is distinct from fertil-
ity selection, and thereby from natural selection as well, but both sexual selection 
and natural selection are still components of a common overall genetical selection 
process. If this definition becomes widely adopted, new statistical methodology 
will be needed to partition the overall genetical selection process into its sexual-
selection, fertility-selection, and viability-selection components.

I single this particular definition out of those considered at the NESCent meeting 
because the approach I have been advocating focusses on increasing the size of the 
pie—it is about fertility selection rather than sexual selection. As such, it offers an 
alternative to sexual selection to account for phenomena involved in courtship and 
parent-offspring relations.

5.3  The Social Selection Alternative

I have sketched a new and different approach to determine the adaptive function 
of ornaments and armaments that I have termed “social selection”, a contraction 
from the longer phrase “social infrastructure selection” and not to be confused with 
“social selection” sensu West-Eberhard (1983) who uses the phrase as a synonym 
for “social competition”. Social infrastructure selection hypothesizes, to borrow 
Darwin’s words, that the “chief service rendered” by reproductive social behavior 
is to fashion a social infrastructure that produces an increased number of offspring.
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Social selection theory is developed differently from sexual selection in two re-
spects, as diagrammed in Figs. 1 and 2 taken from Roughgarden (2012a). First, 
the modeling of mating systems starts from the stage of offspring production and 
works back from there to earlier life-history stages, including courtship. Second, the 
modeling of behavior starts with cooperative as well as competitive game theory 
and works up from there to gene pool dynamics. The logical progression in social 
selection is the opposite to that in sexual selection and is motivated by the mod-
eling approaches in ecology for life-history theory and for mechanism-based and 
individual-based models for population dynamics.3

Concerning Fig. 5.1, social selection views mating systems as a stage in an opti-
mal life history. Biologically, this approach would first consider the local ecological 
situation into which the offspring are released from their parents and determine 
what actions by them will yield to each the largest number of its offspring at that 
time. Then second, the ornaments, signaling and negotiation needed during court-
ship to bring about those actions would be calculated. Thereafter, once these solu-
tions were in hand, one could then play the predictions forward and observe the 
optimal courtship followed by the optimal parental care.4

3 Gowaty, (Chap. 6 this volume) contends that social selection is not an alternative to sexual selec-
tion. She sees sexual selection as a subset of social selection not an alternative. Gowaty is confus-
ing my idea of social infrastructure selection with social selection sensu West-Eberhard (1983). Of 
course, sexual selection is a subset of West-Eberhard’s social selection because her idea of social 
selection was explicitly posed as a generalization of sexual selection to begin with. Sexual selec-
tion is obviously not a subset of social infrastructure selection as diagrammed in Figs. 1 and 2.
4 As Gowaty (Chap. 6, this volume) notes, I have suggested in particular that “ ‘fancy traits, such 
as some elaborate secondary sexual characteristics, like … a peacock’s tail, a rooster’s comb, 
wattle and cockle-doddle-do facilitate male-male interactions’ rather than male-female interac-
tions posited by Darwin”. Specifically, the ornaments may function as admission tickets to power 
holding cliques. She goes on to state that “I can imagine testing a classical idea about male-male 
competitive dynamics over number of mates in the absence of cliquey coalitions and male-male 
competitive dynamics in the presence of cliquey coalitions.” I would welcome such a test.

Fig. 5.1  Direction of 
inference for mating systems 
theory
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Turning to Fig. 5.2, social selection envisions a bottom-up logic for the evolu-
tion of behavior. Population ecology has successfully derived equations for pop-
ulation dynamics from properties of individuals, an approach termed variously, 
“individual-based models”, “individual oriented models”, “agent-based models”, 
or “mechanism-based models”. Population-dynamic models that are developed bot-
tom up from individuals to populations offer a more relevant and testable theory 
than the venerable equations of population ecology such as the logistic or Lotka-
Volterra equations that feature a top-down logic. One can think of Fig. 2 as illustrat-
ing separate dynamics for the phenotypic and genotypic levels of organization in 
evolution. Rather than thinking of the phenotype as a static product of the genotype, 
in social selection the phenotype is assumed to have its own dynamic, not only the 
solitary dynamic realized during development and morphogenesis, but also a social 
dynamic carried out within the lifespans of the interacting individuals. This interac-
tive phenotypic dynamic shapes the properties and capabilities of the animals just 
as surely as morphogenesis shapes anatomy. Yet the rules for the dynamical process 
by which the phenotypes interact ultimately derives from the genotype with its own 
separate dynamics, and indeed these levels are coupled with feedback to and from 
each other. However, the dynamics of phenotype interaction need not, and presum-
ably generally does not, mirror the dynamics of gene pool. In particular, the com-
petitive dividing-the-pie dynamics of evolution in a gene pool need not be mirrored 
in the dynamics among phenotypes that may involve expanding the pie as much or 
more than dividing the pie.

Two schemes of social organization seem particularly relevant to courtship, mat-
ing, parental care and family life: a “team” and a “firm”.

Fig. 5.2  Top-down vs. 
bottom-up modeling  
of social evolution
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A “team” consists of participants who take coordinated actions to achieve a team 
objective. During teamwork, animals are hypothesized to experience pleasure from 
physical and/or vocal intimacy. The pursuit of this pleasure is hypothesized to be 
the proximal motivation for animals to participate in teamwork (Roughgarden et al. 
2006; Roughgarden 2009, 2012b). It is further hypothesized that the act of coopera-
tion itself is pleasurable. As a human analogy, consider the difference in pleasure 
between making an “Alley-Oop pass” in basketball compared with making two foul 
shots, both of which yield the same two points. Of course every member of a basket-
ball team feels some pleasure when two foul shots are successful, but the pleasure 
experienced is even greater if the two points are obtained with a beautiful acrobatic 
pass followed by a teammate’s dunk at the basket.

A firm is a collection of animals working together because one member is in a 
position to control incentives that align the self-interests of others to cooperate. For 
example, parents and offspring form a hierarchy in which parents control the food. 
Parents can dispense incentives that lead the offspring to cooperate with one another 
and with the parents themselves (Roughgarden and Song 2014; Akçay 2012). When 
the optimal incentives have been put in place, cooperation occurs because of a coin-
cidence of individual interests. Each member’s objectives are purely self-regarding. 
Because a family may be viewed as a “firm” whose product is offspring it is ap-
propriate to turn to management science and the economic theory of the firm to see 
how a family might be organized to maximize its offspring production.

The family-firm approach confirms predictions that offspring should signal 
honestly to their parent (Grafen 1990; Godfray 1991; Godfray and Johnstone 
2000), but offers a different derivation, and shows that if the parent implements 
“optimal incentive policies”, the parent and chicks work honestly together as a 
team to maximize the fitness produced by the nest. Unlike genetic approaches, the 
family-firm approach in the behavioral tier can be extended to predict the time of 
weaning or fledging—this amounts to the time for “spinning off” divisions from 
the parent corporation. This approach agrees with Alexander’s (1974) perspective 
that emphasizes parental control of the parent-offspring interaction. In contrast 
to Alexander however, who visualized continuing parent offspring conflict domi-
nated by the parent, according to this theory the parent resolves conflict by how it 
allocates resources to the offspring. This theory fundamentally disagrees with the 
Trivers/Parker/Mcnair perspective (Trivers 1972; Parker and Mcnair 1978, 1979; 
Mcnair and Parker 1978, 1979) which features unresolved and continuing parent-
offspring conflict as well as dishonesty in parent-offspring signaling whereby off-
spring continually psychologically manipulate their parents, especially at the time 
of weaning or fledging.

A biological firm is not necessarily harmonious as the preceding discussion 
might suggest. For example, in some ecological circumstances the offspring might 
know their value to the parent and be able communicate it to the parent. (The parent 
might value the size of the offspring and the offspring might know its own size and 
thus be able to communicate it.) If so, a parent’s best interest would be served by 
setting incentives to ensure honest communication and to minimize the inefficiency 
of lying and conflict. In other circumstances offspring might not know their value 
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to the parent and thus not be able to communicate it to their parent even if they 
were attempting an honest report. (The parent might value the prospective resource 
capturing ability of an offspring, which would be unknown to the offspring itself 
until it learned how to forage effectively.) In this case a parent’s best interest would 
be served by allowing conflict between itself and the offspring and competition be-
tween the sibs with one another to reveal their capabilities. The inefficiency of con-
flict would be the cost to the parent of obtaining information about the offsprings’ 
value to it that would not otherwise be knowable. This contrast between whether 
the information about their value to the parent is communicable or not is perhaps a 
better way to view the distinction between “offspring control” and “parent control” 
(Parker and Macnair 1978, 1979; Macnair and Parker 1978, 1979) because in either 
case, the parent does control the resources made available to the offspring. How-
ever, if the offspring know their what the parent values about them then the parent’s 
interest is served by setting incentives for honest communication whereas if the 
offspring are ignorant of their value to the parent, the parent’s interest is served by 
witnessing the outcome of offspring squabbling.

Pleasure-based teamwork and incentive-structured firms offer mechanisms by 
which cooperation can evolve as a direct benefit. That is, cooperation realized 
through teamwork or working in a firm is not altruism, and its evolution is consis-
tent with, but does not require, kin/multilevel selection or other evolutionary pro-
cesses that cause the evolution of traits that benefit the receiver but disadvantage 
the donor. Mutual direct benefits, including pleasure-based teamwork and working 
in incentive-structured firms, may be more important overall in explaining coopera-
tive behavior than altruism-based explanations.

Overall, the underlying rationale of parental teams and parent-offspring firms 
is to increase the number of offspring produced. In this sense, social selection is 
focussed on increasing the size of the pie. Social selection interprets the behavior 
pursuant to these relationships in terms of fertility selection rather than sexual selec-
tion, which is focussed on strategies to monopolize ownership within a reproductive 
pie of fixed size. Of course, the pattern of reproductive social behavior in a particu-
lar species might include components both social selection (fertility selection) as 
well as sexual selection (frequency-dependent selection), but the supposition to the 
research program of social selection is that the importance of sexual selection has 
been greatly exaggerated, in large part because of the lack of an alternative hypoth-
esis to consider.

5.4  Conclusions

This conference has asked whether anything is now left of sexual selection. My an-
swer is no, nothing is left of the original sexual selection. The sequence of biological 
definitions of sexual selection makes clear that Darwin’s original narratives of male 
and female sex roles and his interpretation of the motivations behind their actions 
during courtship have been largely abandoned by researchers from the 1970’s on.



100 J. Roughgarden

The deeper question before us is whether sexual selection even offers a useful 
approach to the study of mating and other aspects of reproductive social behavior. 
Is the best starting point the mating episode in an organism’s life history, or the off-
spring-rearing episode? If the former, then allegiance to a sexual selection approach 
would appear worthwhile. If the later, then sexual selection should be abandoned as 
a scientific relic that has outlived its usefulness. Similarly, should social behavior 
strategies still be framed as games between genotypes whose outcome is visual-
ized in terms of an Evolutionarily Stable Strategy (ESS, Maynard Smith 1982), or 
should social behavior strategies be seen from the perspective of cooperative as 
well as non-cooperative game theory and incorporate conceptualizations from the 
theory of the firm in economics? If former, then the present top-down approach to 
social-behavior theory still has legs. If the later, then a new generation of bottom-up 
theories for the development and evolution of social behavior can be anticipated.

The abandonment of sexual selection in its original definition signifies a healthy 
and vibrant discipline. What I have termed “sexual selection studies” offers an um-
brella under which the hypotheses that replace the original sexual selection may 
reside.
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Abstract “Standing on Darwin’s Shoulders” is about the information we need to 
reject or confirm selection hypotheses. Sexual selection remains important, and 
contrary to very old and recent claims that Darwin’s ideas cannot explain the origins 
of fancy traits, Darwin was not wrong, even if other hypotheses might also explain 
fancy traits. The problem seems to be that many readers seem to lack appreciation 
for the power of a good, that is, a well-constructed, testable hypothesis. To be a 
good hypothesis does not mean that it needs to be the truth, but only testable (or 
potentially testable). My main point is that what’s needed to resolve the recent state 
of conflict over selection of whatever name is to say as precisely as possible the 
details of the requisite assumptions so we can get on with testing the fundamentals 
of how selection works. The fundamentals of selection hypotheses are assumptions 
about (1) heritable variation among the units of selection, (2) the environmental 
and/or social circumstances that (3) affect differential probabilities of survival and 
reproductive success of the units of selection. Selection is simple. For example, 
if traits of individuals are variable, if traits are heritable, if environments (abiotic, 
biotic, social, etc.) vary so that some individuals have a higher probability of sur-
vival or reproduction in the environment they experience because of their trait 
variation, natural selection has occurred. Likewise, if individuals within a sex in 
the same species vary, if traits are heritable, if social environments vary so some 
individuals have more or better mates than others and thus greater probabilities of 
reproductive success, sexual selection has occurred. Thus, sexual selection hypoth-
eses are not “systems of belief” or an associated chain of cascading ideas as Rough-
garden recently claimed, but rather deductive hypotheses, admirably vulnerable 

“the manner in which the individuals of either sex or of both sexes are affected through sexual 
selection cannot fail to be complex in the highest degree” (Darwin 1871, t. I, p. 296). 
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to empirical tests of within sex differential fitness associated with “reproductive 
competition”—a hypothesis against which we can test nature. If we see more or 
more clearly than Darwin, it is because we stand on his broad and high shoulders!

Keywords Natural selection · Sexual selection · Hypothetico-deductive hypotheses 
· Darwin

6.1  Introduction

If creative scholars are lucky enough to garner any attention at all, their ideas are 
often controversy prone. Perhaps few ideas have been so consistently controver-
sial as Darwin’s about sexual selection. Even the co-discover of natural selection 
(Darwin and Wallace 1858), Alfred Russel Wallace differed with Darwin (Wal-
lace 1889) on the on the evolutionary orgins of bright coloration (see Hoquet and 
Levandowsky, this volume). The conference ‘What’s left of sexual selection?’ that 
inspired this book was organized to evaluate and rebut recent slings and arrows 
directed at Darwin that had been bubbling up since the publication of Evolution’s 
Rainbow (Roughgarden 2004) and the author’s claim that Darwin was wrong. One 
could be cynical about the origin of all the recent fuss (Roughgarden et al. 2006b) 
including sometimes even the perspectives of modern darwinians (Buss 2006; Dall 
et al. 2006; Day et al. 2006; Ghiselin 2006; Hurd 2006; Lessells et al. 2006; Miller 
2006; Pizzari et al. 2006; Roughgarden et al. 2006a; Shuker and Tregenza 2006; 
Stewart 2006). Critics and defenders could just be defending turf, miffed that others 
are insufficiently familiar with their modern scholarship. Less cynically, there could 
actually be something wrong with the claim Roughgarden made, when she cried, 
“Darwin was wrong”. I favor the last explanation because, as I discuss below at 
length, offering an alternative hypothesis does not invalidate an existing hypothesis.

To know what it means when someone says “Darwin was wrong about sexual 
selection”, we need to know what sexual selection is.

Does not everyone know by now what sexual selection is? Possibly not, as there 
was a 2010 symposium at the International Society for Behavioral Ecology meet-
ing in Perth called ‘What is sexual selection?’ Given that set of experts who were 
expected to know what sexual selection is, it is not so surprising that Roughgarden 
and her critics were also worked up about what is sexual selection and what counts 
as an alternative to sexual selection. It would appear from all the noise that there is 
something difficult to grasp. Yet, recasting recent controversies over hypotheses of 
“sexual selection” and “not sexual selection” in terms of their assumptions (premis-
es, first-principles) exposes the considerable strengths of most selection hypotheses 
(Gowaty 2011). Keeping assumptions of ideas in the foreground points out ways to 
explicitly test the veracity of specific first-principle, deductive hypotheses. This es-
say is about the information we need to reject or confirm any selection hypothesis. 
What I attempt to clarify are the semantic minefields of some of the recent high 
profile discussions that motivated this volume, but which have implications for how 
we think about and test ideas about selection.
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Among the things I emphasize are that (i) Modern selection hypotheses are more 
often than not well-formulated, testable first-principle deductive statements in the 
best sense of the Darwinian tradition. (ii) Darwin gave us the formula for construct-
ing novel selection hypotheses, perhaps even ones he did not think of and ones 
about problems he explicitly put off to the future. (iii) Darwin also gave us more 
than one hypothesis (“definition’) of sexual selection, (iv) suggesting that he, at 
least, knew that his first-principle deductive approach for framing selection hypoth-
eses was robust to variation in the required assumptions, which is (v) one of the 
reasons that modern-day evolutionists, standing on Darwin’s shoulders, see more 
clearly all the time. (vi) The Cheshire Cat (Carroll 1865) has been at work, so that 
our naming conventions for selection hypotheses are not standardized, providing 
opportunities for semantic confusion and a lot of mischief. (vii) What might resolve 
the recent state of conflict over selection of whatever name is to say, formally state, 
as precisely as possible the details of the requisite assumptions so we can get on 
with testing the fundamentals of how selection works.

Doing that simple thing—attending to assumptions–facilitates the empiricist’s 
path. When one examines the premises (assumptions, first principles) of deductive 
hypotheses of any sort, it is obvious that the assumptions provide the pathways to 
potential tests and possible rejection of ideas. A side-by-side list of the premises of 
different selection hypotheses (Table 6.1) reveals some arguments as being about 
naming conventions, rather than about the utility or power of a given explanation 
for this or that. It seems we have been arguing about what they, you, or I call a 
particular hypothesis. Arguments over naming conventions tell us nothing about 
the strengths and weaknesses of the assumptions of any hypothesis. The muddle of 

Table 6.1  Darwin’s formal statements of selection
Assume varia-
tion among 
the units of 
the level of 
selection

Assume environmen-
tal circumstances of 
advantage or disadvan-
tage to units of the level 
of selection because of 
between unit variation

Assume 
advantages 
and disadvan-
tages affect 
component(s) 
of fitness

Predict changes 
in particular 
traits or in func-
tional categories 
of traits

“Name”

Within- popu-
lation varia-
tion among 
individuals

Access to resources Survival Traits facilitat-
ing resource 
acquisition

Broad-sense 
natural 
selection

Within-popu-
lation variation 
in males only

“Struggle” between the 
males for possession of 
the females”

RS Traits facilitat-
ing “possession 
of females”

Narrow-sense 
sexual selection 
(Darwin 1859, 
p. 103)

Within popula-
tion variation 
confined to one 
sex

Within-sex “struggles” 
over reproductive 
advantage/disadvantage

RS Traits facilitat-
ing behavioral 
or physiologi-
cal within-sex 
“reproductive 
contests”

Broad-sense 
sexual selection 
(Darwin 1871, 
t. I, p. 256)
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naming conventions has become largely a distraction keeping us from the task at 
hand: How does selection operate?

To make my arguments, I review (1) the inferential chain in the development of 
Darwin’s ideas about natural selection, (2) Darwin’s narrow and broad sense defini-
tions of natural and sexual selection, and the meanings of (3) units of selection, (4) 
the social circumstances of selection, (5) and the components of fitness affected 
by selection. I illustrate my points with (6) some modern views of selection hy-
potheses, (7) including Fisher’s astute but largely forgotten idea about benefits for 
choosers, and (8) try to show how all these forgotten or overlooked contributions 
resulted in recent controversy.

6.2  The Origins of Darwin’s Selection Hypotheses

Consider Mayr’s (1977) description of the chronology of intellectual experiences 
that fueled Darwin’s imagination and his discovery of the theory of evolution via 
natural selection. First, Darwin moved from a typological, Platonic ideal of species 
to a belief in the "importance of individual differences and the reality of the varia-
tion within a population". Thus came the first principle of selection hypotheses: 
Assume variation among the units in the level of selection of interest, where levels 
of selection may be groups, species, populations, demes, sexes, individuals, genes, 
etc.). Darwin also wrote much about “the struggle for existence”, which he inferred 
from the principles of Malthus and the mathematics of high intrinsic reproductive 
rates that never went to their logical conclusion, e.g., the planet is not covered in 
elephants. Darwin used these facts of nature to buttress his assumption that the cir-
cumstances of nature/environment challenged individuals, so that many individuals 
died or failed to reproduce. He thereby inferred there was a struggle for existence 
and that the environmental and social circumstances associated with “struggle” 
were seemingly endless. One might characterize On the Origin of Species by Means 
of Natural Selection, or the Preservation of Favoured Races in the Struggle for 
Life (Darwin 1859) as a description of the many ways that animals “struggle for” 
resources, space, protection from the elements, to avoid predation or disease, or 
sometimes against changed conditions. Darwin often used the term “wedge” to refer 
to environmental or social circumstances that correlated with differential survival or 
reproduction probabilities among individuals. Thus, we have the second and third 
necessary assumptions that characterize all selection hypotheses: Assume an envi-
ronmental circumstance that correlates with a component of fitness to affect dif-
ferential survival or reproduction probabilities among the units within the level of 
selection. Of course, for much of Darwin’s discussion he was interested in variation 
among individuals within a population: the level of selection being the individuals 
(see Ruse, this volume).

Thus as moderns have come to see Darwin’s ideas about natural and sexual selec-
tion, (Darwin 1859, 1871) the hypotheses are logical, rule-like statements with as-
sumptions about the units of selection, the environmental (or social) circumstances 
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that affect the components of fitness so that differential survival or reproduction 
occur. When we do as Darwin did and assume that traits are variable and heritable, 
any selection hypothesis becomes one of evolution via selection.

6.3  Darwin’s Broad and Narrow Definitions of Natural 
and Sexual Selection

Darwin said “natural selection: a power which acts solely by the preservation of 
profitable variations in the struggle for life”. This is an extremely broad declaration 
fitting the realized ambition of Darwin’s logic about natural selection.

Darwin’s (1859, 1871) assertions about sexual selection are particularly interest-
ing given modern debates about what is and what counts as sexual selection. As I 
noted previously (Gowaty 2011, p. 1146): In 1859, Darwin’s definition of sexual 
selection was an extremely narrowed definition of natural, not artificial, selection. 
The units of selection, the environments (physical, biotic, or social) that affect com-
ponents of fitness were each narrowed with respect to the usual statements of natu-
ral selection. Remember that in 1859, he was making distinctions between artificial 
selection and natural selection, and his topic was not sexual selection per se. He 
differentiated sexual selection as a type of selection having to do with selection 
within a sex rather than within all individuals of a population. “Sexual Selection… 
depends, not on a struggle for existence, but on a struggle between the males for 
possession of the females; the result is not death to the unsuccessful competitor, but 
few or no offspring” (Darwin 1859, p. 88).

In 1871, Darwin was older and wiser, and his definition then of sexual selection 
was undeniably more mature and much broader than his 1859 definition. The more 
mature definition was in fact the first broad-sense definition of sexual selection: 
“Sexual selection…depends on the advantage which certain individuals have over 
other individuals of the same sex and species, in exclusive relation to reproduc-
tion” (1871, t. I, p. 256). Here he expanded the scope of sexual selection when he 
included environmental circumstances yielding individual advantage/disadvantage 
relative to reproduction, not just competition over numbers of mates. Notably, he 
also expanded the application of the term “within-sex selection” to include not just 
reproductive advantages/disadvantages among males, but among females. And, just 
to keep the ledger straight: Broad-sense sexual selection is a narrow-sense natural 
selection hypothesis (i.e., not artificial selection), as Darwin (1871) made clear. 
Table 6.1 contains Darwin’s definitions about what counts as selection from the 
broadest natural selection hypothesis to more restricted sexual selection hypotheses. 
These are a continuum as Darwin called “sexual selection” a type of “selection”. 
As seems obvious from looking at Darwin’s different selection definitions, one can 
start broadly and later narrow, limit, or make more concise any assumption, or start 
narrowly and later broaden any assumption. What’s handy is that the narrower and 
more precise a selection hypothesis is, the easier it is to test it (and potentially reject 
a particular flavor of selection as the explanation for this or that).
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Darwin named his hypotheses of sexual selection not in terms of the environ-
mental circumstances that affected differential fitness, but in terms of the units of 
selection environmental circumstances affected. Likewise, Hamilton (1963, 1964) 
named his idea of kin-selection also on the unit of selection. Others seem to think 
that “sexual selection” was more about the sexy—doing it—part, having to do with 
mating success. West-Eberhard (1979) named her social selection hypotheses of the 
evolution of elaborate traits and signals in terms of the social situations yielding 
advantage or disadvantage. Both naming conventions, the one based on the units of 
selection and the one based the environmental circumstances of selection, are fine 
with me: I see no necessity to standardize naming conventions. What does exercise 
me is the need to be as explicit as one can be about each assumption of any selection 
hypothesis. If we are explicit about our assumptions, it won’t matter what we name 
the idea. Being explicit guides us to attend to all of the essentials in deductive selec-
tion hypotheses (units of selection, environmental circumstances, and components 
of fitness through which differential reproductive success and survival accrue).

6.4  The Units of Selection

Darwin’s fascination with breeders’ attention to within-species variation in traits is 
notorious. In his quest to learn about standing variation of farmed and domesticated 
animals, he even had printed for broad distribution his many questions about breed-
er behavior and breeders’ targets of artificial selection. The answers later became 
part of On the Origin of Species by Means of Natural Selection (Darwin 1859). 
Neophyte students of evolution sometimes admit to boredom while reading Dar-
win on, say, variation in pigeons, but they are also the students who do not quickly 
understand that individual variations—genetic, cultural, epigenetic—are the stuff 
of evolutionary change. If no variation exists, no evolutionary change is possible. 
In fact, Darwin’s chapters on variation are essential to the development of the idea 
of natural selection. Under artificial selection animal and plant breeders choose 
(often consciously) among their stocks particular individuals as breeders because 
of some trait variant such as a plumage length or color. In stunning contrast, under 
natural selection there is no actor, there are no “targeted” traits, there is no “target” 
of selection. In contrast to artificial selection, natural selection just happens. If there 
is no variation among the individuals in the unit of selection, even if some indi-
viduals have greater survival or reproductive success, there is no natural selection. 
Natural selection implies a linkage between the environmental circumstances that 
advantage or disadvantage individuals in the unit of selection according to available 
variation so that some individuals have greater survival or reproductive success 
than others. However, the traits that remain after an episode of selection are often 
very hard to predict. Selection is differential survival and reproductive success of 
variable individuals in terms of their environmental circumstances. To repeat, nei-
ther natural selection nor sexual selection is goal-directed. Selection just happens. 
It is possible to predict the function of traits that may be left after selection, but it is 
much harder to predict the resulting phenotypes.
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In his search to understand the extent and limits of variation, Darwin attended 
most closely to variation within populations of interbreeding animals. He began 
his thinking about selection at the level of individuals within populations. One can 
see this in his definitions of natural selection that he contrasted to artificial selec-
tion, which was “selection by man”. (One might call what Darwin called artificial 
selection "farming", because we now know that other creatures besides humans 
purposely manipulate and control for their own benefit the breeding and survival of 
other species. So, I am inclined today to describe the hypothesis of artificial selec-
tion as a type of natural selection acting among individuals of a population through 
another species' manipulation and control of breeding and survival of the variants 
among the “farmed” species, so that selection acts through differential reproductive 
success and survival of individuals.)

It is obvious in On the Origin (1859) or The Descent of Man (1871) that Darwin’s 
selection hypotheses mostly were about individuals within populations. Nonethe-
less, Darwin did cast hypotheses about group selection, and even kin-selection, and 
when he discussed such ideas he always seemed careful to say what was the unit of 
selection. Lewontin’s (1970) influential paper on units of selection is a useful guide 
to the concept. Group selection and kin selection are hypotheses whose names in-
dicate the level of selection whose members vary and though which between group 
agonism or within kin group collaboration yield advantage and disadvantage. What 
is important is not the name of a hypothesis, but its assumptions.

6.5  The Social Circumstances of Selection

Most hypotheses that investigators call “sexual selection” assume that social cir-
cumstances affecting number of mates among males (female preferences and male-
male competition) and thus variance in reproductive success among males is the 
whole story. Even long before the well-published papers of Clutton-Brock (2007), 
others (Blackwell 1875; Sherfey 1966; Hrdy 1981; Gowaty 1981; Johnson and 
Hubbell 1984; Gowaty et al. 1989) had argued that male preferences and female-
female competition also occur and are circumstances of selection with results on 
differential female reproductive success, i.e., selection among females. In addi-
tion, others cast equally useful selection hypotheses that posited that differential 
reproduction occurs among individuals within a sex linked to other types of social 
interactions (Fig. 6.1) including those that are “nice” or “nasty” (Gowaty 1996). 
Social circumstances like variation in the quality of potential mates, not just the 
number of potential mates, could have effects on differential reproductive success 
of individuals (Altmann 1997). Environmental circumstances of selection may be 
socially or ecologically mediated within-sex resistance to others’ control of repro-
ductive decisions (Gowaty 1992, 1996, 1997b, 2003b). So that resistance to others’ 
control of reproductive decisions is a circumstance of within-sex selection that can 
have effects through behavioral or physiological interactions of individuals of the 
same or opposite sexes. Female Control (Eberhard 1996) remains a useful source 
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for specific clues about the circumstances of selection of female resistance. In fact, 
in the dynamic bouts of between-sex conflict, what appears as most dramatic—the 
behavioral and physiological control and resistance dynamics between females and 
males—is the tip of the iceberg, because there is not just one, but two episodes of 
sexual selection that result. Sexual conflict produces not just the usual male-male 
type of “sexual selection”, but also female-female selection. So, the circumstances 
of sexual conflict are male-female behavioral and physiological tugs-of-war, but 
who wins the fitness battle among females is one selective event and who wins 
among males is another (Gowaty 1997b). In sexual conflict the components of fit-
ness that affect trait variation among females may be quite different from the com-
ponents of fitness affecting trait variation among males. I called these male-female 
tugs of war “sexual dialectics” (Gowaty 1997b).

One of the points of the paragraph above is that sexual conflict—usually some 
social interaction—has effects on differential survival and reproductive success—
on individuals within a sex. How might we bin this type of selection? The unit of se-
lection is within sex: that is within females and separately within males, so with one 
naming convention it is a type of “sexual selection”. Because the selection results 
because of social interactions between males and females, it fits the rubric of “social 
selection”. But, wait, it’s even more interesting in that the components of fitness 
affected by the social interactions include both survival and reproductive success: 
Others committed to other naming conventions might want to claim it is “natural 
selection” because of consequences for survival or “sexual selection” because of 
consequences for reproductive success. Commitments to naming conventions are 
opportunities for mischief and confusion. Perhaps we might call the sexual conflict 
idea “Cheshire” for short.

 

Fig. 6.1  Social circumstances of selection affecting within sex variation in fitness are common. 
Many more than listed here are possible. (Modified from Gowaty 1997)
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6.6  The Components of Fitness in Selection

Fisher (1930) put the Darwinian discussion of variation in survival and reproduc-
tive success firmly in demographic context, which is required given that fitness 
(survival and reproductive success) is a concept of relative variation among the 
units of selection. He urged investigators to evaluate fitness costs in terms of sur-
vival variation among individuals, and he emphasized that relative fitness depended 
on reproductive value, which is itself a function of whether populations are grow-
ing, retracting, or in stasis, not simply an age-associated characteristic. Empiricists 
are practical, of course, and many have emphasized that individuals may “trade 
off” earlier fitness components (number of sperm, ovules, mates, or eggs laid and 
offspring born) against later fitness components (number of larvae, pupa, or better 
yet, number of offspring reaching reproductive age). Many empiricists measure the 
relative output of eggs as a measure of fitness assuming perhaps incorrectly that 
the number of eggs is always positively associated with number of adult offspring. 
There are many reasons to doubt that always-positive association (Gowaty 2008), 
and thus, it seems most reasonable to use estimates on the number of adult offspring 
or their health as the best measure of an individual’s reproductive success.

6.7  Some Modern Views of Darwin’s Ideas

By definition, specific assumptions of selection hypotheses are everything. Selec-
tion is like addition or subtraction (Dennett 1995). If traits of individuals (a level 
of selection) are variable, if traits are heritable, if environments vary (the circum-
stances that sort among the variants) so that some individuals survive or reproduce 
(fitness components) better than others because of their trait variants, that is selec-
tion. If traits of individuals—within populations or within-demes or within-sexes or 
within-families—are variable, if the traits are heritable, if social interactions (e.g., 
aggression, affiliations, collaborations, competitions) vary so that some of the units 
reproduce more, produce healthier offspring, or survive better because of their trait 
variation relative to their social interactions, that is often called social selection. 
Likewise, if there is variation among individuals within a specified sex, and if there 
are non-random environmental/social circumstances that affect the number and/or 
quality of their mates so that their reproductive success varies, that is sexual selec-
tion, which is a sub-type of “social selection”. Therefore, most hypotheses called 
“sexual selection” are simple hypotheses of among male differential fitness due to 
female preferences (e.g., sensory biases) and male-male combat, interference, etc. 
None of the above is complex. It is relatively easy to cast first-principle, deductive 
hypotheses of differential number or quality of mates produced via cooperative or 
affiliative interactions of either same or opposite sex interactions (Fig. 6.1) (Gowaty 
1992, 1996, 1997a, b, 2003a, b; Gowaty and Buschhaus 1998). As investigators 
detail greater specificity of each assumption, the testability of the hypotheses will 
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increase. If we simply listed our assumptions about units of selection, about the 
environmental and social circumstances of selection, and the components of fitness 
that environmental circumstances affect, we would thereby capture the sufficient 
and necessary details of any selection hypothesis. Greater specificity increases clar-
ity of alternatives, and suggests paths for differentiating among hypotheses. Selec-
tion hypotheses are, after all, really and truly like addition and subtraction.

6.8  Back to the Future and More Controversy

Fisher’s (1930) view of sexual selection is more encompassing and interesting than 
that for which he gets so much modern credit. What strikes me when I read Fisher 
is not his famous runaway hypothesis explaining remarkable, bizarre traits usually 
in males, but the fact that he stressed that preferences evolve too.

…The tastes of organisms, like their organs and faculties, must be regarded as the products 
of evolutionary change, governed by the relative advantage which such tastes may confer, 
it appears…that occasions may be not infrequent when a sexual preference of a particular 
kind may confer a selective advantage, and therefore become established in the species 
(Fisher 1930, p. 136).

He said that preferences could evolve within a sex when variation among individu-
als in preferences exist and when environmental circumstances affect differential 
fitness of individuals because of the variation in their preferences. He also noted 
that preferences might have no effect on traits of preferred individuals, if for ex-
ample, natural selection maintained the discriminated differences in the opposite 
sex. He also reasoned that sexual preferences might be more widespread than fancy 
secondary sexual characters.

Here’s a selection hypothesis from Fisher’s general reasoning for the evolution 
of discriminatory ability, which he emphasized may or may not be tightly linked to 
the evolution of a particular trait: Assume within population between-individual 
variation in discriminatory senses exists. Assume ecological circumstances affect 
the advantages or disadvantages of discriminatory senses. Assume that because of 
variation in discriminatory senses and ecological circumstances that differential fit-
ness among individuals in the unit of selection occurs. This is a hypothesis my 
colleagues and I tested in mice, ducks, and flies using an experimental protocol 
that had us draw those to be discriminated at random with respect to observable 
trait variation. When we found individuals with repeatable preferences—after test-
ing each discriminator’s preference for one discriminatee or the other (in arenas 
that allowed discriminator and discriminatees to hear, see, smell, but not touch one 
another)—we randomly assigned discriminators to enforced pairs with the discrimi-
natee they did or did not prefer. Then, we measured components of reproductive 
success—the number of eggs laid per day or offspring born, the number of adult 
offspring, and the percent egg-to-adult or pup-to-adult survival. In mice and flies, 
the species in which we tested preferences of female and male discriminators, per-
cent egg to adult survival was lower when discriminators were in enforced pairs 
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with individuals they did not prefer. Thus discriminators gained fitness benefits 
when paired with those they preferred. In these tests, both sexes discriminated and 
both gained fitness benefits from their preferences while both sexes suffered fit-
ness deficits when in enforced pairs with a partner they did not prefer. Females in 
both species traded off number of pups born or eggs laid with the numbers of adult 
offspring. Related experiments in flies revealed that discriminatees did not vary in 
“quality” (i.e., lifespan variation), suggesting that the advantage of preference on 
offspring viability was not a function of absolute quality of the discriminatees, but 
an interaction effect of the discriminator and discriminatee. We speculate that the 
sensing of the immune coding alleles of potential mates mediates contributions of 
each partner to offspring health via genes, maternal and paternal epigenetic effects. 
The results of our experiments in a suite of very-distantly related species (Gowaty 
2008; Gowaty et al. 2007) are consistent with Fisher’s expectation that preferences 
for opposite-sex potential mates necessarily evolve even if preferences have weak 
or no effect on reproductive success of those with discriminated traits (fancy or 
otherwise). In other words, choosers may have preferred the naturally selected traits 
of potential partners, and thereby gained fitness rewards that would affect the mate 
preferences in both sexes. Naturally selected mate preferences for naturally selected 
traits could produce within-sex variation in numbers of mates (which some consider 
“the sign” of sexual selection), demonstrating again why our naming conventions 
are sometimes confusing, misleading, and downright mischievous.

The expectations of Fisher’s first hypothesis above are very different from the 
modern, canalized expectations of Fisher’s better-known second hypothesis of 
strongly linked female preferences and dramatic, bizarre, attractive traits in males. 
Fisher was careful to say that whenever males with certain traits leave more off-
spring than males with other traits, there are two types of advantages: (1) those 
accruing through natural selection and (2) those associated with intensity and direc-
tionality of female preferences. The second advantage could “run-away” in such a 
way that exaggerated trait variation becomes a mismatch with other environmental 
circumstances so that bearer’s suffer reduced survival. Fisher’s inference of the 
costliness of exaggerated traits was that selection would be periodic, with stasis in 
most such traits most of the time.

In most existing species the runaway process must have been checked, and we should 
expect that the more extraordinary developments of sexual plumage were not due like most 
characters to a long and even course of evolutionary progress, but to sudden spurts of 
change. (p 137).

To restate Fisher’s runaway idea: The unit of selection is among males within a 
species; the environmental circumstances of selection are females' tastes for males, 
which advantages males with the most elaborate and fancy traits, so that males with 
fancy traits have more mates, and more offspring. The fitness payout for females 
presumably is that any sons she has are “sexy” and any daughters inherit her sen-
sitivities. Fisher also explained that investigators should simultaneously evaluate 
the enhanced reproductive success or survival of those with preferences when one 
is considering the reproductive success and survival of the preferred individuals. 
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I took that to mean that the within-sex variation in fitness payouts of preferences 
needed evaluation just as the within-sex variation in the fitness of having a fancy 
trait needed evaluation. Fisher’s exhortation emphasized there are two linked selec-
tive processes in his runaway idea. Importantly, the environmental circumstances 
of selection on those with preferences and those with lavish traits are not the same, 
nor are the components of fitness, and the single fitness linkage of sexy sons may 
be invisible during periods of stasis.

6.9  Much Ado About Nothing: A Modern Controversy

Roughgarden’s hypothesis for the evolution of fancy traits is that the traits are 
badges of inclusion in elite clubs and in which club members kill other same-sex 
individuals who lack the club insignia. Roughgarden’s social selection hypothesis 
assumes males vary in traits, that the social circumstance of lacking an insignia 
induces adorned males (those with the insignia) to aggress against unadorned males 
reducing their survival probability. Roughgarden said Darwin was wrong about the 
evolution of fancy traits, because her idea seems more convincing to her, a stronger 
circumstance of selection than the seemingly weak selection exerted through mate 
choice. However, Roughgarden’s narrow sense “social selection” is no challenge to 
Darwin’s principles upon which all selection hypotheses rest, nor do they violate 
the principles of what many investigators consider sexual selection. A good way 
for males to eliminate rivals from the future classes of mated mates is to kill them 
and if rivals are killed early enough they may enter the class of zero mates for that 
cohort. Because this narrow sense social selection hypothesis is within-sex and de-
pends upon the social circumstances of a male-male competitive interaction, it ap-
pears to fit well enough almost everybody’s intuitive sense of narrow sense sexual 
selection. Moreover, when Roughgarden presents what she says is her hypothesis 
that fancy traits, such as some elaborate secondary sexual characteristics, like “…a 
peacock’s tail, a rooster’s comb, wattle and cockle-doddle-do facilitate male-male 
interactions” rather than male-female interactions posited by Darwin (1871), she 
is non-controversial. There are many examples of exuberant traits that function as 
same-sex signals (Alonso-Alvarez et al. 2004; Berglund et al. 1996; Brumm and 
Todt 2004; Furlow et al. 1998; Gotmark 1993; Hagelin 2002; Mateos and Carranza 
1997; Matos and McGregor 2002; Parker and Ligon 2002). Thus, the basic idea was 
around for a long time before Evolution’s Rainbow.

That the origins of exuberant traits lie in their value as signs of social inclusion 
fits into a long-term discussion of social interactions besides female choice and 
male-male combat (e.g., see Smuts and Smuts 1993). Sexual coercion is another 
social circumstance of sexual selection that can account for within-sex differential 
reproductive success. To repeat: Darwin (1871) defined sexual selection as “a kind 
of selection having to do with reproductive competition between individuals of the 
same sex…” He said that sexual selection “depends on the advantage which certain 
individuals have over other individuals of the same sex and species, in exclusive 
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relation to reproduction” (Darwin 1871, t. I, p. 256). He used the word “competi-
tion” to include combat between males and an affiliative, friendly behavior of fe-
males towards some males and called it “mate choice”. The “competition” Darwin 
spoke of sometimes depended on cooperative and friendly behavior including being 
preferred. Social inclusionary traits are ones that same-sex preferences might medi-
ate. Because the presence and absence of social inclusionary traits yield advantages 
for some and disadvantages for others, within-sex differential reproductive success 
occurs (the "competition" that Darwin emphasized) and so does differential sur-
vival. Thus, social inclusionary traits can evolve via sexual selection. Again, many 
define sexual selection as occurring when individuals expressing sex-limited heri-
table traits (morphology, physiology, or behavior) leave more descendants because 
they had more or better mates than individuals of the same sex who lack the trait 
or have a lesser expression of the trait. That “secondary sexual traits are admission 
tickets to power-holding cliques, social inclusionary traits, condition indicators of 
capacity to supply direct benefits” (Roughgarden 2007) fits into commonly dis-
cussed social circumstances of sexual selection. Whenever secondary sexual traits 
are a social circumstance advantaging membership in the “power holding clique”, 
and whenever not being in the clique means that an individual will surely not breed, 
clique membership mediates one level of within-sex differential reproduction and it 
is sexual selection by the definitional sense that most understand. What is contro-
versial is the claim that social inclusionary trait evolution is an alternative to sexual 
selection. It is not clear how this would be so, and because this is not clear, many 
(Stewart 2006; Lessells et al. 2006; Hurd 2006; Ghiselin 2006; Day et al. 2006; Dall 
et al. 2006) dismiss Roughgarden’s ideas as not different from conventional ideas in 
sexual selection. Also important is that even before Roughgarden claimed it as her 
own, West-Eberhard’s view of social selection subsumed Roughgarden’s. Claiming 
that Roughgarden’s ideas forsake Darwin is much ado about nothing.

Given that one’s naming conventions for selection hypotheses is on the social 
circumstances that sort among variants in the units of selection, it makes sense that 
West-Eberhard’s (1979, 1983, 1984) and others say that social selection subsumes 
sexual selection, and accounts for the evolution of dramatic signals that serve and 
do not serve within-sex reproductive competition, and affecting both reproductive 
success and survival. All of the most famously and recently contested social cir-
cumstances of within-sex competition over reproductive success are social, but not 
all circumstances of social selection are about within-sex competitive reproduction, 
so I have no difficulty with “social selection subsuming sexual selection” claims. 
Social selection is a type of natural selection at the level of individuals, unless of 
course, one broadens West-Eberhard’s view of social interactions to those between 
species. Obviously, Darwin’s narrow-sense sexual selection from female choice and 
male-male contests are social circumstances of selection, so the concept of social 
selection subsumes sexual selection, but perhaps not when one talks about physi-
ological mechanisms of, say, between-male competition.
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6.10  Tests of Alternative Selection Hypotheses

As most elementary discussions of scientific logic say: it is important to test all the 
parts in the chain of inference, not just some of the parts. To me it means testing 
each of the assumptions, preferably against reasonable alternatives. Therefore, I 
can imagine testing a classical idea about male-male competitive dynamics over 
number of mates in the absence of cliquey coalitions and male-male competitive 
dynamics in the presence of cliquey coalitions. How often investigators actually 
will do such testing of assumptions of alternative hypotheses is a problem for the 
future. My impression is that, when the assumptions are clear, empiricists are eager 
to test them using strong inference methods (Platt 1964).

6.11  Conclusion

Recent arguments over sexual selection seem semantic rather than substantive, per-
haps based only on muddled or missing statements of assumptions. We have only to 
stay clear of muddied shoals to continue to build on Darwin’s legacy to understand 
how social circumstances affect differential fitness.
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Abstract Modern sexual selection theory, developed from Darwin’s original intu-
ition, is a cornerstone of evolutionary theory and represents the most parsimoni-
ous and robust explanation for a bewildering array of evolutionary patterns and 
diversity. Here we first outline the principles of modern sexual selection theory and 
discuss their heuristic value. Second, we review empirical demonstrations of the 
operation of sexual selection through the case study of the yellow dung fly. Finally, 
we propose that a sequence of evolutionary events flows inevitably from the early 
evolution of sexual recombination and gametes, to anisogamy and in dioecious 
organisms, to the unity sex ratio via Fisher’s principle. As Darwin and Bateman pre-
dicted, it was the primary sexual difference—anisogamy—that became an almost 
obligatory, irreversible transition favouring socio-ecological conditions that ulti-
mately generated secondary differentiation of sexual strategies between the sexes, 
and typically plays a strong part in their maintenance (though sex roles can, rather 
rarely, be reversed). When considered within the broader context, sexual selection 
emerges deductively as the logical consequence of this evolutionary succession. We 
conclude by highlighting aspects integral to sexual selection theory that are cur-
rently the focus of on-going discussion.

Keywords Anisogamy · Sex roles · Sperm competition · Sexual conflict · Yellow 
dung fly

7.1  Introduction

Darwin (1874) defined sexual selection as competition between individuals of one 
sex (usually males) to gain matings with the limiting sex (usually females), and in-
terpreted male and female sex roles and much behaviour and morphology in terms of 
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what is now termed pre-copulatory sexual selection. Bateman (1948) in a classic pa-
per elucidated the mechanism behind this form of selection, and explained Darwin’s 
claim that sexual selection is typically stronger in males in light of factors arising 
ultimately from the primary sexual difference between the sexes due to anisogamy.

We argue here that there is a remarkable logical beauty in the sequence of events 
(the ‘sexual cascade’; Parker 2014) that flows inevitably from the early evolution of 
sexual recombination and gamete formation, to result in sexual selection and ulti-
mately the differentiation of sexual strategies in males and females. The evolution of 
sexual recombination and gametes led (in multicellular organisms and some unicells) 
directly to the evolution of anisogamy, the primary sexual differentiation underlying 
the two sexes, males and females—which in turn typically generated the unity sex ratio 
via Fisher’s sex ratio principle in organisms with separate sexes. Ancestrally, sexual 
selection would have operated entirely by sperm competition, until enhanced mobility 
allowed higher fertilisation gains via female-targeted sperm release and pre-mating 
competition, leading (as an economic consequence) to testes reduction, the rise of pre-
copulatory sexual selection and enhanced sexual conflict, and to high degrees of sec-
ondary sexual differentiation as Darwin (1874) and later Bateman (1948) predicted.

Despite the power of the logic supporting these sequential evolutionary steps 
and their consequence, the Darwin-Bateman Paradigm (DBP; Dewsbury 2005) of 
typical male and female sex roles, sexual selection has been controversial. The first 
critique came from Alfred Russell Wallace (see e.g. Prum 2012), followed by a pe-
riod where even male-male competition was doubted, ignored, or at best grudgingly 
accepted (e.g. Huxley in the 1930s). In spite of one or two notable exceptions (e.g. 
Bateman 1948; Jacobs 1955) these doldrums persisted until the behavioural ecology 
revolution of the 1970s, after which sexual selection experienced an explosion of 
interest and accumulation of theory and supporting evidence. In the past few years, 
however, Darwinian sexual selection has been attacked as a flawed and unsubstanti-
ated concept, and the DBP characterised as a misinterpretation due to gender bias 
(see Sect. 7.5). We argue that both these attacks are misguided, since the evidence 
for sexual selection is overwhelming, and its conceptual basis (and that of the DBP) 
logically sound (see also Parker and Birkhead 2013).

We first introduce the fundamentals of sexual selection theory and argue that this 
theory represents a powerful heuristic tool and the most parsimonious explanation 
for a very wide range of biological patterns. Next, we illustrate how the Darwinian 
concept of sexual selection is the logical consequence of evolutionary transitions 
originating from the evolution of sex and recombination. Finally, we focus our dis-
cussion on some issues that have contributed to ignite recent debate over sexual 
selection theory.

7.2  Sexual Selection Theory is a Powerful Heuristic Tool

Darwin (1874) viewed sexual selection as a process targeting variation in repro-
ductive success among individuals of the same sex and species solely due to intra-
sexual competition over access to reproductive opportunities. This definition was 
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later formalized in the concept of the opportunity of sexual selection, IT, which is 
the standardized variance in intra-sexual reproductive success

where T  is the average total reproductive success for an individual and 2σ  is the 
variance in T across individuals of the same sex (Arnold and Wade 1984; Shuster 
and Wade 2003; Jones 2009). IT represents a useful empirical measure of the poten-
tial of sexual selection that can operate in a given population (but see Sect. 7.5.3). 
A trait explains a significant portion of IT when a standardised increment in the trait 
causes a standardised change in individual reproductive success, and the strength 
of sexual selection on the trait is measured by the slope of the regression of indi-
vidual reproductive success against standardised trait expression (the sexual selec-
tion gradient, β, Arnold and Wade 1984). There is an elegant simplicity in this view, 
which makes it broadly relevant (i.e. applicable to all sexually-selected organisms, 
from unicellular to human) because it does not depend on assumptions about the 
proximate (i.e. cognitive, physiological or morphological) mechanisms underpin-
ning variance in T.

Crucially although Darwin developed sexual selection theory to explain sexual 
dimorphism, he was aware that intra-sexual competition occurred in both males and 
females, and his framework is equally applicable to both sexes, making no a priori 
assumptions about sex-specific patterns of sexual selection. Instead, sexual dimor-
phism and ‘sex roles’ emerge as properties of sex differences in the opportunity of 
sexual selection. Darwin recognised that intra-sexual variance in T depends on the 
number and ‘quality’ of reproductive mates secured. The number of partners cor-
responds to individual mating success ( M). Mate ‘quality’ ( Q) captures a number of 
ways through which the contribution of an individual to a reproductive event affects 
the fitness of its mate, so that the total reproductive success of an individual can be 
expressed as:

where ε  is an error term with zero mean. Female quality for example, would in-
clude clutch size, or the number of eggs produced by a female in a given event, 
but clearly maternal investment in the eggs and zygotes, as well the expression 
of maternal genes in the descendants would also play an important role in quality. 
Similarly, male quality would include paternal investment and the genetic contribu-
tion to the offspring.

7.2.1  Sex Roles and the Darwin-Bateman Paradigm

In a series of experiments on Drosophila melanogaster published in 1948, Bateman 
presented empirical evidence suggesting that the regression of T on M was steeper 

2
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in male rather than female flies, suggesting that sexual selection is more intense in 
males than in females. Bateman (1948) generalised these results and proposed that 
the sex experiencing more intense sexual selection has higher standardised variance 
in both T and M (i.e. IT and IM respectively) and a steeper slope β  of the regression 
of T on M:

Therefore, β  measures the gradient of sexual selection on mating success and is of-
ten referred to as the Bateman gradient. Bateman (1948) argued that because of an-
isogamy (see below) males typically produce orders of magnitude more sperm than 
there are eggs available for fertilisation; their reproductive success is essentially 
limited by their ability to access mating opportunities, resulting in higher male IT and 
IM, and a steeper Bateman gradient than females. The larger investment in individual 
gametes would constrain (but not necessarily eliminate) the Bateman gradient on 
females. For 1≥M , lower (or zero, or even negative) Bateman gradients in females 
are therefore expected, though positive female gradients can arise for many reasons, 
including increased fertility, male nuptial gifts, or may partly reflect the proportion 
of female IT that is explained by variation in male Q. Anisogamy therefore creates a 
fundamental difference in the way Darwinian selection operates on adult males and 
females: sexual selection pushing primarily males to compete with each other over 
access to mating opportunities, and females to compete more strongly for resources 
to produce young and to discriminate amongst prospective mates.

Bateman’s intuition therefore provided a conceptual framework for Darwin’s 
original prediction that sexual selection favours the exaggeration of male traits that 
result in higher M and/or Q by conveying a competitive advantage in intra-sexual 
selection and/or by matching more closely female mating preferences (inter-sexual 
selection). Darwin gave much evidence for patterns of male-male competition for 
females, which have subsequently been amplified considerably. A sex role pattern 
of high observable male-male competition when male parental investment (PI; 
Trivers 1972) is zero or very low is undeniable, this is correlational only but fits 
explanations based on the primary sex role divergence due to anisogamy (e.g. see 
Kokko et al. 2013; Schärer et al. 2012)—as we later discuss. This view, the Darwin-
Bateman paradigm (DBP), was further developed and nuanced to become the back-
bone of modern sexual selection theory (Trivers 1972; Arnold and Duvall 1994).

7.2.2  Sperm Competition

A significant advance in the DBP and developments in modern sexual selection 
theory has been the realisation of an additional source of variance in T giving rise 
to episodes of sexual selection unexplored by Darwin. Parker (1970a) reviewed fe-
male mating behaviour in insects and proposed that whenever a female mates with 
more than one male in a way that their sperm co-occur at the time of fertilisation 
of a set of eggs, these ejaculates compete for fertilisation opportunities, a process 

( · ) .T Mβ ε= +
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that became known as sperm competition. Sperm competition therefore represents 
a form of intra-sexual selection, which occurs under some degree of female poly-
andry, and can account for many sexual adaptations (Parker 1970a). Despite sci-
entific history, in evolutionary terms sperm competition long predates Darwinian 
pre-copulatory sexual selection, as we later argue.

The possibility that a male might not fertilise the entire clutch of his mate(s) in-
troduces variability in the proportion of the eggs fertilised by each of the males that 
mated with the same female within the relevant time window (i.e. in time for their 
sperm to have a non-zero probability of fertilisation). Under sperm competition the 
reproductive success of a male therefore becomes:

where P represents the paternity share within a clutch across M females (Webster 
et al. 1995; Collet et al. 2012).

It has been proposed that polyandry can also create potential for females (and/or 
their ova) to exert a systematic bias of the outcome of sperm competition in favour 
of the ejaculates of certain male phenotypes or genotypes, a process known as cryp-
tic female choice (Eberhard 1996). Mechanisms of cryptic female choice represent 
an episode of inter-sexual selection generated by polyandry. In internally fertilising 
organisms sperm competition and cryptic female choice follow necessarily episodes 
of male competition and mate choice (pre-copulatory sexual selection). In some ex-
ternal fertilisers (e.g. corals, echinoderms) however, sperm competition and cryptic 
female choice might to a large extent replace pre-copulatory sexual selection.

As for pre-copulatory episodes of sexual selection, episodes of post-copulatory 
sexual selection are not necessarily restricted to males. Under some extreme condi-
tions of male sperm limitation or sex-role reversal, the ova of different females can 
compete for access to sufficient sperm supplies to guarantee fertilisation. Similarly, 
like females, males can also perform ‘cryptic’ mechanisms of mate choice, by stra-
tegically adjusting their ejaculate expenditure based on the phenotype or genotype 
of their mates (see below).

7.2.3  Evidence of Sexual Selection

Over the last 40 years the study of sexual selection has exploded and represents one 
of the most dynamic and topical areas of evolutionary biology. Reviewing such vast 
empirical effort is well beyond the scope of this chapter, and rather than give a long 
list of the successes, in Sect. 7.3 we showcase detailed studies carried out on one 
species as an example of how sexual selection theory can explain adaptation. The 
reader is encouraged to refer to a number of excellent reviews on this subject (e.g. 
Andersson 1994; Andersson and Simmons 2006; Kokko et al. 2006; Jones and Rat-
terman 2009). Suffice it to note here that overwhelming empirical evidence has ac-
cumulated that exaggerated traits, which convey no viability benefits (i.e. the traits 
that inspired Darwin to think about sexual selection theory in the first place), can 

( · · ) ,T M Q P ε= +
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deliver significant advantages in intra-sexual competition by increasing M and Q, 
as hypothesised by Darwin (1874). In most cases, sexual selection remains the only 
parsimonious explanation to account for the evolution and maintenance of such 
traits. There is also robust evidence that sexual selection is determined by direct 
intra-sexual competition and by differential patterns of mating responses and mate 
discrimination in the opposite sex, consistent with mate choice. While sexually-
selected male traits to increase M are intuitive, the adaptive nature and functional 
significance of mate choice (in other words, the mechanisms through which females 
evolved preference for certain mate types) is less clear, as one would expect given 
the following elements: (a) the multidimensional and context-dependent nature of 
Q, (b) the different inter-sexual co-evolutionary trajectories that mould preference, 
and (c) the often weaker (compared to M) effect of Q on T. It is important to note 
here that sexual selection theory predicts some degree of inter-sexual selection 
through forms of mating preferences or discrimination, but does not require specific 
assumptions about the evolutionary mechanisms underpinning such preferences.

In conclusion, sexual selection theory typically provides the only parsimonious 
and robust explanation for variation in sexual dimorphism and the evolution of a 
class of traits, exaggerated ornaments and armaments. One could argue that this is 
reassuring but hardly surprising considering that exaggerated male ornaments and 
armaments are the traits that originally inspired Darwin’s theory of sexual selection. 
Crucially however, the heuristic power of sexual selection theory transcends the 
explanation of such traits, and has been successfully applied to explain biological 
patterns that were unknown to Darwin. Below, we consider two such triumphs of 
sexual selection theory.

7.2.4  De Novo Evolution of Sexually-Selected Traits

The yeast, Saccharomyces cerevisiae, reproduces sexually through disassortative 
fusion between sex cells of two types, MATa and MATα, which attract each other 
through the production of, and attraction to, a-pheromone and α-pheromone. Nor-
mally, the diploid organism undergoes meiosis and produces a tetrad of four haploid 
sex cells (two of each type) and self-fertilization occurs within the tetrad between 
MATa and MATα cells. This reproductive mode prevents sexual selection by re-
moving sexual competition between individuals. If however, haploid sex cells from 
different individuals are mixed, potential for competition arises between individuals 
to attract and fuse with cells of the opposite type. Rogers and Greig (2009) have 
used this experimental construct to artificially create sexual selection in this system. 
The authors created six replicate (isogenic) populations in which the ratio of mating 
types was experimentally biased in favour of MATα. The artificial excess of MATα 
creates opportunity for sexual selection by forcing competition within this cell type 
to attract MATa cells. In each of the populations, the authors introduced a rare allele 
coding for an increased production of α-pheromone in MATα. The study monitored 
the spread of this strong signalling allele in the replicates evolving under sexual 
selection and six additional control populations evolving in the absence of sexual 
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selection (i.e. equal ratio of MATa and MATα) for 13 generations. In all sexually-
selected populations the strong signalling allele increased rapidly in frequency and 
had approached fixation in five out of six by the 13th generation. In stark contrast, 
in five out of the six the control populations there was no appreciable increment 
in frequency and only a modest increase in the sixth. The study provides an el-
egant experimental demonstration of the central axiom of sexual selection theory, 
intra-sexual competition can favour the spread of a trait that confers a competitive 
advantage.

This is but one example of many ‘experimental evolution’ studies in which the 
predictions of sexual selection theory have been validated. Many such investiga-
tions have compared populations after several generations of breeding under ‘en-
forced monogamy’ (in which sexual selection is absent) with those breeding under 
increased male-male competition or ‘enforced polyandry’ (e.g. see Sect. 7.3.2(iv)).

7.2.5  Sperm Competition and Ejaculate Expenditure

As noted above, Darwin’s original theory of sexual selection was largely limited to 
pre-mating events. The intuition of sperm competition and post-copulatory sexual 
selection came about a century later (Parker 1970a), and led to the discovery of a 
remarkable diversity of traits and mechanisms—largely unsuspected by Darwin—
mediating the outcome of sperm competition. Yet, the application of the general 
principles of sexual selection theory has enabled evolutionary biologists to under-
stand the operation of post-copulatory events just as successfully as we can predict 
the operation of pre-copulatory episodes. A large body of theoretical work, ejaculate 
economic theory, has been developed to predict the way sperm competition drives 
the evolution of male ejaculate expenditure (Parker and Pizzari 2010). Qualitative 
and sometimes quantitative support for many of these predictions has been accu-
mulated by a plethora of empirical studies investigating patterns of male ejaculate 
expenditure in terms of the percentage of body mass devoted to gonads (i.e. the 
gonadosomatic index or GSI = 100[gonad mass/total mass]), and in terms of number 
of sperm allocated to individual copulations (Parker and Pizzari 2010; Kelly and 
Jennions 2011), demonstrating that ejaculate economic theory can be a powerful 
heuristic to explain variation in ejaculate expenditure across species, across males 
within species and even plastic changes within individual males (Parker and Piz-
zari 2010). More recently, ejaculate economic theory has been extended to con-
sider widespread cases where non-sperm ejaculate compounds have gonadotropic 
effects on females boosting their clutch size or oviposition rate (Alonzo and Pizzari 
2010). These models predict that males evolve dynamically strategies of differential 
ejaculate allocation by preferentially investing in sperm and less in gonadotrophic 
compounds when they mate with a female after another male. This strategy would 
enable the second male to invest in sperm competition while simultaneously ex-
ploiting the fecundity investment made by the first male in a female. Patterns of 
strategic ejaculate exploitation consistent with these theoretical expectations have 
been experimentally demonstrated in D. melanogaster, where males preferentially  
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reduce their investment in the gonadotropic accessory gland compound ovulin 
when they mate second with a female (Sirot et al. 2011).

7.3  The Yellow Dung Fly as a Case Study

Research on the common yellow dung fly, Scatophaga (= Scathophaga) stercoraria 
L., carried out over many years, has resulted in probably the most extensive data 
available on sexual selection in a given species. Studies published in the 1970s 
(reviewed by Parker 1978a) began in 1965 specifically for the purpose of testing 
Darwin’s theory of sexual selection at a time when it was largely ignored, using a 
hypothetico-deductive approach of testing observations against predictions gener-
ated by optimality modelling. This has the aim, not to show that animals behave 
optimally, but to provide evidence that the selection pressures used in the model are 
those that have moulded the adaptations under consideration (Parker and Maynard 
Smith 1990). The early models for the dung fly mating system were constructed on 
the assumption that sexual selection acts to maximise a male’s overall fertilisation 
rate in competition with other males. An evolutionarily stable strategy (ESS) ap-
proach was used to determine the male competitive optima for several traits. Studies 
of sexual selection in this species continue to present day, and by now have covered 
a wide range of sexually-selected adaptations (both pre-and post-copulatory). From 
the outset they have shown that sexual selection can generate very fine-grained 
adaptive optima (Parker 1978b).

The mating system of dung flies was described by Hammer (1941) and Parker 
(1978b). Males arrive swiftly around fresh cattle droppings to await the arrival of 
gravid females, who typically lay all their mature eggs as a batch in a single drop-
ping. Although generally already containing sperm from previous matings, a gravid 
female copulates at each visit to the dung to oviposit. Struggles between males for 
the possession of females are common. After copulation the male does not dismount 
but releases genital contact and then guards the female from other males until she 
has finished laying her mature eggs, which she signals by side-to-side movements. 
The male then dismounts and the female flies away immediately, returning only 
when her next egg batch is mature, when she mates again before laying the next 
batch, and so on.

This pattern poses the question of why females are polyandrous (the average 
number of ejaculates stored is around 3 per female; Demont et al. 2011). Tregenza 
et al. (2003) found no simple benefits or costs of double versus single mating for 
females, but Hosken et al. (2002) found that females mated once survived longer 
than those mated three times, suggesting that longevity costs are associated with 
multiple mating. There are physical costs of mating to females (Hammer 1941; 
Parker 1978a; Demont et al. 2011). There are also obvious time costs of supernu-
merary matings (Parker 1970b). All this suggests that significant female benefits 
must accrue to polyandry to offset its costs. A number of possible advantages have 
been found or proposed. Polyandrous mating at each return to the dropping for  
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oviposition can result a large saving in time at the dropping to a female, which 
arises from the benefits of gaining a guarding male for oviposition (Parker 1970b). 
Also, males that were more successful in sperm competition sired offspring that 
developed faster (Hosken et al. 2003). Another possible benefit relates to cryptic 
female choice (see also Sect. 7.3.2(v)). For example, elegant field experiments, in 
which all reproducing parents and progeny arising from artificial droppings were 
genotyped, showed that for females the total number of offspring and proportion of 
offspring emerging increased with the degree of polyandry (Demont et al. 2012).

The maximisation criterion used in optimality models of male-male competition 
in dung flies is eggs fertilised per minute of reproductive activity. The expected 
value of time at the dropping to a male (0.23 eggs/min; the mean for over a hundred 
droppings) was calculated as: total eggs oviposited into the dropping by all females 
divided by total time spent by all males at that dropping (Parker 1970c).

7.3.1  Pre-Copulatory Adaptations

7.3.1.1  Competitive Mate Searching by Males Matches  
Ideal Free Predictions

The numbers of each sex at a dropping shows a rise to a peak, then a gradual decay 
as the dropping ages; the male peak is much earlier than the female peak (Parker 
1970c). From the average time each female spends at the dropping, the rate of ar-
rival of females was calculated to be a decay curve, with the highest female arrival 
rate, F t( ), immediately after dropping deposition at time t = 0. Knowing the number 
of males present through time t, males present at the earliest times could be shown 
to experience highest fertilisation rates. Thus males arriving instantly and remain-
ing for a very short “stay time” would appear to be at an advantage. However, such 
males would experience high fertilisation losses due to excessive times spent search-
ing for new droppings (the average time taken to find a new dropping is c. 4 min). 
The ESS consists of a distribution of stay times such that all males achieve equal 
fitness in terms of probability rates of capture of females (= c per min). When travel 
time between droppings was included, all males were shown to experience similar 
gain rates, whatever their stay time at the dropping (Parker 1970c). Their behaviour 
matched the ESS, which is defined by all males arriving as quickly as possible to a 
given new dropping, then showing a phased departure so that the number of males 
present at time t, m t( ), balances the rate of arrival of new females: 1( ) ( )− ⋅=m t c F t ,  
i.e. they should obey ‘input matching’ (Parker 1978a), a temporal version of the 
ideal free theory distribution (Fretwell 1972). Later, the claim of equal male gain 
rates was criticised by Curtsinger (1986) on various grounds, including the fact that 
differences in stay time had not been tested statistically. However, when examined, 
no statistical difference from the input matching prediction could be found, and 
other criticisms were also refuted (Parker and Maynard Smith 1987). The evidence 
that male dung flies show input matching during mate searching, as predicted by 
sexual selection, remains strong.
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In addition to this temporal ideal free evidence, there is also good evidence that 
males obey ideal free searching in space around the dropping (Parker 1974b). There 
are three sources of gain for a male: newly-arriving, gravid females, take-overs 
of females from copulating pairs, and take-overs of females from guarding males 
while the female is laying her eggs (after a take-over, the successful male imme-
diately mates with the female and then fertilises over 80 % of the subsequent egg 
batch). During the first 20 min after deposition, male search strategy is geared to-
wards newly-arriving females (often encountered in the grass round the dropping); 
the proportions of males searching in each of a series of concentric zones on and 
around the dropping matched ideal free expectation (Parker 1974b, 1978b). But 
later, gains from take-overs (especially of ovipositing females) become significant, 
drawing more males to the dropping surface rather than the surrounding grass. Park-
er (1974a) predicted y = the ESS proportion of the total searching males expected 
on the dropping surface in relation to two variables: x = time after dropping deposi-
tion, and z = the total number of searching males. This predicted three-dimensional 
profile of y x z( , ) showed a good fit to the observed profile, suggesting that males 
respond to both (i) time after dropping deposition and (ii) number of competitors 
in determining where to search for females (surrounding grass versus dropping sur-
face).

7.3.1.2  Males Show Intense Struggles for the Possession of Females

Dung fly males show specialised guarding behaviour and extreme contest behav-
iour; both are directed exclusively to gaining or retaining females (Parker 1970d)—
there can be no doubt that they have evolved through Darwinian intra-sexual selec-
tion. The male mounts as soon as a gravid female is encountered, copulates, and 
then guards the female during oviposition. However, especially when a female flies 
directly to the dropping with a high density of searching males, two or more males 
may contact the female simultaneously and a protracted struggle then develops be-
tween males for possession of the female. If a searching male approaches a copulat-
ing or ovipositing pair, the paired male shows specialised behaviours that deflect 
the attacker away from the female. But should a second attacker approach while the 
paired male is deflecting the first attacker, the second attacker may manage to grasp 
the female and insert himself between the paired male and the female, resulting in 
a struggle. The probability of take-over is higher during oviposition than during 
copulation (Parker 1970d), but irrespective of when it occurs, after a take-over the 
new male copulates and guards the female while she lays her remaining eggs.

Parker and Thompson (1980) examined the time distribution of dung fly strug-
gles, again taking male fitness as expected number of eggs fertilised per min, but 
modifying the struggle time to take account of the energetic costs of struggling 
relative to searching for an alternative female. One second spent struggling was 
assumed to cost k seconds searching; likely values for k were deduced from pub-
lished data on insects. Superficially, struggles between males could plausibly match 
the predictions of the symmetric war of attrition with linear costs (Maynard Smith 
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and Price 1973) since struggle durations showed a negative exponential distribution 
with a mean in the expected range. However, this concordance was lost when the 
data were examined in categories; for example, there was a much higher probability 
that the holder will win than the attacker.

Dung fly struggles are asymmetric contests, and males with larger body size 
have a greater probability of winning (Sigurjónsdóttir and Parker 1981). Struggles 
are probably settled by assessment as information is acquired during the contest 
about the relative ‘resource holding power’ (RHP; Parker 1974b) of the two males. 
The attacking male is typically larger than the guarding male, and as the relative 
size of the guarding male increases, the persistence duration of the attacker de-
creases. The RHP of the guarder appears to be influenced by his size relative to both 
(i) the attacker and (ii) the female he guards. Interestingly, the duration of struggles 
in which there was no take over (i.e. when the attacker gave up) increased with 
the number of eggs remaining to be laid by the female, suggesting that the paired 
male’s choice of persistence time increased with the value of the female, as may be 
expected from contest theory if the paired male ‘knows’ how many eggs have been 
laid. However, this was not so when a struggle resulted in a take over (i.e. when 
the paired male gave up), suggesting that the attacker had no information about the 
eggs remaining to be laid, which again seems plausible. Sigurjónsdóttir and Snor-
rason (1995) examined the body size of flies in relation to their spatial distribution 
around droppings, and found that males guarding ovipositing females were on aver-
age similar in size to those copulating on the dung, but larger than males copulating 
in the grass, which they interpreted as being due to various effects, including the 
advantage of male size in take-overs. In flies reared under high and low density 
conditions, Stockley and Seal (2001) found that the propensity to begin struggles 
increased in relation to body size among males reared at high density, though the 
opposite trend was found in those reared at low density.

Sexual selection intensity (male mating success) was measured directly in the 
field by Jan et al. (2000), and conformed to the behavioural observations. As ex-
pected, selection intensity increased with male competitor density at a dropping. 
Though there was some evidence that small males had higher mating success at 
very low densities, overall, large males had higher mating success. Jan et al. found 
higher selection intensity for large size in males than females (see also Blancken-
horn 2007), a result consistent with the observed sexual size dimorphism in yellow 
dung flies, where males are typically considerably larger than females.

7.3.1.3  Pre-Copulatory Female Choice

Though generally agreed to be a predominantly male-controlled mating system, 
there is some evidence that at low male densities—when females are potentially 
able to choose between males—they show preference for pairing with larger males; 
this was argued to relate to the benefits of having a large male guarding during ovi-
position, and so avoiding struggles, which can be costly and damaging to females 
(Borgia 1981).
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7.3.2  Post-Copulatory Adaptations

7.3.2.1  Emigration from the Dropping at High Male Density  
Matches Intra-Sexual Selection Predictions

Though many pairs begin mating in the grass surrounding the dropping, some be-
gin mating on the dropping surface; the paired male often then flies the female to 
the downwind surrounding grass some distance from the dropping, returning some 
minutes before the end of copulation. Parker (1971) proposed that such behaviour 
related to a male guarding his paternity, and analysed the relative benefits to males 
of mating on the dropping versus mating in the grass. Since the temperature of the 
dropping surface during copulation is typically considerably higher than that of the 
surrounding grass, copulations in the grass are typically 30–35 % longer than those 
in the grass, costing the male approximately 8 min (= 1.8 eggs) at 20°C. However, 
a ‘risk map’ of the dropping areas showed that the risk of a take-over by another 
male (with consequent loss of most of the egg batch) is much higher on the dropping 
than in the down-wind surrounding grass (most males search on the dropping or in 
the upwind surrounding grass, where most incoming females are found). Take-over 
risk increases with the density of males searching on the dropping. Comparison of 
the fertilisation gain rates of the two strategies, emigrate or stay on the dropping, 
showed that below density of 5 searching males on the dropping, it is favourable 
to stay on the dropping for mating. Above 5 searching males, it pays to fly to the 
downwind surrounding grass. The observed emigration behaviour was found to in-
crease steeply with male density, and the density at which 50 % of pairs emigrated 
was 5 searching males, fitting the expectation from the model. Parker (1971) also 
calculated the threshold at which it would be in female interests to emigrate, based 
on minimising the time spent around the dropping. Countering the benefit of the 
shorter copulation time is the risk of time spent on an extra mating after a take-over. 
The threshold at which emigration is favourable for the female is around a searching 
male density of 28, much higher than the 50 % emigration value (and well beyond 
the density at which the 90 % emigration asymptote has been approached), suggest-
ing as expected that it is sexual selection on males that has shaped the emigration 
behaviour.

Emigration from the dropping may depend on male body size. Sigurjónsdóttir 
and Snorrason (1995) found that the mean body size of males copulating in the 
grass was smaller than single searching males or paired males on the dung surface. 
This may arise either from a lower emigration threshold for small males due to their 
increased risk of take-over, or to the fact that they tend to search in the grass, or to 
a combination of both effects.

7.3.2.2  The Guarding Phase Confers a High Sexual  
Selection Advantage to Males

A similar cost-benefit analysis suggests that the male’s guarding behaviour is main-
tained by intra-sexual selection, as a paternity guarding mechanism (Parker 1970e). 
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Guarding the female greatly increases the probability that the paired male will retain 
paternity of most of the egg batch, but costs the male mating opportunities through 
the time spent guarding. Taking both effects into account, calculation of fertilisation 
rates showed that a mutant male lacking guarding would sustain a high intra-sexual 
selective disadvantage at all densities of searching males common during reproduc-
tive activity. This explains why guarding is maintained in the present population, 
but not how it evolved initially—in an ancestral population in which females are 
totally unreceptive after mating, guarding could not evolve since male paternity is 
already protected by female unreceptivity. Many female Diptera become unrecep-
tive at least for some time after an initial mating, though unreceptivity is rarely fully 
effective in preventing mating against male persistence.

Calculations showed that guarding behaviour would spread provided that more 
than 10 % of mated females in the ancestral population would have been willing (or 
could have been coerced) to remate. This is only slightly higher than the level ob-
served in dipterans classified as ‘unreceptive’, so that given the very high densities 
of males around the oviposition site in this species, it is not difficult to envisage the 
origin of guarding. The behaviour of guarding females during oviposition had previ-
ously been interpreted as male co-operation with females to increase the efficiency of 
oviposition by deflecting the attacks of searching males (Foster 1967). While this is 
an unlikely explanation of the male behaviour, it does appear likely that females gain 
by allowing copulation to gain a guarding male. With the present rather poor ability of 
females to reject males, copulating (even in the absence of any other positive benefit) 
results in an overall time benefit of some 50 min for the female (Parker 1970b).

7.3.2.3  Copula Duration (i.e. sperm allocation)  
Fits Predictions for Male Optima

The most extensive quantitative investigations of dung flies involve studies of 
copula duration in relation to sperm competition and the economics of sperm al-
location. Gravid females arriving at droppings usually contain sperm from previous 
matings; copulating males therefore generally compete against previously-stored 
sperm, which are gradually displaced from the female’s sperm stores during copula 
(Parker 1970f). New sperm are input by a copulating male at a constant rate (Sim-
mons et al. 1999), and the plot of fertilisation gains with time copulating shows 
diminishing returns (Parker 1970f). There is a trade-off between fertilisation gains 
from the present mating and gains from future matings. Early analyses showed 
that the average copula duration of males (resulting in around 85 % paternity) was 
around the optimum predicted by models that maximise male fertilisation rate dur-
ing reproductive activity (i.e. time spent mate-searching and mating). This result is 
obtained from either competitive optimisation procedures (Parker 1970f), or (since 
payoffs are only very weakly frequency dependent) from marginal value theorem 
(Parker and Stuart 1976). However, with virgin females, fertility rises very steeply 
with time after the start of mating, and the male’s optimal copula duration is just 
11 min (Parker et al. 1993). The observed copula duration is nevertheless the same 
for virgins and mated females, suggesting that males cannot discriminate.
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These studies on the average copula duration with gravid females show a small 
discrepancy between the observed (36 min; Parker 1970f) and the predicted optima 
(42 min, including meetings with undetected virgins, Parker et al. 1993). More re-
cent studies have sought to evaluate dung fly copula duration in greater detail by 
examining optima in terms of phenotypic size variation of males and fecundity 
variation in females. The evidence suggests that copula duration is optimised across 
all male size phenotypes (i.e. the observed regression of copula duration against 
male body size matches the optimal regression, holding female size constant at the 
species average). Further, holding male size constant at the average, the observed 
regression varying female size also appears to be around the optimum predicted for 
the male.

Two factors influence the optimum in relation to male size: (i) sperm displace-
ment rate increases with male size, and (ii) time to find and guard a new female 
decreases with male size, due to a size advantage in gaining take-overs in struggles 
for females (Parker and Simmons 1994). Charnov and Parker (1995) showed that 
these two effects interact so that optimal total sperm allocation should remain ap-
proximately constant with male size. Hence small males, with lower displacement 
rates, should copulate for longer time than large males to achieve equal input. As 
expected, observed copula duration decreases with male size (Ward and Simmons 
1991; Parker and Simmons 1994; Simmons et al. 1999). The first calculation of the 
predicted relationship between copula duration and male size assumed that males 
displace sperm directly from the female sperm stores (Parker and Simmons 1994). 
This gave a good fit with the observed relationship, except for small males, where 
longer copula durations were predicted than were observed. Later, it was found 
that sperm displacement is indirect; sperm flow from the male aedeagus into the 
female’s bursa, and is then transferred by movements of the female tract to the 
spermathecae (Hosken 1999; Hosken and Ward 2000; Simmons et al. 1999). When 
the predicted relationship was remodelled for this indirect transfer method the poor 
fit for small males disappeared, generating a very good fit between predicted and 
observed copula durations across all natural male sizes (Parker and Simmons 2000). 
Thus size-dependent optimal sperm displacement in dung flies can thus be ex-
plained by fertilisation rate maximisation in relation to the factors (i) and (ii) above.

Male dung flies vary their sperm allocation in relation to female fecundity: copu-
la duration increases with female egg content (Parker et al. 1999). This observation 
matches predictions, and the match is again quantitative both for matings with new, 
fully gravid females arriving at the dropping, and also for matings with females 
taken over by a new male part way through oviposition. In addition to egg content, 
a second factor that must be taken into account in optimality models is the fact 
that a female’s reproductive tract dimensions (notably her spermathecal volumes) 
increase with her size, decreasing the sperm displacement rate (Parker et al. 1999). 
Fertilisations in future clutches exert only a small effect on predicted copula dura-
tion for matings with fully gravid females, but exert an increasing effect as ovipo-
sition proceeds. For gravid, newly-arriving females, the number of mature eggs 
increases linearly with female size (Parker 1970f). The observed copula duration 
was found to increase with female size in a close quantitative fit with the predicted 
relation, and males probably assess female size rather than egg content directly 
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(Parker et al. 1999). For females taken over during oviposition, the eggs remaining 
to be laid depends on the timing of the takeover, and the observed copula duration 
decreases as eggs decrease, again fitting the prediction qualitatively except that the 
latter is slightly steeper than the observed relation. Males successful at take over 
may assess female egg content by how her much abdomen is distended; distension 
decreases notably throughout oviposition.

7.3.2.4  Experimental Evolution Produces  
Changes Predicted by Sexual Selection

Studies of experimental evolution in dung flies have generated the evolutionary re-
sponses predicted by sexual selection (Hosken and Ward 2001; Hosken et al. 2001; 
Martin et al. 2004). These experiments involved lines selected under either enforced 
polyandry (each female mated with 3 different males before oviposition, enabling 
post-copulatory sexual selection), or monogamy (each female mated only once, pre-
cluding sexual selection). Theory predicts that relative testis size should increase 
with the mean level of sperm competition in a population (reviewed in Parker and 
Pizzari 2010), and matches to this prediction have been found in so many compara-
tive studies that relative testis size is now used ubiquitously as an indicator of sperm 
competition level. Monitored after only 10 generations, a strong divergence in testis 
size was found between monandrous and polyandrous dung fly lines, with much 
larger testes in polyandrous lines, where sperm competition was present (Hosken 
and Ward 2001; Hosken et al. 2001). Females in polyandrous lines evolved larger 
accessory sex glands, which are argued to increase female ability to influence pa-
ternity: males’ success as second mates was lower in females in polyandrous lines 
(Hosken et al. 2001). However, males from polyandrous lines achieved higher pa-
ternity under sperm competition, supporting the prediction of increased testis size. 
A trade off may apply here: increased investment in testis mass appears to correlate 
with decreased immune function (Hosken 2001). By rearing larvae under high and 
low density conditions, Stockley and Seal (2001) found that males reared at high 
density with larger testes were less active in mate-searching, suggesting a trade off 
between testis investment and mate searching activity; however, the same trend was 
not found in males reared at low density.

Martin et al. (2004) compared fitness traits (lifetime reproductive success and 
longevity) of females evolved under enforced monogamy with those evolved under 
polyandry after each female had a single mating with a male from one of the two se-
lection regimes. Females from polyandrous lines had lower fitness; they died earlier 
and produced significantly fewer progeny. Martin et al. plausibly argue that these 
results arise from sexual conflict inherent with the polyandrous selection regime.

7.3.2.5  Studies on Sperm Selection by Females

There have been several attempts to demonstrate female choice aspects of sexual 
selection in dung flies in terms of cryptic female choice, i.e. post-copulatory sexual 
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selection in which the female selects sperm from alternative ejaculates (Eberhard 
1996). Ward (1993) was first to propose that female dung flies bias paternity, and 
that this may account for some of the (typically high) variation in the proportion of 
last-male fertilisations (P2) typically seen in paternity studies (Ward 2000). Hell-
riegel and Ward (1998) investigated theoretically plausible mechanisms enabling 
sperm preference with single or multiple sperm stores. For example, females hav-
ing one store could apply different storage rates for different ejaculates; those with 
two or more stores could also separate ejaculates across stores. Ability to choose 
sperm from a given store enables far more effective paternity control, and offers a 
plausible hypothesis for why females often have more than one sperm store (e.g. 
Matsuda 1976; Ward 1993; Eberhard 1996; Hellriegel and Ward 1998). Dung fly 
females typically have three spermathecae and infrequently four.

The success of dung fly eggs depends on the topography and microclimate of the 
place of oviposition on the dropping; choice of a suitable oviposition site increases 
female reproductive success (Ward et al. 1999). Ward (1998) raised larvae of differ-
ent phosphoglucomutase ( pgm) genotypes in two different dung conditions with the 
same means for humidity and temperature, but in one set the temperature remained 
constant and in the other set it was variable. He found that the most successful geno-
type differed between the two sets. In an experiment in which females were con-
strained to lay in simulated ‘sun’ or ‘shade’ conditions, one of two pgm alleles was 
relatively commoner in eggs laid in ‘sun’ the other relatively more common ‘shade’; 
differences in hatching or mortality could be discounted from this effect. He sug-
gested that females use sperm selection to lay eggs of different genotypes under 
different sun/shade conditions, increasing offspring fitness by matching their geno-
types to the larval growth conditions. Ward (1993, 1998) also found that in fixed 
length copulations, females stored more sperm from larger males, though whether 
this is due to cryptic female choice (Ward 1998) or to the fact that larger males have 
higher sperm input (and hence displacement) rates (Simmons et al.1996) remains 
controversial. Ward (2000) also found higher last male paternity if the second of 
two males to mate was genetically similar to the female at the pgm locus, and sug-
gested that this involved cryptic female choice. In the field, pgm alleles from eggs 
were found to be non-randomly distributed between both (i) north and south slopes 
and (ii) shaded and sunny areas of artificial cow pats (Ward et al. 2002), but whether 
this effect arose from sperm selection by females or from different behaviour of 
females of different genotypes could not be determined.

However, two more recent studies generate pessimistic conclusions about the 
hypothesis of cryptic female choice of pgm alleles. Blanckenhorn et al. (2012) per-
formed extensive lab and field investigations on the activity of pgm alleles and their 
effects on larval development times at different temperatures, and on the distribution 
of alleles in eggs deposited on the warmer southern slopes of droppings compared 
to those on the north slopes. They concluded that although pgm activity differences 
were apparent, and that pgm genotype did differentially affect development time, 
eggs laid on the north versus south slopes showed no biases in pgm composition as 
indicated from the previous work, removing the basis for cryptic female choice of 
sperm with different pgm genotypes. Further, Demont et al. (2012) performed field 
experiments in which females could choose to lay eggs in three different dropping 
microenvironments (south slope, ridge, and north slope), and genotyped both (i) the 
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resulting offspring, and (ii) the sperm remaining in the female sperm stores after 
oviposition. Although (as expected) females showed a greater preference to oviposit 
on north slopes as ambient temperature increased, they found no evidence that fe-
males biased paternity towards certain male genotypes depending on the offspring’s 
microclimate.

Bussière et al. (2010) used molecular techniques to demonstrate that although 
the mean proportion of sperm stored in the spermathecae match the published mean 
average paternity for the last male (the P2  value), sperm from different males are 
not stored randomly across the female’s sperm stores (see also Otronen et al. 1997; 
Hellriegel and Bernasconi 2000). The mean number of ejaculates stored also differs 
across spermathecae (Demont et al. 2011, 2012). Thus while hints are present, and 
the capacity for it certainly exists, clear evidence for cryptic female choice in dung 
flies has so far proven elusive.

7.3.3  General Comments on the Dung  
Fly Sexual Selection Studies

We have reviewed the dung fly studies at length because they represent perhaps 
the most detailed investigations of a wide range of aspects of sexual selection in a 
single species. The male-male competition studies have shown many quantitative 
fits between field and lab observations and model predictions across a wide range 
of male pre- and post-copulatory reproductive activities, providing very strong evi-
dence that this component of sexual selection has indeed been a prime selective 
force moulding male behaviour in this species. This evidence clearly runs quite 
counter to the claim that “….There are fundamental problems that universally un-
dercut all applications of sexual selection theory to any species….” (Roughgarden 
et al. 2006).

However, while the potential for females to exercise cryptic post-copulatory 
choice has been well established, and fertilisation biases detected, attempts to dem-
onstrate that females select sperm in a manner that yields clear adaptive benefits 
have not yet been successful.

Thus the large amount of empirical work and modelling on sexual selection in 
the yellow dung fly reveals a trend that appears to be rehearsed in general for sexual 
selection studies: while evidence for male-male competition as a major selective 
force in evolution is widespread and highly supportive, evidence for female choice 
is less advanced and often controversial.

7.4  The Logical Imperative: Evolutionary  
Steps in Sexual Strategy

The logical imperative for Darwinian sexual selection is founded upon a predictable 
sequence of evolutionary events beginning with the evolution of recombination and 
sexual reproduction. The inevitability of this sequence is remarkable, since each 
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step drives the next in an evolutionary cascade (the ‘sexual cascade’; Parker 2014) 
leading to males and females that coexist commonly as two highly differentiated 
sexual morphs with internal fertilisation. We outline these events as a series of sepa-
rate steps; although in general the evolution of one step precedes and creates the 
selective pressure for the next, some degree of synchronicity in adaptation is likely. 
A further perspective on the sexual cascade is given in Parker (2014).

We argue that the transitions in sexual strategy are driven initially by gamete 
competition, and after the evolution of anisogamy, by sperm competition in associa-
tion with changes in mobility and mode of fertilisation, eventually enabling pre- as 
well as post-copulatory sexual selection to operate. Figure 7.1 gives a summary to 
accompany the text.

7.4.1  The Evolution of Sex: Sexual Recombination 
and Isogamous Gamete Production

Sexual reproduction is a composite phenomenon that can be subdivided into a 
number of components—fusion, recombination, fission, and the male-female phe-
nomenon—each component being subject to selection (Baker and Parker 1973). 
Genetic recombination is ubiquitous in living organisms from the simplest to the 
most complex, and may have evolved in the earliest organisms. Gametic fusion 

Fig. 7.1  Summary of the influence of sperm competition and mode of fertilisation on the evolu-
tion of sexual strategies and sexual selection
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(syngamy) and recombination in eukaryotes involve the evolution of meiosis and 
the haploid-diploid cycle (e.g. see Maynard Smith and Szathmáry 1995). The selec-
tive advantage of sexuality over asexuality has been one of the longest and most en-
during puzzles for evolutionary biologists. For example, in the nineteenth century, 
Weismann (1889) proposed that sex functioned to generate genetic variation, while 
Darwin (1889) favoured an explanation in terms of hybrid vigour. Later, Fisher 
(1930) proposed that a sexual population could evolve (and hence adapt) faster than 
an asexual population, and explicitly envisaged that sexual recombination was one 
of the very few adaptations that relied upon group selection. Muller (1932) noted 
that individuals in an asexual population irreversibly accumulate deleterious muta-
tions (termed ‘Muller’s rachet’ by Felsenstein 1974), and explained the success of 
sexual reproduction over asexual reproduction as a means of overcoming this costly 
accumulation. This benefit may not apply in asexual organisms that have asexual 
forms of recombination. The start of an avalanche of theoretical research of the 
past 40 years on the evolution of sexual recombination appears to have begun with 
Maynard Smith’s (1971) classic paper “What use is sex?”.

Maynard Smith (1978) noted that the advantage of sex must be sufficiently large 
to overcome the ‘two-fold cost of sex’ which arises as the cost of anisogamy (i.e. 
mainly a cost of producing males, but see Lehtonen et al. 2012): a mutant female 
able to reproduce parthenogenetically by producing similar females would replicate 
at twice the rate as a sexual female. Note that this is a requirement for the main-
tenance of sex in a sexual population rather than a requirement for its origin. Sex 
is likely to have occurred in an isogamous population (in which parents share the 
investment in the zygote, allowing each parent to produce twice as many offspring 
as a female in a sexual population), in which the evolution of sex would be much 
less costly (e.g. Lehtonen et al. 2012). However, the ‘two-fold cost of sex’ suggests 
that the overall advantage of sexual reproduction must be high in order that it is 
maintained against invasion by asexual mutants.

By now, many different theories have been proposed for the widespread mainte-
nance of sex (see recent review of Hartfield and Keightley 2012), generating a vast 
literature (including several books). Later in his life, Maynard Smith (pers. comm.) 
became convinced that no single theory offers a general explanation for sex, but 
that the many mechanisms taken together may offer a sufficient account. West et al. 
(1999) have extended this pluralist view, stressing the advantages gained from con-
sidering that multiple mechanisms and their interactions operate to maintain the 
ubiquity of sex.

Whatever the advantage of genetic recombination, sexual fusion (syngamy), 
with its merging of the cellular investment of one gamete with that of another gam-
ete of different genetic constitution, can set the scene for conflict or cooperation 
over the investment from each partner, and the evolution of anisogamy.

7.4.2  The Evolution of Two Sexes: Anisogamy

The ancestral state in eukaryotes is likely to have been a unicellular organism with 
isogamy, i.e. where the fusing gametes are of similar size, and hence contribute 
equally to the zygote (Fig. 7.1). However, it is clear that under many conditions 
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isogamy is unstable, and in such cases soon after the evolution of gametes and 
sexual re-combination, selection is likely to have favoured a drive for anisogamy 
from the ancestral isogamy.

It is convenient to define sexes in terms of the gamete size-morph that an indi-
vidual produces (Parker 2011). Thus an isogamous population consists of individu-
als of just one sex; and an anisogamous population consists of two sexes—males 
(microgamete producers) and females (macrogamete produces). This definition of 
sexes differs from one defining sexes in terms of mating types, in which one ga-
metic mating type fuses with a dissimilar gametic mating type, which may or may 
not be the same size. Much less confusion is caused by defining sexes in terms of 
the gamete size a phenotype transmits (i.e. males convey small gametes, females 
large gametes, and hermaphrodites, which are male and female in one soma), and 
by defining mating types in terms of gamete types that can or cannot fuse together. 
Hermaphroditism (where two sexes coexist in one phenotype) is probably a derived 
state arising from special conditions (e.g. see Charnov et al. 1976); the initial muta-
tions are likely to have been those affecting the size of gametes produced by given 
parents, leading to gamete dimorphism with two separate sexes.

There are several theories for the evolution of two sexes, most of which assume 
an origin from pre-exisiting gametic mating types (e.g. see review of Lessells et al. 
2009). Two leading proposals—‘gamete limitation’ and ‘gamete competition’—
both focus on: (i) fusions gained, and (ii) zygote survival prospects. The initial 
theory, gamete limitation, dates back to Kalmus (1932; see also Kalmus and Smith 
1960; Scudo 1967; Dusenbery 2000), who showed that when the probability of 
fusion is limited, a population with anisogamy and union between many micro- 
and few macro-gametes could achieve more surviving zygotes than an isogamous 
population with intermediate numbers of gametes. This theory was revitalised in 
an individual selection context by Cox and Sethian (1984, 1985), and Levitan (e.g. 
1996, 1998) who explicitly considered the effect of how gamete size affects colli-
sion probability through its effects on ‘target’ size. More recent demonstrations that 
the Kalmus effect alone can generate anisogamy under individual selection (e.g. 
Iyer and Roughgarden 2008) appear marred by bias to demonstrate that coopera-
tion rather than sexual conflict shapes sexual strategies, in line with Roughgarden’s 
‘social selection’ hypothesis (see Parker 2011). However, the most advanced recent 
analysis (Lehtonen and Kokko 2011) clearly and elegantly confirms that Kalmus’ 
gamete limitation hypothesis can account for the evolution of anisogamy by indi-
vidual selection provided that gamete competition is low or absent. It appears that 
Darwin had achieved some intuition about this effect, when he wrote: “With lowly-
organised aquatic animals, permanently affixed to the same spot and having their 
sexes separate, the male element is invariably brought to the female; and of this we 
can see the reason, for even if the ova were detached before fertilisation, and did not 
require subsequent nourishment or protection, there would yet be greater difficulty 
in transporting them than the male element, because, being larger than the latter, 
they are produced in far smaller numbers.” (Darwin 1874, p. 222).

The gamete competition theory of Parker et al. (1972) envisaged a large popula-
tion of ancestral marine unicells with essentially isogamous gametes. Unlike the 
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gamete limitation models, their model (analysed by computer simulation) does not 
assume that gamete size is linked to mating types; selective fusion is envisaged to 
evolve later (Parker 1978c). Parents release gametes varying somewhat in size, m, 
fusion is random and most or all gametes fuse, so that the set of gametes produced by 
each parent compete in the same ‘pool’ for fusions. The ESS is isogamy or anisoga-
my, depending on how the viability or success, f, of the zygote increases with its size 

= +i jS m m , i.e. on the zygote-size fitness function, ( )f S . Many, but not all, of the 
subsequent developments of this model start with the assumption of mating types, 
as does that of Bulmer and Parker (2002) who include both a zygote-size fitness 
function and a gamete-size fitness function, ( )g m , to show how these interact to 
determine which ESS is achieved, anisogamy or isogamy. As the zygote-size fitness 
function moves further away from the gamete-size fitness function, requiring a larg-
er size before fitness begins to increase steeply, the ESS changes from isogamy to 
anisogamy. Bulmer and Parker (2002) argued that this change would reflect the tran-
sition from uni- to multi-cellularity, as originally proposed by Parker et al. (1972).

Which effect, gamete limitation or gamete competition, has been more important 
in the origin and evolution of anisogamy? Lehtonen and Kokko (2011) have gener-
ated important new insights by showing that both gamete competition and gamete 
limitation can lead to anisogamy, depending on the conditions. Using a develop-
ment of Bulmer and Parker’s (2002) model in which they included ‘consistency’ 
(i.e. average fitness of male and female must be equal if the sex ratio is unity), 
Lehtonen and Kokko modelled the situation where the number of parents in the 
local mating group could vary. Thus there is no gamete competition when just two 
parents of different mating type occur, and gamete competition increases with the 
number of parents in the group. Their analysis shows that anisogamy could indeed 
originate through either gamete limitation and gamete competition mechanisms. 
Even low levels of gamete competition generate anisogamy when gametes can fuse 
fairly readily, but conditions of gamete limitation and low gamete competition can 
also generate anisogamy. The isogamy ESS disappears relatively quickly (but not 
immediately) with the numbers of parents in the mating group.

Given that both gamete limitation and gamete competition can lead to anisogamy 
(and hence the two sexes), which condition has had the bigger influence on its origin 
depends on conditions in the ancestral isogamous unicells from which anisogamy 
evolved. Though some gamete limitation in these organisms seems quite plausible, 
so does fairly intense gamete competition due to gametes being released into the sea. 
The latter effect (and recent theory; Parker and Lehtonen 2014) would certainly fa-
vour gamete competition as the more potent selective pressure, and reflects our own 
view (see also Lessells et al. 2009), but we suspect that this question may never yield 
a definitive answer. Gamete (sperm) competition certainly offers a plausible solu-
tion for the maintenance of anisogamy in most current populations (Parker 1982).

Theory suggests strongly that increasing organismal complexity during the evo-
lution of multi-cellularity favours anisogamy because of the need for larger zygotes 
(Parker et al. 1972; Bulmer and Parker 2002; Lehtonen and Kokko 2011), for which 
there is also empirical evidence (see review of Parker 2011). Thus, once sexual  
reproduction and sygamy have evolved, we can readily explain the evolution of two 
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sexes due to increased importance of zygotic reserves associated with the evolution 
of increased organismal complexity in multi-cellularity. Starting from an ancestral 
isogamous (probably marine) unicellular eukaryote, if increased zygotic reserves 
are not favoured by selection, the ancestral isogamous state is retained, but if in-
creased reserves are favoured, anisogamy will develop (Fig. 7.1). The most likely 
candidate driver of this event, in our view gamete competition, is a primitive form 
of fertilisation competition analogous to sperm competition under sexual selection.

7.4.3  The Evolution of the Sex Ratio

Darwin (1874) struggled with the problem of the evolution of the sex ratio, which 
was later solved by Fisher (1930; ‘Fisher’s principle’) in a cryptic verbal argument, 
first made formal by Shaw and Mohler (1953). Envisage a large, random-mating 
population, in which anisogamy and selective sperm-egg fusions are established, 
most eggs are fertilised, and the cost of each male or female offspring is equal. 
Since each offspring has a mother and a father, the summed fitness of all male 
individuals must equal the summed fitness of all females (a requirement termed 
‘Fisher consistent’ by Lehtonen and Kokko 2011). Thus in a population with un-
equal numbers of males and females, individuals of the rarer sex will have higher 
mean fitness, and genes for production of the rarer sex will increase until the sex 
ratio at the end of parental care becomes unity. This is an equilibrium, at which 
(deterministically) the mean fitness of each male equals the mean fitness of each 
female, and selection on sex ratio genes becomes neutral. Differential mortality of 
males and females after the end of parental investment does not affect the unity sex 
ratio, since if one sex suffers greater juvenile mortality it becomes the rarer sex, 
which compensates for its higher mortality. When selection has produced the unity 
sex ratio in a population, the expected gain from producing a male or a female off-
spring becomes equal for the parent. Hamilton’s (1967) classic paper established a 
theoretical basis for ‘extraordinary’ sex ratios, and sex allocation theory has by now 
become a large research field (Charnov 1982; West 2009).

Lehtonen and Kokko (2011) note that analyses of the evolution of anisogamy 
that start by assuming the existence of mating types are not strictly ‘Fisher consis-
tent’. However, the analysis of the evolution of anisogamy by Parker et al. (1972) 
involved a genetics-based computer simulation in which gametes fused randomly 
(i.e. no mating types). Gamete size was determined by alleles at a ‘gamete-size 
locus’. When anisogamy evolved by disruptive selection against alleles for inter-
mediate gamete sizes, the result was a polymorphic equilibrium in which large and 
small gamete-size alleles coexist. In conditions generating high degrees of anisog-
amy, most fusions occurred among the vast numbers of microgametes, which died 
because they lacked enough reserves to survive as zygotes. What remained was a 
population consisting of equal numbers of proto-males and proto-females. Thus 
if J is a dominant allele for micro-gamete producing, and A its recessive allele for 
macro-gamete producing, the surviving genotypes were JA males and AA females, 
resembling the XY, XX sex-determining system. Reversing the dominance gave JJ 
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males and JA females, resembling the ZZ female, ZW male system. Had the simula-
tions started from mating types, or had they allowed selective fusion to evolve dur-
ing the evolution of anisogamy, the unity sex ratio would also have been generated 
but without wastage of huge numbers of micro- x micro-gamete fusions. Parker 
et al. (1972) interpreted this unity sex ratio result as being due essentially to Fisher’s 
principle operating in their simulations.

Thus unless special conditions apply (Hamilton 1967), anisogamy typically gen-
erates an equal sex ratio, essentially by Fisher’s principle. With the drive to multi-
cellularity and increasing complexity, anisogamy can readily be explained and will 
typically generate equal numbers of males and females.

7.4.4  The Evolution of Copulation and Internal Fertilisation

Primitively, fertilisation is likely to have been external. While the ancestral unicells 
may have been motile, e.g. through the action of cilia and flagella, in plants multi-
cellular forms are usually sessile, as are many primitive multicellular invertebrate 
animals. Primitive sessile invertebrates such as sponges, certain coelenterates and 
echinoderms typically broadcast sperm into the sea, and fertilisation may be either 
external or occur after contact with ova held within the female (or hermaphrodite) 
soma. Such marine systems may involve intense sperm competition in which ejacu-
lates from large numbers of different males (or hermaphrodites) compete for ova. 
Theory predicts that intense sperm competition is likely to result in high male ga-
metic expenditure (Parker and Pizzari 2010), and since females should also maxi-
mise gamete production, this should result in similar high gonad expenditures in 
the two sexes in sessile or weakly mobile forms (Fig. 7.1). In conformity with this 
prediction, equal male and female body size and similar, high gonad masses are 
indeed characteristic of broadcast spawning marine invertebrates such as relatively 
immobile sea urchins, where sexual dimorphisms in body and gonad size are rare 
and related to special biological circumstances (see Levitan 2005). Gonad expendi-
tures remain high and are often similar for the two sexes (or occasionally higher for 
males than females), resembling what would probably have been the ancestral state 
(Table 7.1). Sperm limitation has also been argued to maintain high male gametic 
expenditure in broadcast spawners (Levitan and Petersen 1995). It is important to 
remember, however, that sperm competition can apply even when there is sperm 
limitation—the sperm competition level increases with the number of different 
ejaculates competing for a given set of ova rather than with decreasing sperm limi-
tation, though there will often be a negative correlation between sperm competition 
level and increasing sperm limitation.

High male gametic expenditure is also retained in many mobile vertebrates with 
external fertilisation when spawning is communal, so that high levels of sperm 
competition are retained, and can be even higher than in relatively immobile broad-
cast spawning invertebrates (Table 7.1), though in such cases males typically use 
their mobility to release sperm as close to a spawning female as possible (e.g. many 
communal spawning fish; Breder and Rosen 1966).
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The evolution of mobility, involving various advanced modes of locomotion, 
has had important consequences: it has enabled release of sperm close to spawn-
ing females. Thus in many invertebrates and most vertebrates, higher fertilisation 
benefits have become available through mate searching and female-targeted sperm 
release than through sheer expenditure on sperm production. Enhanced mobility 
and female-targeted sperm release, coupled with the fact that Fisher’s principle 
maintains the sex ratio at unity, favoured dramatic reductions in testes mass, associ-
ated with the trend towards either pair spawings with external fertilisation or, even-
tually, to copulation and internal fertilisation (Parker 1970a, 1984 2014; Levitan 
1998). Targeted forms of sperm release yield both increased fertility benefits and 
immediate sperm competition benefits compared to untargeted broadcast spawning, 
and once expenditure on mate searching and female-targeted sperm release yields 
higher marginal fertilisation gains than numerical sperm production, reduction in 
sperm expenditure is predicted (Parker 2014). The ultimate extrapolation of this 
trend in sexual selection ends in copulation with internal fertilisation, and then the 
evolution of specialised male intromittent organs, driven perhaps predominantly by 
the benefits of reduced sperm competition (Parker 1970a). The reduction in testis 
expenditure creates the ‘resource space’ for the expansion in pre-copulatory male-
male competition (Fig. 7.1)—it ‘enables’ Darwinian pre-copulatory sexual selec-
tion. Thus pre-copulatory sexual selection must be regarded as evolving secondarily 
to gamete and sperm competition.

The view that internal fertilisation has evolved primarily by sexual selection 
contrasts with classical views of its evolution solely by natural selection to increase 
fertilisation efficiency and gamete and zygote survival. While the latter benefits are 
highly likely to have played a significant part in reinforcing the drive towards inter-
nal fertilisation, we see them as being secondary to sexual selection as the main mo-
tive force. Copulation, followed by the evolution of specialised male intromittent 
organs, probably represents the final stages of sexual selection and reduced sperm 
competition. An alternative scenario could be that they were driven predominantly 
by female choice (Eberhard 1996), though we envisage that where it occurs, this 
has evolved later.

There is little doubt that internal fertilisation typically (but need not necessar-
ily) results in much lower sperm competition than external fertilisation with com-
munal spawning. Polyandry, and the evolution of female sperm stores, however, 
can maintain sperm competition as a powerful selective force. The range of sperm 
competition levels seen even in one taxon is often so great as to favour a vast array 
of relative testes sizes, from tiny to huge (e.g. fish; see Stockley et al. 1997).

While anisogamy, with tiny sperm and large ova, is clearly favoured under con-
ditions of high sperm competition, the question remains as to why so many tiny 
sperm are still produced in internal fertilising species when sperm competition 
has reached very low levels (Parker 1982). One may imagine intuitively that with 
low sperm competition, it would pay males to provision sperm so that they could 
then contribute to the reserves of the zygote, which would challenge the stability 
of anisogamy. Provided that sperm competition risk is not trivially small, there is 
a very good reason why anisogamy is not lost due to sperm contributing to zygotic 
investment (Parker 1982, 2011; Lehtonen and Kokko 2011). This is because extra 
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provisioning would need to be provided to each and every sperm, which would gen-
erally have large costs (e.g. under sperm competition) that outweigh the marginal 
benefits. For instance, it will not pay to add extra provisioning to each sperm to aid 
with zygote provisioning if the probability that a female will mate twice (generating 
sperm competition) rather than once (i.e. no sperm competition) is greater than 2/A, 
where A = ovum size/sperm size (Parker 1982, 2011). This is an extremely robust 
condition, since A is usually likely to be a very large number, and for species with 
maternal care A should include the parental investment as well as the ovum costs, 
making the condition even more robust. Therefore, anisogamy appears to represent 
an irreversible evolutionary transition in most multicells. Typically, only when the 
probability of sperm competition falls towards zero can anisogamy be threatened, 
and in such circumstances males appear to increase parental care rather than sperm 
contribution to the zygote (e.g. sea horses, see Parker 2011 p. 49).

In summary, the evolution of enhanced mobility allows a trend towards female-
targetted sperm release through higher fertilisation gains with increased proximity 
of sperm to the ova (for further details, see Parker 2014). Under communal spawn-
ing, male gametic investment remains high (often equalling that of females) since 
sperm competition remains high, but less communal spawning favours reduced 
sperm expenditure and an increase in expenditure on pre-copulatory male-male 
competition. Gains from female-targeted sperm release may account for the evolu-
tion of internal fertilisation and the evolution of male intromittent organs.

7.4.5  The Consequences: Pre-Copulatory Sexual Selection 
and High Secondary Sexual Differentiation

Sperm allocation theory predicts ESS expenditure on testes to increase with mean 
sperm competition level across populations (Parker and Pizzari 2010), and a com-
prehensive recent review (Simmons and Fitzpatrick 2012) of the many studies avail-
able have shown that this expectation is generally met: relative testes size usually 
(but not always) increases with sperm competition level across many animal taxa, 
and is now commonly used as an index of sperm competition level in comparative 
studies. A complication is that sperm competition level is associated with polyan-
dry level (and hence the mating rate of both sexes), which affects sperm demand, 
though mating rate is more likely to affect the investment per ejaculate than testes 
investment (Parker and Ball 2005; Vahed and Parker 2012).

Theoretical models assume a fixed resource budget for reproduction, so that pre-
copulatory expenditure on gaining matings trades off against post-copulatory expen-
diture on ejaculates, resulting in a negative relation between pre- and post-copulato-
ry expenditures. While most theory assumes pre-copulatory male-male competition 
to be some form of scramble competition in which the number of matings increases 
linearly with pre-mating expenditure (e.g. competitive mate-searching), Parker 
et al. (2013) have outlined how different forms of male-male pre-copulatory com-
petition can affect the ESS balance between pre- and post-copulatory expenditures, 
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depending on the mean level of sperm competition experienced by the population.  
This does not appear to affect the general prediction that post-copulatory expendi-
ture (i.e. on testes and ejaculate production) increases with sperm competition level.

Table 7.1 shows some examples of how GSI varies in relation to the mode of 
reproduction and expected sperm competition level across the animal kingdom, for 
taxa with separate sexes, in reproductive condition. We stress that (i) GSI is typi-
cally allometric, particularly in males, so the ranges shown must bear this in mind, 
and (ii) the maximum GSI level possible will vary considerably in taxa depending 
on somatic requirements, so that it is often more informative to consider how male 
GSI relates to female GSI in discussing the trends in Fig. 7.1. We anticipate that 
selection will generally push females towards maximum expenditure on GSI, while 
this will not be so for males when sperm competition is relaxed and pre-mating 
competition possible.

Marine broadcast spawning invertebrates show much variation in GSI just be-
fore spawning, depending on locality (and presumably feeding resources). They 
typically show (i) no obvious sexual size dimorphism, (ii) either similar GSI in 
males and females (published measures are often not separated for males and fe-
males) or higher male GSI, and (iii) much more male-biased GSI dimorphism than 
internal fertilising taxa (though exceptions can occur, e.g. the ophiuroid, Ophiono-
tus victoria). Thus for cnidarians and echinoderms, selection typically maintains 
body size at similar levels in the sexes, and we anticipate that in both sexes virtually 
all reproductive investment is directed towards gametes. In Scyphozoa, the best 
index of GSI is probably ash free dry weight (see Aurelia aurita, Table 7.1). GSI 
values for Periphylla periphylla are expressed in wet weight; converting to dry 
weight would increase GSI because the percent dry weight of gonads, which are 
fairly organic-rich, is much higher than whole tissue which is predominantly watery 
(> 95 %) mesoglea (Dr. C. H. Lucas, pers. comm.).

The same trends appear to apply for broadcast spawning marine molluscs, with 
a reduction GSI coinciding with internal fertilisation in cephalopods. Though they 
have specialised sperm stores and are therefore candidates for raised sperm com-
petition, insects typically show fairly low male GSI (e.g. Onthophagus beetles, Ta-
ble 7.1) unless special features intervene (e.g. Drosophila, Tettigonids, Table 7.1). 
They appear to show associations between sperm competition level and male GSI.

For vertebrates, there is evidence for many of the major taxa that relative testes 
size correlates positively with sperm competition level. Marine communal spawning 
fish retain high GSI, and have similar characteristics to marine broadcast spawning 
invertebrates (see above), despite their high mobility and the fact that males are of-
ten competitive in their attempts to ejaculate close to spawning females. Their high 
GSI and low sexual dimorphism is probably maintained by the high sperm demand 
due to the high sperm competition prevalent in communal spawns. In amphibians, 
though anurans usually have external fertilisation this is achieved in pair spawnings 
in amplexus (mating embrace), which results in reduced male GSI (Table 7.1) and 
also reduced male body size (Arak 1988). For land animals, internal fertilisation is 
almost obligatory (though not copulation; e.g. male thysanurans and collembolans 
deposit spermatophores on the substrate, which are picked up by females). It is quite 
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possible that internal fertilisation first arose in aquatic ancestors to increase fertility 
and to reduce sperm competition, and served as a preadaptation to land colonisa-
tion. Thus birds and mammals have male GSI typically below 1 %, though it can 
rise to 7–10 %, and there is much evidence that relative testes size increases with 
sperm competition in these groups. Female GSI is not included in Table 7.1 since 
birds and mammals typically show high levels of parental care, which forms the 
large part of the female budget for reproduction.

Also in line with expectations, there is empirical evidence that reductions in 
relative testis size through reduced sperm competition are associated with increased 
expenditure on adaptations to pre-copulatory sexual selection, such as male arma-
ment, mate-searching and mate-guarding, etc. (e.g. see Poulin and Morand 2000; 
Parker et al. 2013). As expected, this can generate high levels of secondary sexual 
dimorphism.

Sexual size dimorphism is usually explained in terms of a different balance for 
the two sexes between the benefits of larger size through enhanced reproduction and 
the increased costs of juvenile mortality risk through delaying sexual maturation 
(e.g. see review of Blanckenhorn 2000). For females, fecundity typically increases 
with size, while pre-copulatory male-male competition is usually seen as the major 
selective pressure favouring increased male body size. Male-biased sexual size di-
morphism is characteristic of species with high male-male contests for females (see 
chapters in Fairbairn et al. 2007). When males compete by sperm production alone 
rather than contests, selection on male size can occur in order to maintain large tes-
tes (Parker 1992). While high levels of sperm competition under communal spawn-
ing can prevent male size dropping below female size, sperm competition alone 
(without contest competition) cannot easily push male size above female size, and 
if sperm competition is very low, small or dwarf males are predicted (Parker 1992).

The notion of gradual evolutionary transition from sexual selection mainly by 
sperm competition, to a mixture of both pre- and post-copulatory sexual selec-
tion with the evolution of mobility and copulation as sperm competition reduces 
(Fig. 7.1) was, in fact, foreshadowed rather cryptically in Darwin’s original treatise. 
Darwin (1874, pp. 260–265) dismissed sexual selection (i.e. pre-copulatory sexual 
selection) in “the lower classes of the animal kingdom” on the grounds that they 
are sometimes hermaphrodite, or sessile (precluding male-male competition: “the 
one cannot search or struggle for the other”), or because they “have too imperfect 
senses and much too low mental powers to appreciate each other’s beauty or other 
attractions, or to feel rivalry”). The number of pages he devotes on evidence for 
(pre-copulatory) sexual selection increases roughly in inverse proportion to rela-
tive testis size of the taxa, with most pages devoted to insects, birds and mammals. 
That pre-copulatory sexual selection (i.e. as envisaged by Darwin) is essentially the 
province of species with relatively low testis expenditure (viewed across the entire 
animal kingdom) is hard to dispute.

Thus anisogamy, mobility and internal fertilisation resulted in reduced sperm ex-
penditure and allowed higher male pre-copulatory competition (Fig. 7.1). Coupled 
with the constraint of the unity sex ratio, the scene was set for the ecological asymmetry  
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between the two sexes leading to the consequences of pre-copulatory sexual selec-
tion in terms of stereotypical sex roles, i.e. the Darwin-Bateman Paradigm (DBP). 
Thus DBP relies on (i) the unity sex ratio, and (ii) ejaculates being cheap and male 
parental care negligible relative to the cost of ova and any female parental care, i.e. 
on the rise of pre-copulatory male-male competition at the expense of expenditure 
on sperm, as outlined above (see Fig. 7.1). DBP, and its many causal interpretations, 
i.e. in terms of relative parental investment (PI; Trivers 1972), operational sex ratio 
(OSR; Emlen and Oring 1977), potential reproductive rate (PRR; Clutton-Brock 
and Vincent 1991), or the relative ‘time in’ and ‘time out’ of each sex’s availability 
for mating during adulthood (Clutton-Brock and Parker 1992) all rely on this asym-
metry, and are extensions of Darwin’s original insight. These three measures of 
‘sexual selection intensity’ are all closely related mathematically (Parker and Birk-
head 2013). As such, DBP serves as a null model for mobile species with reduced 
relative expenditure on testes, and negligible or low male parental care. Of course, 
there are exceptions to such a proviso, but DBP nevertheless covers most animal 
species.

Our evolutionary arguments have so far not included the origin of parental care, 
or parental investment other than that in the gametes. It is too seldom stressed that 
across the animal kingdom as a whole, parental care by either sex is relatively rare 
in invertebrates, and the rule only in two taxa, mammals and birds. Parental care 
has evolved later, and is a complex problem that should not be (but often is) con-
fused with the events described in Fig. 7.1 leading initially to the generality of the 
DBP. Paradoxically, the male-biased OSR predicted under DBP generates frequen-
cy-dependent selection, analogous to Fisherian sex ratio selection, that favours in-
creased parental investment by males (Kokko and Jennions 2008). Undoubtedly, 
the primary asymmetry of anisogamy and the mode of fertilisation have influ-
enced the subsequent evolution of parental care (Maynard Smith 1977), which is 
highly biased towards females. Kokko and Jennions (2008) suggest that the pre-
dominance in conventional sex roles in species with parental care are maintained 
by sexual selection on males, reduced paternity through female multiple mating 
or group spawning, and higher male mortality generating female-biased adult sex 
ratios.

However, cases of bi-parental care and male-only care have evolved in some 
taxa (notably fishes and birds). In a few species (notably birds), male-only care can 
lead to sex role reversal. Though counter to sex roles predicted initially by DBP, 
such cases can sometimes be explained by a reversal in the ecological asymmetry 
from that predicted simply by anisogamy and reduced sperm expenditure (e.g. Sim-
mons 1992). Note that when ecological conditions promote higher male PI, this will 
typically lead to the evolution of different forms of paternal investment, but for the 
reasons outlined above anisogamy will remain.

As a final evolutionary consequence, sexual selection almost inevitably gener-
ates sexual conflict, i.e. an evolutionary conflict of interest between some males and 
females (Parker 1979; Arnqvist and Rowe 2005), though this is the subject of recent 
controversy (see Sect. 7.5.2).
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7.5  Some Current Controversies

7.5.1  Criticisms of the Darwin-Bateman Paradigm (DBP)

In view of the logical imperative for sexual selection, DBP remains a satisfactory 
first expectation for species with zero male care and internal fertilisation (i.e. the 
vast majority of species). As such, it fulfils a similar heuristic purpose as does, say, 
the Hardy-Weinberg equilibrium for neutral selection on two alleles—i.e. when we 
find deviations from it, we need to examine why these occur. They are likely to be 
due to special biological features, which, however interesting, do not negate the 
validity of DBP as a general rule for the majority of cases (Parker and Birkhead 
2013). The current criticisms of DBP relate partly to the fact that deviations from 
DBP in species with relatively high male parental care are (unsurprisingly) not that 
uncommon; moreover, there are various other reasons why DBP expectations may 
not be met (see e.g. Klug et al. 2010).

Attacks on sexual selection and/or DBP have recently arisen from two related 
but rather different sources. First, Roughgarden et al. (2006) have claimed that the 
entire concept is flawed and that solutions to male and female sexual adaptation 
should be sought in terms of ‘social selection’—the principle that mating and as-
sociated reproductive activities between the sexes will be cooperative. This critique 
is based on erroneous claims relating to the quality of the evidence for Darwinian 
sexual selection and has attracted much criticism (see the multiple responses in 
Science, 2006, vol. 312, 689–694). Further, while the notion that reproduction can 
involve cooperation is certainly not novel (e.g. we have long known that sexual 
cooperation can occur, for instance in animals such as birds with biparental care), 
this itself involves sexual conflict, which must be fully considered in understand-
ing its evolution and stability. Further, while mutual benefits to each sex may arise 
from a given reproductive adaptation, these may offer a weak or negligible selective 
force compared to those arising directly through sexual selection. For example, the 
guarding phase of male dung flies was originally (Foster 1967) seen as co-operation 
with the female to ensure more efficient oviposition, but there is strong evidence 
to suggest that it has arisen through sexual selection for paternity guarding (Parker 
1970e).

A second recent critique is the attack on the DBP paradigm, resulting in a ‘gender 
role’ controversy, i.e. whether DBP—and ultimately the primary sexual difference 
of anisogamy—does offer an explanation of male and female sex roles and behav-
iour (see review of Parker and Birkhead 2013). This has also been strongly argued 
to be misguided (Schärer et al. 2012; Kokko et al. 2013; Parker and Birkhead 2013). 
However, aspects of this critique are possibly not entirely unrelated to what must 
be regarded as an excellent and growing development in sexual selection studies, 
namely an increasing focus on the female perspective, and on female interests in 
multiple mating, i.e. polyandry (e.g. see the recent theme issue in Phil. Trans. R. 
Soc. Lond. B 2013, vol. 368 on polyandry).
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7.5.2  Conflict and Co-operation in Sexual Dynamics

One of the areas of current debate is the extent to which sexual selection generates 
an evolutionary conflict of fitness interests between individual males and females. 
The debate has been strongly polarised: while some biologists have proposed that 
sexual selection necessarily coincides with sexual conflict (e.g. Arnqvist and Rowe 
2005), others have called for sexual interactions can only be understood in the light 
of social cooperation (Roughgarden 2006). The biological reality is likely to be 
more complex.

First, it is undeniable that sexual selection implies a tension between the evolu-
tionary interests of some males and females. Sexual conflict can occur over a num-
ber of reproductive events, from mating to parental allocation, and through different 
mechanisms (Parker 1979). The primordial sexual conflict probably began during 
the evolution of anisogamy and sperm-ovum fusions (Parker 1978c, 2011), but as 
divergence in the two sexual phenotypes becomes more exaggerated through the 
evolution of enhanced mobility, reduced sperm expenditure, and increased male-
male mating competition, so does the potential for sexual conflict. For example, the 
very concept of mate choice necessarily creates a conflict of interests between the 
chooser and those members of the opposite sex that are less preferred. More gener-
ally, conflict will occur whenever an individual gains by differentially allocating 
reproductive resources to reproduction with individual partners. In the blue head 
wrasse, Thalassoma bifasciatus, the most successful males invest their reproduc-
tive resources to attract and mate guard a large number of females. This investment 
however limits the number of sperm that a male is able to allocate to the eggs 
spawned by each female, leaving about 7 % of their eggs not fertilised (Warner et al. 
1995). Therefore, while this strategy yields a larger number of eggs fertilised by a 
male across all the females attracted, it imposes fertility costs on individual females 
(see Ball and Parker 1996 for other predictions on ‘adaptive infertility’ in external 
fertilisers). Sexual selection can also promote traits that convey an advantage in 
intra-sexual competition while imposing a fitness cost on mating partners. These 
costs are likely to represent collateral side-effects in the majority of cases (e.g. Siva-
Jothy 2006), however, in principle it is also possible that sexual selection might 
favour a male trait precisely for the costs that it imposes on females (e.g. Johnstone 
and Keller 2000; Lessells 2005). A wide range of such traits has been documented 
mostly in males. Therefore an element of conflict is unavoidable whenever alterna-
tive reproductive opportunities are available to an interacting male and female.

Second, despite the near-ubiquitous potential for sexual conflict, sexual selection 
does not eliminate potential for inter-sexual cooperation over a number of repro-
ductive decisions. One such example is conflict over female re-mating decisions. 
Clearly, by mating with a second male a female can reduce the reproductive success 
of the first male, which may lose paternity through sperm competition. Therefore, 
whenever females benefit by re-mating (e.g. Arnqvist and Nilsson 2000), sexual 
conflict is expected between the female and the first male. However, in many spe-
cies males can stimulate female fecundity, for example through the gonadotropic 
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effect of ejaculate compounds (see above). Alonzo and Pizzari (2010) have shown 
that when a mating more than doubles female fecundity, as has been documented in 
a number of taxa, two males actually gain by mating with the same female as double 
mating yields a higher number of eggs available for fertilisation than would be 
available to either male mating exclusively with a female. This generates a scenario 
of inter- and intra-sexual cooperation over female re-mating decisions. A similar 
example, analysed long ago by Maynard Smith and Ridpath (1972), is that of wife 
sharing in the Tasmanian Native Hen, Tribonyx (= Gallinula) mortierii. When two 
males share a female, the number of progeny that can be produced is increased. 
Conditions favouring wife sharing are more permissive, requiring (in the simplest 
case) only an increase in progeny of 67 % since the two males are brothers. Note 
that clearly in both cases, conflict remains over who gets to fertilise the eggs.

Finally, much of the current debate over conflict and cooperation in sexual dy-
namics is narrowly focused on direct consequences that a certain sexual trait or 
behaviour has on the fitness of the actor and recipient. However, sexual interactions 
like many other social traits, may also influence the fitness of third parties, creat-
ing potential for indirect effects to contribute to the evolution of sexually-selected 
traits. Indirect effects are the relatedness-weighted effects on the inclusive fitness of 
social partners (Hamilton 1964; Pizzari and Gardner 2012). Inclusive fitness effects 
expand the diversity of evolutionary outcomes of sexual interactions by adding the 
possibility of altruism and spite to conflict and mutualism driven by selfishness 
and direct effects. Pizzari and Gardner (2012) identify two conditions under which 
indirect benefits can arise: “(i) the recipient is related to the actor; or (ii) the actor 
is related to a third party, who will at some point also interact with the recipient.” 
The former condition (i) represents the case of inbreeding. Because of anisogamy 
and sex differences in parental investment we expect males to gain from inbreed-
ing in situations in which females would lose from inbreeding, and we expect this 
potential for conflict to expand as opportunity costs associated with mating are 
progressively reduced (Parker 1979, 2006). Parker (1979, 2006) had already dem-
onstrated how indirect effects –through kin selection—can modulate sexual conflict 
over inbreeding (see also Kokko and Ots 2006). The latter condition is more broadly 
relevant but so far has received little consideration. However, recently it has been 
shown that when male competition occurs locally amongst rivals that are more re-
lated to each other than the population average, indirect effects are likely to buffer 
sexual selection for male traits that harm females (Rankin 2011; Wild et al. 2011), 
thus reducing the intensity of sexual conflict (‘virulence’ sensu Pizzari and Gardner 
2012).

An alternative mechanism through which indirect effects might modulate sexu-
al dynamics is through potential ‘greenbeard’ effects (Pizzari and Gardner 2012). 
‘Greenbeards’ are genes that allow their carriers to increase each other’s fitness 
through mutual recognition and differential interactions (West and Gardner 2010). 
The preference and ornament genes in sexual signalling can be thought of as an 
inter-sexual green beard, and the rapid coevolution of exaggerated ornament and 
preferences envisaged by Fisher is clearly modulated by green beard indirect effects 
(Pizzari and Gardner 2012).



7 Sexual Selection: The Logical Imperative 155

These considerations illustrate that potential for sexual conflict should not be as-
sumed but carefully measured for individual reproductive decisions including both 
direct and indirect fitness effects. It is important to note however, that current debate 
on conflict and cooperation reflects a development rather than a limitation of sexual 
selection theory.

7.5.3  Intensity of Sexual Selection

OSR and IT (and related indices) have long been proposed and used as measures of 
the intensity of sexual selection. Recently, Klug et al. (2010) have strongly criti-
cised their use on the grounds that they only accurately predict sexual selection 
under a limited set of circumstances, and more specifically, only when mate mo-
nopolization is extremely strong. However, their analysis has been seen as pes-
simistic by Parker and Birkhead (2013), mainly because it ignored the direct effect 
of the likely relation between OSR and male time out of the mating pool, which 
when included, shows that OSR and IT can indeed be reasonable measures of sexual 
selection intensity. Independently, a detailed study of how and when male time out 
and its relation to OSR can allow OSR and IT to give fair measures of the intensity 
of sexual selection has been given by Kokko et al. (2012). While measures of the 
intensity of sexual selection are sometimes useful (e.g. particularly for comparative 
analyses) many would agree with Klug et al. (2010) that ideally—and provided that 
one knows a priori what traits are currently targeted by sexual selection in a given 
species—one would measure selection directly on the phenotypic trait of interest, a 
point originally stressed by Grafen (1987).

7.6  Concluding Comments

We conclude that sexual selection theory is a powerful heuristic tool providing the 
most parsimonious explanation for a vast diversity of traits, across sexually-repro-
ducing organisms, from unicellular taxa to primates. Overwhelmingly strong quali-
tative and quantitative evidence has accumulated over the last decades vindicating 
Darwin’s original insight. Crucially, sexual selection theory has also been success-
fully applied as predictive tool to explain biological phenomena that were unknown 
to—or not considered by—Darwin. Sexual selection has a strong underlying deduc-
tively logical imperative that follows from the predictable sequence of evolutionary 
events arising after the evolution of sexual recombination and fusion.

It is fallacious to argue that because (actually rather low frequency) differences 
from DBP occur that DBP does not offer a general explanation. For the vast major-
ity of species where there is no male parental care, it tells us what to expect when 
special features of biology do not act to change that expectation.

Sexual selection theory certainly does not need to replaced as has been advocated 
recently (Roughgarden et al. 2006); rather, it represents one of the major triumphs  
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of adaptive explanation. However, we argue that current debates may be more ef-
fectively resolved by bringing sexual selection theory more firmly within the frame-
work of social evolution (e.g. Rankin 2011; Pizzari and Gardner 2012) and by a 
more dynamic integration of theory with the ecological and physiological details of 
sexual interactions.
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Abstract One aspect of sexual selection that Darwin was completely unaware 
of was the role of Selfish Genetic Elements (SGEs). SGEs are genes, organelles 
or microorganisms present within the genome or cell of an organism that spread 
through populations by subverting normal patterns of inheritance in ways that 
increase their representation in the next generation. SGEs are ubiquitous in living 
organisms, have a dramatic ability to manipulate host reproduction, including the 
frequent reduction in male fertility and sperm competitive ability, yet their impact 
on sexual selection remains little explored. Here we discuss the pervasiveness and 
power of SGEs as an agent of sexual selection and show they can have remarkably 
wide-ranging impacts on male and female reproduction and therefore in shaping 
mating systems, even when present at low frequencies.

Keywords Intralocus sexual conflict · Male killing endosymbionts · Meiotic drive ·  
Sex ratio distortion · Segregation distortion

8.1  Introduction

8.1.1  Levels of Selection

This review will deal with how the selfish action of genes, chromosomes, organelles 
and cells can drive conflict, and how this impacts on sexual selection. Key to this is 
the concept of levels of selection. Biological systems are organised hierarchically. 
Genes make up chromosomes, which are the major component of the genome of an 
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individual. Individuals can be part of families, colonies, and populations, and form 
a species. Another biological hierarchy is cells forming individuals. Selection can 
potentially work at the level of any hierarchical unit as long as it possesses heritable 
variation (Keller 1999). For example, imagine a hypothetical disaster removed the 
vast majority of oxygen from the atmosphere. All organisms that rely on oxygen 
for respiration (aerobes) would rapidly be eliminated. Organisms that respire using 
chemicals other than oxygen (obligate anaerobes), such as Clostridium botulinum, 
and many of the archaea microorganisms that live in hot springs, the deep ocean, and 
the low oxygen mud at the bottom of lakes, might survive. In this situation, selec-
tion would occur at the level of the species or higher phylogenetic groups, as there 
is simply no significant within species genetic variation in ability to survive without 
oxygen. All dogs would die, but all strains of C. botulinum would be likely to survive 
the atmospheric change, at least until subsequent impacts of the ecosystem collapse 
began to affect them. However, some species are facultative anaerobes: they use 
oxygen to respire, but in the absence of oxygen will respire using other chemicals. 
In these species there is likely to be genetic variation between individuals in their 
ability to anaerobically respire, and hence in their ability to survive. In these species 
selection would be likely to occur at the level of the gene or individual.

Conflict often occurs through selection at two levels working in opposite direc-
tions (Keller 1999) (Box 1). Prions are proteins that naturally occur in organisms, 
but which have mis-folded and changed into a new shape that catalyses the transfor-
mation of similar proteins to the same configuration (Johnson 2005). The catalysis 
allows the prions to spread through the individual in which they arise, and also to 
potentially infect other individuals through contact or consumption. Hence they can 
be transmitted between individuals. However, the loss of a functional protein due to 
transformation to the prion form can have serious consequences for the individual. 
In humans, prions are responsible for Creutzfeld-Jakob disease (CJD, “mad cow 
disease”), an incurable and fatal brain disease. Clearly the prions that cause CJD 
increase their transmission within individuals through converting proteins, and so 
are positively selected at the molecular level. However, the mortality they cause to 
humans is a form of counter selection at the individual level. In CJD there is a lack 
of transfer from infected humans back to cattle, making human infection a dead end 
for the prion. This is not always the case. Kuru is an infective prion disease found 
in New Guinea that causes death within a few months (Gajdusek and Zigas 1957). 
The disease was passed between individuals during bereavement rituals in which 
the dead relative is partially eaten and flesh rubbed on the skin, allowing transmis-
sion through consumption and through skin lesions. The decline in these rituals has 
led to a rapid decline in cases (Alpers 2008). The success and spread of prions such 
as these will be determined by both selection at the level of individuals, and their 
ability to spread within individuals.
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Box 1. Levels of Selection: Cancer

A cancer cell possesses heritable genetic differences to the other cells in the 
body, allowing it to rapidly clonally reproduce, while avoiding the control 
mechanisms that usually eliminate uncontrolled rapidly reproducing cells. 
This usually occurs due to mutations in somatic cells that prevent the opera-
tion of normal cell death. Cancer can be viewed as a conflict between two 
levels of selection (Keller 1999). The mutations that allow cancer cells to mul-
tiply increase the fitness of those cells relative to normal cells, and allow the 
cancer to spread within the organism. This method of thinking about cancer 
can be useful in explaining why cancers can become more rapid growing with 
time, as cancer cell lines with mutations that increase their rate of prolifera-
tion outcompete older lineages that grow more slowly. However, selection 
at the level of the individual counteracts the success at the level of cells, as 
individuals carrying cancer frequently die and fail to reproduce.
Cancer cells could avoid this fate if they were able to transmit between indi-
viduals. The biochemical self recognition systems in most organisms make 
this extremely difficult, as cells that are genetically distinct from the host are 
typically attacked and rapidly eliminated. However, there are three known 
examples where cancer has been able to avoid the costs of killing individuals 
by becoming capable of transmission between individuals. The best known 
of these is canine transmissible venereal cancer (CTVC), which affects dogs 
and wolves. This cancer occurs on the genitals of dogs and wolves, but is not 
derived from the cells of the host (Murgia et al. 2006). Instead it is an ancient 
cell line of cancer that is transmitted between individuals, usually through 
sex. First described over a 140 years ago (Novinski 1876), analysis of the 
gene sequence of CTVC suggests that it has existed for at least 6000 years 
(Rebbeck et al. 2009). CTVC is usually not fatal, instead undergoing relapse 
3 months after initial infection. This relatively low level of harm to the hosts 
might explain why this transformation from a multicellular sexual animal to 
a unicellular parasite has been so successful. The conflict between levels of 
selection is far more obvious in a second transmissible cancer. Devil facial tu-
mor disease (DFTD) is a cancer affecting Tasmanian devils ( Sarcophilus har-
risii). First identified in 1996, this cancer occurs on the faces of Tasmanian 
devils, and is transferred between individuals during fights or when feeding 
on the same food. The disease is a major conservation problem, which may 
lead to extinction of the species in the wild (Miller et al. 2011). The cancer 
seems to be able to transmit between individuals because the population is 
highly inbred, with such low genetic diversity that immune systems of most 
individuals fail to recognise the cancer cells as “non-self” (Siddle et al. 2007).
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8.1.2  What are Selfish Genetic Elements?

Selfish genetic elements (SGEs) are genes that are present in the genome or cell 
of an organism that ensure they are passed on at a higher frequency than the rest 
of the genome to subsequent generations. This ‘selfish’ nature of SGEs ensures 
they will accumulate within the genome (Burt and Trivers 2006). However, the 
subversion of the normal pattern of inheritance by SGEs generates a conflict with 
the rest of the genome (Burt and Trivers 2006; Hurst and Werren 2001; Werren 
2011). Hence there are opposing selective forces operating: selection on the SGE 
to increase its transmission, opposing selection on the rest of the genome to sup-
press the selfish action of the SGE, and finally selection on the individual carry-
ing the genome (harbouring the SGE) to increase its fitness. SGEs are ubiquitous 
in living organisms and can make up a large proportion of the genome (Burt and 
Trivers 2006; Hurst and Werren 2001; Werren 2011). There are a variety of dif-
ferent types (Table 8.1).

Most multicellular organisms are made up of two types of cells, the somatic cells 
involved in the building and maintenance of the body of an organism and the sex 
cells—the gametes—that transmit the genetic material from one generation to the 
next. SGEs frequently target the sex cells, as this is an effective way to increase 
their own transmission at the expense of the rest of the genes within the genome. 
This generates conflict between the SGEs and the rest of the genome. The transmis-
sion bias of SGEs generates strong selection for suppression of SGEs to ensure a 
more equitable inheritance of genes. This is particularly true for SGEs that distort 
the population sex ratio, as this creates strong selection to restore the sex ratio to 

Table 8.1  Different classes and examples of selfish genetic elements and some of their, following 
Hurst and Werren (2001); Burt and Trivers (2006); Werren (2011)
Class Example Impacts
Autonomous replicators Transposable elements Affect genome size and gene 

function, cause mutations
Retrotransposons Affect gene regulation 

and gene function, cause 
mutations

Converting elements Homing endonucleases Chromosome breakage and 
insertion

Prions Affect brain structure and 
other neural tissues

Segregation distorters Driving chromosomes Can cause sex ratio distortion
B chromosomes Increase crossing over and 

recombination
Post segregation distorters Endosymbionts Reproductive disruption, sex 

ratio distortion
Medea Killing of offspring that do 

not inherit the selfish gene 
from their mother



1698 Selfish Genetic Elements and Sexual Selection

unity. Such genetic suppression of SGEs can in turn have far reaching impacts, 
and may have given rise to key evolutionary innovations. For example, it is sug-
gested that methylation arose to silence SGEs, making them key to the evolution of 
genomic imprinting and the placenta in mammals (Haig 2012). Similarly, it is sug-
gested that genetic suppression of SGEs has given rise to a variety of RNA interfer-
ence mechanisms as a means to silence SGE expression (Vagin et al. 2006). There 
is also evidence that SGEs can, instead of being silenced, be domesticated and take 
on new and beneficial functions. For example, the vertebrate immune system may 
have domesticated transposable elements as mutators to generate new variants of 
T-cells to protect against novel pathogens (Kidwell and Lisch 2000).

8.1.2.1  Autonomous Replicators and Converting Elements

Autonomous replicators and converting elements are by far the most common type 
of SGEs. They can have dramatic impacts on genome structure by regulating the size 
and function of the genome. For example, in Zea mays it is estimated that > 50 % of 
the genome is comprised of transposable elements (TE), and that TE insertions have 
caused an almost doubling of the size of the genome in the last few million years 
(SanMiguel et al. 1998). Similarly, ~ 45 % of the human genome is made up of TEs, 
many of which are inactive and ancient (Lander et al. 2001). Transposons are TEs 
that move around the chromosome, so called “Jumping genes”. They are DNA se-
quences that encode enzymes that catalyze their own movement within the genome, 
can cause mutations and change the amount of DNA in the genome. They may have 
had their origins in DNA repair systems, or a viral origin. Homing endonucleases 
work in a similar way, producing enzymes that cut DNA at a particular site and 
insert a copy of a copy of the homing endonuclease. They can multiply by moving 
from one chromosome location to another. Transposable elements are a potent force 
in shaping the structure and function of the genome. During an insertion event they 
frequently disrupt the function of a gene, often causing additional mutation events. 
For example, it is estimated that in Drosophila melanogaster flies, around 50 % of 
all mutations are caused by TE insertions (Charlesworth et al. 2004). In addition, 
they frequently increase the gene content of a genome by giving rise to repetitive 
DNA sequences that we refer to as ‘junk DNA’. They can also cause inversions and 
translocation of large genome segments that can have dramatic impact on the struc-
ture of chromosomes. This is in part due to the misalignment during DNA repair 
after TE insertions. This ability of TEs to change location within the genome can 
result in new functional activities (Alzohairy et al. 2013).

8.1.2.2  Segregation Distorters

Segregation distorters ensure that after meiosis they are present > 50 % of the off-
spring. Meiotic drive chromosomes are well-studied segregation distorters, which 
alter the meiotic process so that the driving chromosome is present in more than 



170 N. Wedell and T. A. R. Price

50 % of the gametes. Most animals and plants are diploid: their non-sexual cells 
(somatic cells) carry chromosomes organised into pairs. The process that trans-
forms diploid somatic cells into haploid gametes is called meiosis. Complex mo-
lecular mechanisms ensure that meiosis is generally fair: each chromosome has a 
50 % chance of entering each gamete. However, it is possible for alleles to “cheat” 
(Burt and Trivers 2006). Any allele that manipulates meiosis to increase its success 
is referred to as a “meiotic driver” (Jaenike 2001). Eventually such an allele might 
spread until every copy of that chromosome in the population carried the allele. At 
this point, it would no longer have any effect, as all chromosomes carry the allele, 
and all will be equally good at being passed on to the next generation, Meiotic drive 
can occur both through the ova or though sperm, although sperm drive appears to be 
more common. An allele that increases the success of the sperm that carry it relative 
to sperm that do not carry the allele in the same male’s ejaculate should be able to 
fertilise more ova than rival alleles, and so increase in frequency. The simplest way 
for an allele to increase its success in sperm competition against other sperm in the 
same ejaculate is to sabotage the sperm that do not carry the allele. This is exactly 
what we see in “post-meiotic” meiotic drivers. These drivers damage, and in many 
cases completely eliminate, sperm produced by the same male that do not carry the 
driving allele (Jaenike 2001).

If the meiotic drive chromosome is sex linked this gives rise to sex ratio 
distortion. In a population with a female biased sex ratio, each male will on average 
mate with more than one female, which means that males have higher success than 
females, thus making sons more valuable than daughters. Hence, carrying a sex 
ratio distorter imposes a cost on the rest of the genome of the males that carry it, 
as these alleles will only be passed on to daughters. This cost generates selection 
for resistance to the meiotic driver. This can result in the evolution of suppressor 
alleles that prevent the Y-chromosome sperm being eliminated. For example, in 
the fruit fly D. paramelanica there is a meiotic driving X-chromosome, and two 
Y-chromosome forms. One of the Y-chromosomes is able to resist the driving X, 
and males carrying a driving X-chromosome and a resistant Y produce broods with 
equal number of sons and daughters (Stalker 1961). Resistance to drive can also 
evolve on the autosomes, as these will also benefit from being passed on to a higher 
frequency of sons (Tao et al. 2007). Another common form of segregation distorters 
is B-chromosomes, which are parasitic nonessential heterochromatic chromosomes, 
and are widespread in eukaryotes.

8.1.2.3  Post-Segregation Distorters

Post-segregation distorters chromosomes, and are after fertilization and develop-
ment has commenced to ensure they are present in > 50 % offspring. There are 
several different types of post-segregation distorters including Medea and endo-
symbionts. Medea is a selfish killer allele that is passed on from mother to off-
spring, killing all offspring that do not inherit the Medea allele from their mother, 
allowing it to rapidly spread. Endosymbionts are organisms that live inside the 
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cell of another organism. They are very common, and are either beneficial to their 
host by providing key nutrients, or selfishly serve their own interest at the expense 
of reduced host fitness. In this latter role they act as post-segregation distorters 
by causing a variety of reproductive manipulations of the host that can result in 
reproductive failure and sex ratio distortion. The reason for these reproductive 
manipulations is that endosymbionts are typically vertically transmitted through 
the cytoplasm in the egg, meaning they are predominantly inherited from mothers 
to offspring. Therefore from the endosymbionts point of view, males represent 
a dead end. Endosymbionts induce a variety of reproductive manipulations to 
increase their transmission by avoiding sons. The most well-characterised endo-
symbiont is the bacterium Wolbachia pipientis that is estimated to infect between 
30 and 70 % of all arthropods, potentially making is one of the more common 
organisms on Earth. Wolbachia increases its transmission by inducing partheno-
genesis and abolishing the production of males altogether (e.g. several species of 
wasp), by the killing of sons and thereby benefiting their sisters through reduced 
competition, risk of inbreeding, or simply by providing additional nutrients (e.g. 
flies, ladybirds and butterflies), by feminization of genetic males into functional 
females (e.g. isopods, moths and butterflies), or by inducing reproductive incom-
patibilities in crosses between infected males and uninfected females—termed 
Cytoplasmic Incompatibility (CI). This benefits Wolbachia as it result in the 
production of more infected than uninfected offspring, as infected females are 
compatible with both infected and uninfected males (producing infected young), 
whereas uninfected females are only compatible with uninfected males. CI is the 
most common and widespread form of post-segregation reproductive manipula-
tion. There are several different strains of Wolbachia that are often not compatible 
with each other, whereas some show partial bi-directional compatibility between 
strains. The mechanisms of CI induction is not clear, although it involves modi-
fication of the infected males’ sperm that is thought to require a ‘rescue’ factor 
present in the cytoplasm of infected females’ eggs that ensure embryo develop-
ment progress normally, resulting in the production of infected offspring. When 
an infected males’ sperm fertilises the egg of an uninfected female, the entry of 
the male pro-nucleus is delayed whereas the maternal chromosomes segregate 
normally resulting in the production of haploid embryos that die. Interestingly, 
there is large variation in the severity of CI in crosses between infected males and 
uninfected females, suggesting either that Wolbachia does not modify all sperm 
in infected males and/or that the manipulation is not as severe.

8.1.3  Sexual Selection

A little over 150 years ago Darwin revolutionised biology with his theory of natural 
selection (Darwin 1859). He convincingly argued that species carry heritable varia-
tion in their ability to survive, and that only a subset of individuals each generation 
are able to survive and reproduce. This selection of beneficial variation each gen-
eration will, over the generations, “fit” organisms to their environment. Assuming 
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that new variation occurs each generation, which we now know is true, this continu-
ing process is capable of developing entirely new traits and creating new species, 
thereby explaining the diversity of life we see around us. The simplest part to this 
is natural selection; the importance of the ability to survive. It is obvious that a hare 
that is better able to withstand cold might be better able to survive harsh winters. 
An antelope faster than its siblings might be better able to escape from predators. 
However, Darwin also put forward another key hypothesis in The Origin Of Spe-
cies, that individuals need not only to survive but also to successfully reproduce. 
This theory of sexual selection was expanded in The Descent of Man, and Selection 
in Relation to Sex (Darwin 1871), which laid the foundation for all subsequent work 
on sexual selection.

Sexual selection is the competition within a sex to secure mates and produce 
offspring (Anderson 1994). This may occur through conflict between members of 
that sex, such as when bull elephant seals fight to control access to a mating beach 
and the females on it. It can also occur through mate choice. In most species females 
require more time between reproductive bouts than males and hence are frequently 
the limiting sex (Bateman 1948). Males cannot coerce females to mate in the ma-
jority of species, and females tend to choose between abundant males. This mate 
choice has often favoured evolution of extreme traits in males, such as bright plum-
age and elongated tail feathers in many male birds. However, because of the cost of 
reproduction (Trivers 1972), the reproductive interests of male and female often do 
not coincide, resulting in sexual conflict over parental investment and female mat-
ing frequency (Parker 1979). Selection will favour exploitation of mating partners 
to make a larger investment in reproduction and, if a male gains by a female mat-
ing only with him whereas a female gains by mating with several different mates, 
then there is also potential for conflict over female receptivity (Arnqvist and Rowe 
2005). This conflict can at times even lead to traits that harm mating partners, such 
as male dungflies occasionally drowning females in their efforts to coerce them into 
mating, or female praying mantises eating their mates.

Sexual selection and sexual conflict are powerful evolutionary forces. Sexual-
ly selected and in particular sexual conflict traits typically evolve faster than other 
classes of traits, except those involved in resistance to fast evolving parasites and 
diseases (Swanson and Vacquier 2002). This is because sexual conflict typically 
involves adaptations in one sex aimed at manipulating the other to increase its 
fitness, despite the cost it may generate in the other sex. This promotes counter 
selection, favouring adaptations in the other sex to ameliorate costs incurred from 
such manipulations and regain reproductive fitness. This in turn generates selec-
tion on the other sex, and so on. The result is sexually antagonistic co-evolution 
that is thought to be responsible for the rapid divergence in reproductive traits 
between populations, and is even suggested to promote reproductive isolation 
(Arnqvist and Rowe 2005).
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8.1.4  Aim of Review

In this review we discuss how selfish genetic elements can be major drivers of 
sexual selection. Selfish genetic elements are ubiquitous and arise due to the inevi-
table conflicts that occur within individuals between alleles, chromosomes and cell 
lines. We show that SGEs can have major impacts on the reproductive success of 
individuals that carry them, on the individuals that interact with carriers of SGEs 
during reproduction, and on the populations in which they occur. We discuss the 
various ways in which the impact of SGEs can drive sexual selection by focusing 
on a few recent case studies, highlighting the far-reaching effect of different SGEs 
on mating systems.

8.2  Why do SGEs Affect Sexual Selection?

So how might SGEs affect sexual selection? Because SGEs are associated with a 
variety of costs such as reduced male fertility (see below) and production of the 
more common sex in the case of sex ratio distorters, non-carrying individuals are 
expected to avoid mating with SGE-carrying mates. There is some evidence of mate 
discrimination against SGE-carriers prior to mating in some species. However, as 
discussed below, such cases are remarkably rare and tend to involve suppressed 
recombination between the SGE and the ornament used in mate choice. Instead 
SGE seems to play a greater role in post-copulatory sexual selection. Moreover, the 
scarcity of males caused by sex ratio distorting SGEs can have dramatic effects on 
mating systems (Werren 2011), as discussed below. Finally, there is strong selection 
for suppression of SGEs to ensure a more equitable inheritance and to restore the 
sex ratio to unity that can directly affect sexual selection.

8.2.1  SGEs and Pre-Copulatory Mate Choice

Many SGEs reduce the fitness of the individuals that carry them. An obvious pre-
diction from this is that individuals should be selected to avoid mating with SGE 
carriers. However, examples of this are surprisingly rare (Price and Wedell 2008). 
Perhaps the best example comes from the stalk-eyed flies of the Diopsidae family. 
Their most noticeable trait is their huge eyestalks (Fig. 8.1), which are far larger 
in males than females. In some species, large males can have eyestalks wider than 
their body is long. In many species males arrange themselves in a “lek”, an area 
where males congregate. Females visit and assess males, preferring to mate with 
males with wider eye spans (Rogers et al. 2008). Eye span correlates with body 
size, and is also used by males to assess rivals in fights for the best locations in the 
lek. In normal males, males of low genetic quality have higher costs of producing 
wide eye-spans, and so cannot produce the extreme eye-spans of the high genetic 
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fitness males (Baker et al. 2003). Hence, females choosing to mate with wider eye-
span males will tend to be mating with males carrying good genes, and should have 
higher fitness offspring as a result (David et al. 2000).

Several species are known to carry sex ratio distorting X-chromosome meiotic 
drive. In the two best-studied species, Teleopsis dalmanni and T. whitei, there are 
multiple strains of driving X, some of which are transmitted to more than 90 % of 
a male carrier’s offspring (Presgraves et al. 1997). These drivers are common in 
natural populations, often reaching frequencies of 35 % (Wilkinson et al. 1998). As 
a result, populations consist of more females than males and an average male is ex-
pected to mate with several females. Hence producing a higher proportion of sons is 
associated with higher fitness. Females that avoid mating with meiotic drive carry-
ing males would increase their fitness due to increased production of sons and their 
offspring not inheriting the driving X. In T. dalmanni about 30 % of heritable varia-
tion in male eye-span is found on the X-chromosome, and meiotic drive X-chromo-
somes are associated with shorter eye-spans (Johns et al. 2005). Furthermore, there 
are Y-chromosomes that are able to resist the driving effect and are associated with 
wider eye-spans (Wilkinson et al. 1998). By preferring mates female with wider 
eye-spans, females are able to avoid mating with costs meiotic drive carrying males.

A second example is found in mice. Several mouse species carry autosomal 
meiotic drivers called t haplotypes (Artz et al. 1982; Lenington 1991). In the 
house mouse, Mus musculus, there are several t haplotypes, and these can be 
found worldwide at frequencies of up to 25 % (Ardlie and Silver 1998). If a male 
carries a t haplotype, the development of sperm that do not carry that t haplotype 
is suppressed. There is considerable variation in t haplotypes, with some strains 
eliminating 80 % of sperm carrying rival chromosomes, and thereby being passed 
on to 90 % of the male’s offspring (Lenington 1991). These t haplotypes kill 
homozygotes while they are foetuses. Males that carry two different t haplotypes 
are completely sterile, whereas females with two different t haplotypes develop 
normally. However, if a heterozygote female mates with a heterozygote male, 
45 % of their offspring will be homozygous and die, 50 % will inherit a t haplo-
type, and only 5 % will not inherit a t haplotype. As predicted, there is evidence 

Fig. 8.1  A male stalk-eyed 
fly ( Teleopsis dalmanni) 
showing the enormous eye 
stalks. Females prefer to 
mate with males with wider 
eye spans, which correlates 
both with body size and 
resistance to meiotic drive. 
(this photo is a creative 
commons by attribution 
photo, by Rob Knell, CC 
by-SA 2.5 (http://creative-
commons.org/licenses/
by-sa/2.5/))
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that females do indeed prefer to avoid mating with t haplotype carrying males. 
Moreover, this preference is much stronger in females that carry a t haplotype 
than females that do not. However, the majority of this evidence comes from stud-
ies of scent, where females prefer to nest in the bedding of males that do not carry 
t haplotypes, or to spend time in chambers near to them, but is not based on actual 
mating data (Lenington et al. 1992). Moreover, females strongly prefer to mate 
with dominant males, which can mask effects. Furthermore, there is an effect of 
the reproductive cycle of females, with females in oestrus showing stronger pref-
erences (Williams and Lenington 1993). Nevertheless, there is good evidence that 
heterozygote females do indeed prefer to avoid mating with t haplotype carrying 
males, at least in some populations.

There is also evidence that some endosymbionts can drive the evolution of mate 
choice (Goodacre and Martin 2012). The best evidence comes from spider mites 
( Tetranychus urticae). In this species, females that do not carry Wolbachia will lose 
fitness if they mate with an infected male due to the death of offspring through CI. 
Uninfected females prefer to mate with uninfected males, whereas infected females 
show no preference (Vala et al. 2004). In the fruitfly Drosophila paulistorum, sub-
species are associated with different strains of Wolbachia that are important for en-
suring successful reproduction. Females strongly prefer to mate with males carrying 
their own strain (Miller et al. 2010). However, when Wolbachia levels are reduced 
by antibiotics the preference for males harbouring the same strain is dramatically 
lower. In D. melanogaster, curing strains of Wolbachia also alters mate preference, 
although in unpredictable ways (Markov et al. 2009).

So why are mate preferences against carriers of SGEs so rare despite large fitness 
cost of not discriminating? Female choice against SGE carrying males is expected 
to be vulnerable to a breakup of the linkage between the SGE and the detectable 
trait (Nichols and Butlin 1989; Pomiankowski and Hurst 1999). For example, if a 
recombination in stalk eyed flies resulted in a meiotic driving X that was associ-
ated with wider eye-spans, it would be likely to spread through the population to 
such a high frequency that eye-span stopped being a useful signal of drive status. 
Any choice system against a SGE is likely to require that recombination between 
the driver and signal genes is extremely rare. In both stalk eyed flies and mice this 
does seem to be the case. The association between drive and small eye-span alleles 
seems to be due to very tight genetic linkage between the two (Johns et al. 2005). 
In mice, the t haplotype and scent genes are tightly linked in an area of very low 
recombination (Lenington et al. 1992). Wolbachia-based mate preferences may in-
volve changes to the odour profiles used in mate choice.

8.2.2  SGEs and Post-Copulatory Sexual Selection

The limited evidence for the importance of SGEs in promoting pre-copulatory 
mate choice suggests that post-copulatory influences may be more important, po-
tentially favouring female multiple mating (Zeh and Zeh 1996). Many SGEs target 
male gametes during spermatogenesis in order to increase their transmission rate 
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and get passed on to the next generation. This manipulation can be achieved by 
modifying sperm during development, as is the case for many endosymbionts 
(e.g. Snook et al. 2000; Lewis et al. 2011a). Other SGEs such as meiotic drivers, 
some B-chromosomes and some transposons destroy sperm that do not pass the 
selfish gene to subsequent generations (e.g. Policansky and Ellison 1970). This 
can result in dramatically reduced numbers of sperm produced by male carriers 
compared to non-carrying males (Price and Wedell 2008). In addition, the method 
of sperm killing can itself have a detrimental side effect on the surviving sperm 
that carry the SGE that compromises their sperm performance (e.g. meiotic drive, 
Price et al. 2008a). As a consequence of this sperm manipulation and sperm-kill-
ing, male carriers frequently suffer reduced fertility and sperm competitive abil-
ity compared to non-carrying males (Price and Wedell 2008; Price et al. 2008a). 
There are numerous examples of this fertility reduction of SGE-carrying males, 
and this effect ranges from a slight drop in fertility to a dramatic reduction of 
50 % or more in some species (Price and Wedell 2008). This is important since a 
reduction of a minimum of 50 % is required to stabilize the transmission advan-
tage of an SGE that kills all non-carrier sperm (Haig and Bergstrom 1995). The 
reduced sperm production of these low fertility SGE-carrying males translates 
into compromised sperm competitive ability, as relatively higher sperm numbers 
are advantageous in sperm competition (Simmons 2001; Lewis et al. 2008). In D. 
melanogaster, for example, the fertility reduction of a segregation distorter (SD) 
is greater than expected purely from by the elimination of non-carrying sperm 
(Hartl et al. 1967), and several other studies have also shown that a higher degree 
of drive in males is associated with a greater fertility reduction than expected 
based on sperm numbers (Fry and Wilkinson 2004; Price et al. 2008a).

The reduced fertility and sperm competitive ability of SGE-carrying males pro-
vides an important link between the presence of SGEs and female mating frequen-
cy. This link is predicted to promote polyandry as a female strategy to bias paternity 
against low-fertility SGE-carrying males and avoid passing on the SGEs to offspring 
(Zeh and Zeh 1996; Price and Wedell 2008; Wedell 2013). As discussed in detail 
below, there is evidence that this is indeed the case in several taxa. The advantage 
to polyandrous females is a reduced risk of only mating to SGE-carrying males, al-
though this bet-hedging strategy will only work under limited circumstances (Yasui 
1998). A potentially more important aspect is the reduced sperm competitive ability 
of carrier males, which means that polyandrous females may be able to swamp the 
sperm of SGE-carrying males with that of normal males. In addition, polyandry is 
also hypothesized to decrease the population frequency of any SGEs that reduce the 
sperm competitive ability of males, and so polyandry might protect against SGEs at 
the population level (Haig and Bergstrom 1995), by undermining their transmission 
advantage (Price et al. 2010a). Hence there is a dynamic link between polyandry 
and the frequency of SGEs that may be important in favouring female multiple mat-
ing in general (Wedell 2013).
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8.3  Case Studies

Here we focus on a few recent case studies to illustrate the potency of SGEs in af-
fecting sexual selection, highlighting the diverse and far-reaching impact they have 
on animal mating systems.

8.3.1  Sex Ratio Distortion and Coevolution Between  
the Sexes in a Fruit Fly

One of the best-studied sex-ratio drive systems is that in the fruit fly Drosophi-
la pseudoobscura a small fly found in wooded areas from Canada to Guatemala 
(Dobzhansky and Epling 1944). These flies are diploid, with females carrying two 
X-chromosomes, and males an X and Y. In 1936 some males were found that pro-
duced almost entirely female broods (Sturtevant and Dobzhansky 1936). Further 
work showed that this was due to these males carrying an X-chromosome with a 
meiotic driver, which was named “sex-ratio”, or SR. The Y-chromosome bearing 
sperm of males carrying SR fails to develop properly during spermatogenesis, so 
all functional sperm of the SR males carry the SR X-chromosome (Policansky and 
Ellison 1970). As a result, all the functional offspring of an SR male are daughters 
that inherit a copy of the SR X-chromosome. In contrast, the X-chromosome of a 
non-SR male will be passed on to half his offspring. Hence, if SR and non-SR males 
have the same number of offspring on average, then SR should rapidly spread 
through the population, outcompeting both the non-driving X-chromosomes 
and the Y-chromosome. If SR continued to spread through a population, eventu-
ally it should reach a high enough frequency that no males are produced and the 
population should go extinct (Hamilton 1967). However, surveys over the past 70 
years have shown no evidence of an increase in the frequency of SR (Dobzhansky 
1958; Powell 1997). Instead, there seems to be a stable distribution, with SR most 
common in the southern USA and northern Mexico where 30 % of all X-chro-
mosomes are SR chromosomes. From the US/Mexican border there is a gradual 
decrease to the north, and probably a similar decrease to the south. The long-term 
stability of SR in natural populations is a mystery and the reason for this is poorly 
understood. Nevertheless, populations where SR is common tend to have female 
biased sex ratios (Bryant et al. 1982).

Remarkably, there is no genetic resistance against SR (Policansky and Dempsey 
1978). This should select females to avoid mating with SR males. However, there 
is no evidence that females can distinguish between SR and non-SR males prior to 
mating (Wu 1983; Price et al. 2012). However, the elimination of Y-chromosome 
sperm greatly reduces the number of sperm an SR male produces (Price et al. 
2008a). Moreover, there is some evidence that the killing of Y-sperm also dam-
ages the X-chromosome sperm. As a result, SR males produce fewer sperm than 
non-SR males that may be of low quality (Wu 1983). This can result in females 
that mate with SR males running out of sperm and being unable to lay fertile eggs. 
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However, even SR male D. pseudoobscura transfer thousands of sperm to females 
(Price et al. 2008a), and so it is unlikely that lack of sperm is ever important in 
nature. But importantly, the reduced sperm production of SR males means they 
are less successful than non-SR males in sperm competition. When a female mates 
with a non-SR male, followed by a SR male, on average the SR male fathers less 
than 20 % of the offspring. A non-SR male in a similar sperm competitive sce-
nario is expected to father 70 % of the offspring (Price et al. 2008a). Hence, even 
though females cannot tell which males carry SR, they can reduce the chance 
of their offspring being fathered by an SR male simply by mating with multiple 
males (Haig and Bergstrom 1995). Indeed, when laboratory experimental evolu-
tion populations were set up (see Box 2) where females risked mating with SR 
males, females rapidly evolved higher remating rates (Price et al. 2008b). This 
higher mating rate is likely to reduce their risk of siring sex ratio-biased broods, 
and this only evolved in populations where SR was present.

Furthermore, the non-SR males also evolved in response to the presence of the 
SR males. This was due to the increased female remating frequency in these popu-
lations, providing direct evidence of co-evolution between males and females in 
the experimental SR evolution populations. The increased remating rates in the SR 
populations meant a higher level of sperm competition was experienced by males. 
Males responded to the higher risk of sperm competition and evolved to trans-
fer bigger ejaculates containing more sperm. Higher sperm number is favoured 
in sperm competition. In addition, these males were also better at suppressing 
female receptivity (Fig. 8.2; Price et al. 2010b), indicating evolution of more 
‘potent’ ejaculates. In D. melanogaster the male ejaculate contains a cocktail of 
accessory gland proteins that are known to affect female reproductive physiology, 
including suppressing her tendency to remate (Ravi Ram and Wolfner 2007). Fur-
thermore, there was evidence of a tight relationship between the level of remating 
in females and the ability of the males in the very same populations to suppress 
female receptivity. This indicates rapid co-evolution between the sexes with re-
gards to female remating rate. In populations where females evolved the highest 
level of remating, the non-SR males were best able to suppress female remating, 
whereas in populations where females evolved the least increase in remating rate, 
males were least able to prevent the female from remating. This relationship was 
remarkably tight and evolved after only 11 generations of experimental evolution, 
by which point the frequency of SR was < 5 % (Price et al. 2010b). This indicates 
that even at a low frequency, SR has a dramatic effect on the mating system of 
this fly species: it promoted the evolution of increased female remating rates, 
which in turn favoured the evolution of bigger and more ‘potent’ male ejaculates 
in populations with elevated levels of polyandry. This is a powerful illustration 
of the power of an SGE to generate sexual selection, even when present at a low 
frequency by causing a chain of adaptations and counter-adaptations in females 
and males.
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Fig. 8.2  Box plot of the proportion of female Drosophila pseudoobscura that remated when pre-
sented with a second male following initial mating to a male from an experimental evolution 
population where SR was present or where SR was absent (Price et al. 2010b). Female remating 
tendency was suppressed by mating to a male from a population evolving in the presence of SR 
(Mann-Whitney U test: N = 8, U = 0.5, P = 0.029), due to males in these populations being faced 
with higher female remating rates. Median, interquartile range, and range are shown.

 

Box 2. Experimental Evolution 

Evolution is difficult to study in nature. Many organisms may show very 
little change over vast periods of time (Hull and Norris 2009). For example, 
pelicans today appear very similar to those that appeared 30 million years 
ago (Louchart et al. 2011). On the other hand, evolution can be extremely 
rapid, when changes to the environment cause strong selection. For example, 
DDT resistance in insects has spread extremely rapidly after the use of pes-
ticides due to strong directional selection (see also 3.5 below). If we want 
to examine evolution, the lack of examples of strong directional selection in 
nature reduces our ability to determine what evolution is capable of. A second 
problem with studying evolution in natural populations is that many selective 
forces will act simultaneously, making it difficult to determine which factors 
cause the evolutionary change in a population and the relative importance 
of each factor. A third problem is that it limits us to study the selection that 
occurs in nature. To understand biological systems, we need to understand 
what could happen, not just what actually happens in the natural popula-
tions we are observing. For example, there is a clear need to understand how 
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species will respond to increasing global temperatures. But it is likely that 
many species will not experience these conditions until it is too late for the 
information to be useful (Gienapp et al. 2008). A final problem is the lack of 
replication in nature. Replication is essential to be sure that an evolutionary 
response is genuinely linked to a particular selective pressure, and not occur 
merely chance. Unfortunately, in nature, it is almost impossible to be certain 
that populations are separate, and hence evolving in parallel. Even geographi-
cally isolated populations, on islands for example, could be linked by rare 
gene flow and hence not represent true replication. It is only possible to be 
certain that populations are separate in controlled environments.

Experimental evolution, the creation of a specific set of conditions to which 
a suite of traits may evolve, provides a solution to these problems (Kawecki 
et al. 2012). For this technique a laboratory population is split into several 
genetically similar laboratory populations. A group of populations can then be 
subjected to a potential selective factor, with a second group not exposed and 
used as a control. Unlike a traditional experiment, the members of each sub-
ject population are allowed to reproduce after selection. The treatment is then 
repeated for multiple generations. This allows the population to respond to 
the selection by evolving. Experimental evolution is similar to artificial selec-
tion where selection is directly applied to the organism (Edward et al. 2010). 
Examples are the traditional breeding of domestic animals for particular traits 
such as size, appearance or productivity. A frequently used approach is to only 
allow the largest (or smallest) 20 % of individuals each generation to breed 
(Mackay et al. 2009). This typically produces rapid evolution in the trait se-
lected for. Experimental evolution differs from artificial selection because the 
traits(s) and response are not chosen by the researcher. A population directly 
selected for size is unlikely to respond in any way other than size, whereas a 
population exposed to a competitor species could respond in a wide variety of 
ways. However, there is no clear distinction between experimental evolution 
and artificial selection, they are better considered as ends of a continuum of 
the level of direct manipulation by the researcher.

There are limitations to experimental evolution. Firstly, experimental evo-
lution is always limited in scope compared to real populations. The size of the 
population that can be used is limited by practical considerations. As labora-
tory populations are typically very small compared to natural populations, 
novel beneficial mutations are likely to be extremely rare. As a result, the 
ability of a laboratory population to respond to selection will be limited by 
the amount of genetic variation contained within that population when the 
experiment starts. In other words, if the population has little variation at the 
start of the experiment, either due to small population size, inbreeding, or 
chance, then there is unlikely to be an evolutionary response. The amount of 
selection will also be limited by the number of generations that can be used 
in the experiment. A long-lived species that becomes sexually mature after 
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8.3.2  Male-Killing Endosymbionts in Butterflies

There is additional evidence that the population sex ratio caused by segregating 
distorting SGEs can directly influence the level of sexual selection. In the butterfly 
Hypolimnas bolina for example, many populations harbour a male-killing strain 
of Wolbachia (Dyson and Hurst 2004). Throughout the South Pacific there is large 
variation in the frequency of male-killers between islands that is associated with dif-
ferences in the degree of female sex ratio bias, with a higher frequency of male kill-
ers associated with a more severe female biased population sex ratio (Charlat et al. 
2007). As a consequence, the mating system differs depending on the frequency of 
male killers. In high prevalence populations, males provide smaller sperm packets 
than in low prevalence populations, which is likely due to their higher mating fre-
quency in these high prevalence populations as a consequence of the pronounced 
female sex ratio bias. This directly influences the degree of female multiple mating. 
In populations with a high frequency of male-killers and a severe female-biased sex 
ratio, females engage in higher levels of multiple mating. This is likely due to the 
increased severity of sperm limitation experienced by females in these high preva-
lence populations. This in turn means a higher male mating rate that creates a cycle 
of male fatigue with a concomitant female sperm shortage that will further promote 
female multiple mating. At extreme levels of male killing, female mating frequency 
becomes directly limited by access to males (Charlat et al. 2007). Multiple mating is 
favoured in this species because of the limited supply of sperm due to the short-age 
and exhaustion of the few males because of the female biased sex ratio that in some 
populations can be as high as 100 females to one male (Dyson and Hurst 2004).

So what consequences might this have for sexual selection? Increased lev-
els of female multiple mating will affect the risk of sperm competition, but 
this risk is likely to be reduced in high prevalence populations since even 
though females are willing to mate many times, the number of different males 
they mate with is reduced. It is even possible that a male may mate with a fe-
male whom he has already inseminated. In such a situation there is clearly a 
low risk of sperm  competition, and males should instead discriminate against 

a period of years, such as elephants or cetaceans would be highly unsuit-
able for experimental evolution. These considerations mean that many spe-
cies are completely unsuitable for use in experimental evolution, due to size, 
inability to survive in the laboratory, or long generation times. Nonetheless, 
experimental evolution is one of the most powerful techniques available to 
evolutionary biologists, and has provided insights into areas as diverse as the 
mechanisms under-lying social evolution (Buckling et al. 2009), life history, 
toxin tolerance (Mackay et al. 2009), the spread of new mutations (Atwood 
et al. 1951), and resistance to parasites (Lenski 1988). It provides an oppor-
tunity to examine evolution in real time, in a replicated fashion, which is all 
too rare in natural studies.
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already inseminated females and prefer novel females to mate with. Hence, 
we may expect male mate choice to be more prevalent under such situations.  
In addition, it may also favour changes in female behaviour to increase the like-
lihood of successful insemination. In populations of the butterfly Acrea encedon 
harbouring male-killing Wolbachia, females engage in lekking behaviour (mating 
aggregations believed to increase visibility), presumably in an attempt to advertise 
their presence to the rare males and increase their mating success (Jiggins et al. 
2000). In populations without male-killers, lekking is normally only performed by 
males. This illustrates the potency of sex ratio distorters in affecting both female 
mating rate, but also mating behaviour and mate choice.

8.3.3  Increased Male Mating Rates in Wolbachia-Infected 
Drosophila

The presence of Wolbachia can also directly affect male mating rate and mating 
strategies. Infected male D. melanogaster and D. simulans harbouring CI-inducing 
Wolbachia, show significantly higher mating rates than uninfected males (Cham-
pion de Crespigny et al. 2006). On average, infected D. simulans males mate almost 
50 % more frequently than uninfected males, whereas, infected D. melanogaster 
males mate about 16 % more frequently than uninfected males. Interestingly, this 
difference in male mating rate covaries with the level of CI. It is more severe in D. 
simulans where the wRi strain causes > 95 % of crosses between uninfected females 
and infected males to fail to hatch, compared to < 30 % in similar crosses in D. me-
lanogaster. There is evidence that the level of CI declines with both male age and 
male mating frequency, although the mechanism is not known (Karr et al. 1998). 
It is therefore possible that the higher level of mating by infected male Drosophila 
may be a male strategy to regain reproductive compatibility with all females, in-
cluding uninfected females thereby increasing their reproductive success (Cham-
pion de Crespigny et al. 2006). Alternatively, the infection may be beneficial to 
males and enabling them to maintain a higher mating rate than uninfected males. 
There are documented benefits of Wolbachia-infection in terms of conferring pro-
tection against RNA viruses in both fly species (Hedges et al. 2008; Teixeira et al. 
2008), but this benefit is enjoyed by both sexes and cannot explain why infected 
males should mate at a higher rate than uninfected males (and endosymbiont pro-
tection against viruses is not universal, i.e. [Longdon et al. 2012]). In addition, 
infected D. simulans males suffer reduced sperm production (Snook et al. 2000) 
and sperm competitive ability (Champion de Crespigny and Wedell 2006) relative 
to uninfected males, indicating that Wolbachia-infection is not associated with a 
reproductive advantage to infected males. This suggest that the higher mating fre-
quency of Wolbachia-infected males is a strategy to reduce the induction of CI, that 
will restore the reproductive compatibility with uninfected females and therefore 
increase male fitness. This is turn will affect the overall level of multiple mating in 
Wolbachia-infected fly populations increasing the scope for both sexual selection, 
but also sexual conflict over female remating rate.
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8.3.4  Sex Ratio-Distorting SGEs and Sex Determination

There is evidence that sex ratio distorters such as male killers and feminizers can 
promote counter-selection and evolution of new sex determination pathways to re-
store sex ratio to unity and that this process can be rapid. For example, in the isopod 
Armadillium vulgare, chromosomal sex-determination follows female heterogam-
ety (ZZ males and ZW females). However, Wolbachia-infected females produce 
female-biased broods, due to feminization of ZZ males that in turn will also produce 
infected female-biased broods. The consequence of this on-going feminization is 
the loss of the W female chromosome, since feminized ZZ-individuals can produce 
females without the W-chromosome. Here sex-determination is now controlled by 
Wolbachia infection and not by the sex chromosomes, with infected individuals 
becoming females and uninfected individuals remaining male. Over time, there can 
be evolution of resistance genes to Wolbachia-feminization, with infected females 
producing male-biased broods that resist Wolbachia and transmit the resistance to 
their offspring. Here selection on host nuclear genes has promoted evolution of 
resistance to feminization. The resistance genes restore males by reducing the rate 
of Wolbachia infection and directly impact on sex determination with individuals 
carrying the resistance genes now becoming male (Cordaux et al. 2011).

There is also evidence that multiple SGEs can interfere with sex determination. 
In the haplodiploid wasp Trichogramma kaykai (females diploid, males haploid) 
for example, Wolbachia induce parthenogenesis in infected females. The frequency 
of infected females is < 30 % and kept at a low frequency by the presence of a self-
ish sex-ratio distorting B-chromosome (paternal sex-ratio, PSR), that is paternally 
inherited and converts diploid fertilized female-destined eggs into males by de-
stroying the paternal chromosome (although not itself) and making it haploid (van 
Vugt et al. 2009). Thus the selfish PSR chromosome restores males despite the 
presence of feminizing Wolbachia keeping it at a low frequency and ensuring sexual 
reproduction and therefore also allowing sexual selection. As yet it is not known to 
what extent these opposing SGEs affect either pre- or post-copulatory aspects of 
sexual selection such as mate choice and fertility in sperm competition. It is even 
suggested that haplodiploidy itself may have evolved as a consequence of male-
killing endosymbionts (Normark 2004). The idea is that male-killing is achieved by 
destroying the paternal chromosomes in diploid males (as the endosymbiont is only 
passed on through females), thereby turning them into lethal haploids destined to 
die. This is turn will favour host genes that evolve to ‘rescue’ these haploid embryos 
and convert them into viable males. Again this will restore sexual reproduction and 
therefore the potential for sexual selection to operate.

8.3.5  DDT Resistance in Drosophila melanogaster

It has recently been realised that SGEs can have different effects when expressed in 
males and females, potentially causing sexual conflict, as it can have the opposite 
fitness effect in the two sexes. A recent example of this is DDT-resistance alleles 
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(DDT-R) in D. melanogaster flies. Resistance is caused by a retrotransposon insert-
ed into the promoter region of a detoxification gene ( Cyp6g1) that upregulates the 
gene in both sexes. Remarkably, DDT-resistant females are more fecund and have 
offspring of higher fitness than susceptible females (McCart et al. 2005). Despite 
this fitness advantage to females, DDT-R did not spread before the use of pesticides, 
implying a cost to males that balances the benefits to females. This is the hallmark 
of a sexually antagonistic allele—a gene with opposite fitness effects when ex-
pressed in the two sexes (see Box 3). Indeed, this is the case in D. melanogaster, in 
which DDT-R males are less likely to obtain matings when competing for females 
against susceptible males (Smith et al. 2011). This cost (relative fitness reduction 
to DDT-R males −0.28) almost perfectly balances the fitness benefit to females 
(+ 0.25), when DDT-R is expressed in the same genetic background (Fig. 8.3). This 
implies that the sexual conflict it causes has the potential to affect the spread of the 
resistance alleles. It is possible that other SGEs may function as sexually antagonis-
tic alleles with opposite fitness effects when expressed in males and females. If this 
is the case, it indicates that SGEs not only generate sexual selection by favouring 
polyandry, but may also generate sexual conflict by acting as a sexually antagonistic 
allele with dramatic sex-specific fitness effects. To date, it is not known the extent 
to which SGEs may have such sex specific fitness effects, but considering their 
prevalence throughout the genome and their direct involvement in gene regulation, 
it is likely to be an overlooked possibility.

Box 3. Intralocus Sexual Conflict 

Males and females are designed to do different things, but they share the same 
genome, and this combination causes inter-sexual conflict. This is because 
shared traits are encoded by alleles at the same locus in both sexes, but have 
different optima when expressed in males and females (Arnqvist and Rowe 
2005). Such intra-locus conflict traits are selected in different directions and 
this may prevent males and females from reaching their sex-specific pheno-
typic optima (Lande 1980). In particular, shared life-history traits are especially 
likely to be subject to intralocus sexual conflict because they have a strong 
relationship to fitness and frequently exhibit different optima in the two sexes 
(Wedell et al. 2006; Lewis et al. 2011b). As a consequence, we predict that 
the genetic correlation for fitness between the sexes should be negative during 
the acute and attenuated phases of intra-locus sexual conflict (Bonduriansky 
and Chenoweth 2009). This prediction is corroborated in a number of studies 
showing a negative genetic correlation for fitness between the sexes (e.g. Arn-
qvist and Rowe 2005; Pischedda and Chippindale 2006; Foerster et al. 2007; 
Mainguy et al. 2009). The potential implications of intra-locus sexual conflict 
are widespread: it may help preserve genetic variation in a population (Foer-
ster et al. 2007), diminish the benefits of sexual selection (Pischedda and Chip-
pindale 2006), increase the risk of population extinction (Kokko and Brooks 
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Fig. 8.3  Male competitive mating success and female fecundity of DDT resistant (RR) and DDT 
susceptible (SS) males of the Canton-S genetic background showing that the DDT-R allele has 
opposing fitness effects when expressed in males and females. This is the hallmark of a sexually 
antagonistic allele. DDT-R males have reduced mating success in competition with DDT-S males 
(a), whereas DDT-R females enjoy higher fecundity than DDT-S females (b). The relative fitness 
benefit to DDT-R females almost perfectly matched the fitness cost to DDT-R males. After McCart 
et al. (2005), and Smith et al. (2011).

 

2003) and/or drive speciation (Parker and Partridge 1998). For example, in the  
collared flycatcher ( Ficedula albicollis) there is sexually antagonistic  natural 
selection on body size (Merilä et al. 1997). Adult locomotory activity in Dro-
sophila melanogaster, an important component of a male’s life-history strat-
egy for locating potential mates, also shows opposing selection in the sexes 
(Long and Rice 2007). Similarly, in the green-veined white butterfly ( Pieris 
napi) male sperm production and female sperm storage, which determines 
female mating rate, are antagonistically selected (many sperm are good for 
males but bad for females), and there is a genetic correlation for sperm pro-
duction in males and sperm storage in females (Wedell et al. 2009).
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8.4  Concluding Remarks

Sexual selection and sexual conflict are powerful selective forces that have shaped 
the diversity of reproductive traits and behaviours in males and females. There 
are many well-documented factors fuelling these processes, but one that has been 
largely overlooked is the role of SGEs. This is despite SGEs being ubiquitous in eu-
karyotes and frequently associated with reduced fertility and fertilization efficiency 
of male carriers. Coupled with the risk of passing on genes that are associated with 
reduced fitness, they can exert a dramatic impact on mating decisions and mating 
patterns of animals. Here we have reviewed several examples highlighting the po-
tency of a variety of SGEs in affecting the mating strategies of males and females, 
and have provided evidence that SGEs can have remarkably wide-ranging influ-
ences on sexual selection, even when present at low frequencies. Further research 
will reveal the extent to which other SGEs influences reproductive behaviours of 
animals. In addition, other aspects of sexual selection that may not first be apparent 
could potentially also be affected by SGEs. For example, the potential for SGEs to 
promote new sex determination systems can have direct impact on alleles with sex-
ually antagonistic effects. This is because sex chromosomes and sex-linked genes 
are believed to be the hot spot for sexually antagonistic alleles as they are subject 
to strong sex-specific selection. In addition, since SGEs can affect the level of gene 
expression they have the potential to directly regulate sex-specific genes that will 
determine the level of sexual dimorphism. Hence it is possible that SGEs also play 
an overlooked role at the transcriptomic level by influencing expression levels of 
sex-linked genes and alleles with sexually antagonistic effects. Further molecular 
advances in combination with studies exploring the impact of SGEs on mating deci-
sions are needed to evaluate the impact of SGEs on mating systems and resulting 
gene expression patterns in the two sexes more generally, but it is clear SGEs ulti-
mately contribute to sexual selection.
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Abstract Contemporary research on sexual selection remains deeply influenced by 
the controversy between Charles Darwin and Alfred Russel Wallace about the true 
nature and importance of female choice. After briefly reviewing the main points of 
disagreement between the two famous evolutionists, I discuss some methodological 
issues relevant to the contemporary study of female choice. I first use some recent 
controversy about sexual selection in the Indian Peafowl, Pavo cristatus, to illus-
trate several recurring problems and shortcomings in the empirical study of female 
preference for male characters. I then address the empirical evidence for rationality 
in female choice, and discuss how the recently emerged concept of animal personal-
ity may help to understand how inter-individual variation in female choice can be 
maintained in natural populations. Finally, I examine the possibility to develop a 
more integrated framework for the empirical study of female choice.

Keywords Intersexual selection · Mate choice · Personality · Preference · Rationality

9.1  Introduction

The study of female mate choice has received a very large attention over the last 30 
years, both on theoretical and empirical grounds, to the point where it has become 
today one of the major topic addressed in the literature on animal behaviour (Gross 
1994; Cézilly 2008). Most of this attention, though, has centred on the evolutionary 
causes and consequences of female choice, more than on female choice per se. For 
example, whereas some researchers have remained faithful to Darwin’s original 
ideas in proposing that female preference was largely arbitrary (Lande 1981; Kirk-
patrick 1982; Prum 2012), others have favoured the idea that females were choosy 
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because of direct and/or indirect benefits accruing from mating with the best pos-
sible males (Zahavi 1975; Hoelzer 1989; Kotiaho and Puurtinen 2007). A distinct 
line of research is concerned with whether female preference for a male trait could 
historically precede the evolution the trait: according to the sensory exploitation 
hypothesis (Ryan 1990; Egger et al. 2011), male traits might be positively selected 
if they match some pre-existing sensory bias in females. Whatever the working 
hypothesis about the origin and the functional consequences of female preferences 
for male traits, however, all theoretical models and empirical works incorporate the 
assumption that females indeed express a preference for male traits when favouring 
a mating option over another.

Yet, despite this rich and diverse literature, encompassing all kinds of biologi-
cal models from invertebrates to human beings, some very basic questions about 
female preference for male traits and its evolutionary importance in shaping sexual 
dimorphism remain largely unanswered. The purpose of the present chapter is pre-
cisely to discuss the limitations of current approaches to female choice, to point 
out some gaps in our understanding of intersexual selection, and, finally, to empha-
size the need for new research aimed at fillings those gaps. Contemporary research 
on sexual selection remains deeply rooted in past debates and I will thus start by 
providing a brief historical perspective on the importance of female choice in the 
theory of sexual selection, from which I will extract the major points of disagree-
ment between such leading figures as Charles Darwin and Alfred Russel Wallace 
(see also Hoquet and Levandowsky, this volume). In the second part of the present 
chapter, I will discuss some methodological issues inherent to the empirical study 
of active female choice in relation to male characters and behaviour. The third part 
of the chapter will be devoted to the question of rational female choice, whereas 
the fourth one will evaluate the potential role of variation in personality between 
females on the study of female choice. In the conclusion, I will come back to some 
aspects of the controversy between Darwin and Wallace about sexual selection and 
female choice, and examine the possibility to develop a more integrated framework 
for the empirical study of female choice.

9.2  Intersexual Selection: Female Choice for Beauty?

The introduction of the process of sexual selection by Darwin in The Origin of Spe-
cies in 1859 and its later development in The Descent of Man in 1871 might have 
been received with less scepticism at the time, if it was not for the emphasis that the 
famous evolutionist deliberately placed on female choice. Indeed, Darwin (1859, 
1874) introduced two different processes that could account for the evolution of 
secondary sexual characters. First, he considered that sexual dimorphism can arise 
from the benefits males gain from possessing certain characters when competing 
between themselves for access to females, whether it corresponds to offensive or 
defensive weapons used during fights between males for access to females (i.e. in-
terference competition), or sensory and locomotor organs allowing males to locate 
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females before their rivals (i.e. exploitation competition), a process known today 
as intrasexual selection. Second, he regarded female preference for some male 
characters as a driving force leading to the amplification of such characters during 
the course of evolution, a process now defined as intersexual selection (Andersson 
1994; Danchin and Cézilly 2008; Cézilly and Allainé 2010). As male characters 
preferred by females in many species looked to Darwin as ornaments with no di-
rect utility for survival (or being even detrimental to fitness), he concluded to the 
existence of a “sense of beauty” in some female animals, that he compared to “that 
in lowest savages that admire and deck themselves with any brilliant, glittering or 
curious object” (Darwin 1874, p. 211).

At a time when the existence of a sense of aesthetics in women appeared doubt-
ful to many an educated man, Darwin’s proposition was somehow an iconoclast one 
(Miller 2000). For if the true nature of womanhood was seen as a sensitive one and 
devoted to beauty, women were simultaneously denied of any real artistic creativity 
or judgment (Losano 2008).

Elevating a supposed sense of beauty in female animals to the rank of an evolu-
tionary force thus left many of Darwin’s colleagues unconvinced, if not doubtful. 
Among them were standing St George Jackson Mivart and Alfred Russel Wallace 
for whom female tastes were far too versatile and inconsistent to be an evolutionary 
force in par with natural selection (Cronin 1991). Wallace, in particular, developed, 
in two consecutive books Tropical Nature and Other Essays (Wallace 1878) and 
Darwinism (Wallace 1889), a refutation of the role of female choice in the evolution 
of male ornaments. He first considered that many sexually dimorphic characters, 
such as for instance the “musical organs” of some insects, had for unique function 
to “enable the sexes to discover and recognise each other”. Considering butterflies, 
he concluded that most cases of sexual dichromatism could be explained by the 
fact that the females, being more exposed to predation than males during egg lay-
ing, have adopted protective colorations, either though mimicking the conspicuous 
warning colorations of sympatric unpalatable butterfly species, or through resorting 
to camouflage. The latter phenomenon would also apply to birds, in which females, 
that often assume alone incubation and brooding duties, show duller and more cryp-
tic colorations than males. In support of his assertion, Wallace quoted the case of 
hole-nesting birds in which females “are either coloured exactly like the males, or, 
when differently coloured, are equally conspicuous”, although he admitted some 
exceptions to that rule. Contrary to what is sometimes claimed (e.g. Miller 2000), 
however, Wallace was not definitely “hostile” to female choice. He clearly con-
ceded that the female “does exert some choice between very different males”, but 
he found “no evidence that slight variations in the colour or plumes, in the way of 
increased intensity or complexity, are what determines the choice” (Wallace 1889). 
He rather thought that female choice was more influenced by the amount of activ-
ity of males, as this was a direct cue to their vigour. And because male vigour and 
stamina would influence not only their sexual attractiveness during the breeding 
season, but, more generally, their ability to escape predators and acquire resources 
at any time, he considered that natural selection was sufficient to explain male char-
acters and female preference for them. Looking for a “vera causa for the origin of 
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ornamental appendages of birds and other animals”, Wallace, assuming that males 
have a higher metabolism than females, concluded that they were simply due to “a 
surplus of vital energy, leading to abnormal growths in those parts of the integument 
where muscular and nervous actions are greatest” (Wallace 1889). Ultimately, Wal-
lace’s reluctance to confer any aesthetic sense to animals was a logical consequence 
of his belief that the artistic faculties of human beings were part of his “spiritual 
nature” on which natural selection has no influence.

If Wallace’s objections to intersexual selection were serious, they were not strong 
enough to convince all evolutionists to abandon the concept of intersexual selection, 
as shown by the positive account of Darwinian sexual selection provided by August 
Weissmann in The Evolution Theory (Weismann 1904). Actually, Wallace’s views 
were also criticized, in particular by George and Elizabeth Peckham, two ardent 
American Darwinists, on the basis of their own studies of jumping spiders (Saltici-
dae) and some comparative evidence in birds (Peckham and Peckham 1890). They 
essentially reproached to Wallace to draw firm conclusions from little empirical 
evidence, and pointed out several examples that ran counter to his views. They also 
criticized Wallace for being inconsistent in his line of reasoning, particularly for 
what concerns the relationship between male characters and energy, asking why, 
if the surplus of energy in males compared to females was a general phenomenon, 
sexual dimorphism was not more widespread. Still, several major objections raised 
by Wallace could not be refuted at the time, essentially because no experimental 
demonstration of female choice was available. Deciding whether females make 
a direct choice or simply consent to mate with the most persistent and enduring 
males was more a matter of opinion than of empirical evidence. Similarly, the abil-
ity of female animals to perform rational comparison and deliberation was merely 
a suggestion made by Darwin, not a scientific fact established on firm ground. In 
any case, it was not clear at the time whether females would necessarily agree in 
their preference for male characters. Finally, the proposition made by Wallace that 
sexual dimorphism was the result of natural selection favouring cryptic females, 
rather than sexual selection favouring gaudy males, awaited confirmation based on 
a quantitative examination of the distribution of sexual dimorphism in the Animal 
kingdom.

More than 150 years later, one may think that the revival of the interest in sexual 
selection that characterized behavioural ecology in the last 2 decades of the twen-
tieth century (Gross 1994; Milam 2010), coupled with technological and method-
ological advances, has allowed researchers to clarify those points and go beyond 
them, such that today the disagreement between Darwin and Wallace should be 
more a matter of history than a contemporary issue. The following sections of the 
present chapter will show that it is not so.
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9.3  The Peacock Tale: A Brief Critical Appraisal  
of the Empirical Study of Female Choice

In 1860 Darwin famously wrote (in a letter to the American botanist Asa Gray dated 
April, 3rd) that the sight of one feather of the peacock tail was enough to make him 
sick. He would probably feel even sicker today when considering the controversial 
evidence about the role of peahen behaviour in the evolution of the peacock tail. 
The Indian Peafowl, Pavo cristatus, is a priori an ideal model to test ideas about 
female choice. The male has a predominantly blue plumage with a fan-like crest of 
spatula-tipped wire-like feathers and a long train made up of elongated upper-tail 
covert feathers with colourful eyespots, whereas the female lacks the train and has 
a a duller, green and brownish plumage. In this lek-breeding species, the male pro-
vides no parental care, suggesting that females may obtain indirect benefits from 
selecting males on the basis of their phenotype. Indeed, the male train is raised into 
a fan and quivered in a display during courtship, and extensive variation in mating 
success between males has been observed in both captive (Loyau et al. 2005a), feral 
(Petrie and Halliday 1994; Takahashi et al. 2008) and natural populations (Yasmin 
and Yahya 1996).

First attempts to establish a relationship between male mating success and the 
degree of extravagance of the peacock tail were quite successful. Indeed one team 
in England (Petrie et al. 1991; Petrie and Halliday 1994) and another one in France 
(Loyau et al. 2005a) found, based on both direct observation of mating patterns and 
experiments manipulating the number of eye-spots, a positive correlation between 
the number or density of eye-spots a male had on his tail and his mating success. 
Furthermore, the same two research teams independently provided some evidence 
that tail ornamentation reflects the health and vigour of peacocks (Petrie 1992; 
Møller and Petrie 2002; Loyau et al. 2005b). This seemed sufficient to conclude that 
the ornamentation of the peacock tail is an honest signal of male quality and that 
females do not express a purely aesthetic sense, but actually benefit indirectly from 
choosing more ornamented males as mating partners. However, the evidence in fa-
vour of a role of peahen choice in the evolution of the peacock tail was revisited by 
Takahashi et al. (2008) who came with quite different conclusions. In a seven-year 
study of a feral population in Japan, they found absolutely no evidence that females 
expressed a preference for more ornamented males (Takahashi et al. 2008). In their 
discussion, Takahashi et al. (2008) picked up several inconsistencies between pre-
vious studies about the effect of the number of eyespots and train lengths on male 
mating success, and called for additional studies to further document the extent of 
preference of females for males with more elaborate tails. Adopting a relatively 
conservative attitude, Loyau et al. (2008) downplayed the importance of the results 
obtained by Takahasi et al. (2008), essentially through arguing that a single study 
was insufficient to refute the convergent findings of three previous ones.

However, a recent study (Dakin and Montgomerie 2011) provides support to the 
objections raised by Takahashi et al. (2008). Dakin and Montgomerie (2011) stud-
ied the geometric arrangement of tail feathers and natural variation in the number 
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of eyespots displayed during courtship in three different feral populations in North 
America. In addition, they duplicated previous experiments consisting in removing 
a large number (> 20) of eyespots from the outermost feathers of the peacock tail. 
Males with experimentally altered trains showed reduced mating success, but there 
was no effect of the natural variation of both train length and number of eyespots 
on male mating success. Such results suggest that removing eyespots alters dras-
tically the appearance of the train, compared to the natural range of variation in 
peacock trains, making such manipulation of little value for the understanding of fe-
male choice. More worrying, Dakin and Montgomerie (2011), concluded, based on 
their own measurements and data from other studies, that peacocks typically grow 
a maximum of 169 feathers, and that this number is relatively invariant between 
males, thus contradicting previous reports of males with 171–177 eyespots in feral 
populations (Petrie et al. 1996). The reasons for such a large discrepancy remain 
obscure. The moral of the story is that we still do not know today whether peahens 
do prefer a particular trait in males (a rather ironic situation for such an iconic 
model), and a pessimistic Darwinian may argue that, in the end, little progress has 
been made since Darwin in our understanding of how the peacock tail did evolve.

Obviously, the “peacock tale” is not representative of all the research on female 
choice. But is it is exemplary of several recurring problems and shortcomings in 
the empirical study of female preference for male characters. First of all, the “pea-
cock tale” suggests that is important to study the same phenomenon in different 
populations of the same species. The accumulation of positive results from the same 
research team working repeatedly with the same population might not necessarily 
be suspect, but might clearly incorporate some kind of autocorrelation. Different 
populations from the same species may face contrasted ecological constraints, thus 
making difference between populations of great interest in trying to understand how 
female choice can be modulated by external factors. The peacock tale also em-
phasizes the importance of publishing negative results if global evidence for the 
effect of mate choice has to be evaluated with some confidence using, for instance, 
meta-analyses. Recent evidence (Fanelli 2011) indicates an overall trend for a 20 % 
increase in the proportion of positive results in the scientific literature between 1990 
and 2007, suggestive of a lack of objectivity. Although the magnitude of the effect 
varies between disciplines and countries (Fanelli 2011), a similar study focused on 
the literature on female choice and sexual selection might be worth undertaking.

More importantly, the peacock tale reminds us that the practical advantages of 
reductionism should be evaluated against its drawbacks. Both Darwin and Wallace 
insisted that in most species males do not passively exhibit their ornaments, but in-
stead engage in vigorous displays. There is certainly more in the peacock strut that 
the mere number of eyespots that is displayed. Indeed, display rate and total amount 
of time spent displaying, as well as the amount of vocalizations (Yasmin and Yahya 
1996) or the size of other phenotypic characters such as crest feathers (Dakin 2011) 
may all combine in providing a complex sensation to females. Multidimensionality 
in male displays has attracted some interest from a theoretical point of view (Møller 
and Pomiankowski 1993; Candollin 2003; Van Doorn and Weissing 2004; Bro-Jør-
gensen 2010). Recent evidence indeed suggests that in various organisms display 
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activity and vigour might be at least as important as ornaments in influencing fe-
male mating decisions (Byers et al. 2010; Cornuau et al. 2012). But to what extent 
morphological characters and display vigour jointly contribute to influence female 
decision to mate remains by large an open issue. Future studies may then benefit 
from developing a more comprehensive analysis of displays rather than atomizing 
them in different morphological and behavioural components studied in isolation 
of each other. In that respect, the use of video-recordings and computer-generated 
animations (Stamp Dawkins and Woodington 1997; Baldauf et al. 2009, Woo and 
Rieucau 2011) might prove particularly useful. For instance, O’Loghlen and Roth-
stein (2012) recently used video recording to study the preference of female brown-
headed cowbirds, Molothrus ater, in response to males displays of varying intensity. 
In this species, males perform in front of females wingspread song displays that are 
generally less intense than versions of the same display that are directed at other 
males. During the experiment, females were presented with audiovisual recordings 
showing the same males performing both high intensity and low intensity, and their 
copulation solicitation display responses were recorded. Each pair of high and low 
intensity playback videos had the same audio track, such that differences in the 
responses of females were supposed to reflect differences in reaction to the motor 
component of the male display shown in the videos. All females responded with 
a higher intensity to the low intensity displays, suggesting that females may not 
necessarily prefer males with the most intense courtship displays (O’Loghlen and 
Rothstein 2012).

9.4  Is Female Choice Rational?

By definition, the word “choice” refers in behavioural ecology to the fact that an 
animal is engaging in one option when several are simultaneously available at a 
given time (Danchin et al. 2008). Assuming that females make a choice before mat-
ing does not imply any conscious decision on their part. However, whenever choice 
is not random, some information must have been used by females to sort out the 
different alternative mating options. In a large range of species, it has been indeed 
shown that females do not mate randomly (Andersson 1994). The theory of sexual 
selection by female choice assumes that females are acting as if they were balanc-
ing costs against benefits to select mating options that maximizes their own fitness 
(Andersson 1994; Iwasa and Pomiankowski 1994; Kirkpatrick 1996). Under the 
assumption that their preference functions are true adaptations, females should be 
able to rank potential mates according to one or few dimensions directly related to 
fitness, such that their probability of choosing one potential mate over another one 
should be a monotonic function of their respective values. In short, females are 
expected to act as rational decision makers when selecting between potential mates. 
It has been however suggested, from a theoretical point of view, that when several 
phenotypic dimensions of alternative mating options are simultaneously evaluated, 
rationality in female choice might be limited by their ability to combine several 
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criteria in a single common currency for fitness (Jennions and Petrie 1997; van 
Doorn and Weissing 2004; Hamilton and Sullivan 2005; see also Tversky 1969).

Three dimensions of rationality in choice can be addressed, namely repeatabil-
ity, independence from irrelevant alternatives, and transitivity (Bateson and Healy 
2005; Kacelnick 2006; Houston et al. 2007). Repeatability is a measure of the con-
sistency of behaviour within individuals, and, from a statistical point of view, is 
equal to the proportion of variance in a quantitative measure of behaviour that is 
explained by inter-individual differences (see Bell et al. 2009). Overall, the repeat-
ability of behaviour tends to be higher both when behaviour is measured in the 
field rather than under laboratory conditions and when the time interval between 
measurements is short (Bell et al. 2009; David et al. 2012). Interestingly, in a recent 
meta-analysis Bell et al. (2009) found that although mate preference behaviour was 
one of the best studied behaviour, it was also the least repeatable. Indeed, experi-
mental studies in insects (Reinhold et al. 2002; Greenfield et al. 2004), fish (Kodric-
Brown and Nicoletto 1997; Cummings and Mollaghan 2006; Gabor and Aspbury 
2008; Lehtonen and Lindstrom 2008; Gabor et al. 2011), amphibians (Kime et al. 
1998), and birds (Johnsen and Zuk 1996; Forstmeier and Birkhead 2004; Holveck 
and Riebel 2007) have found only weak repeatability of female choice, whereas 
studies conducted in the wild have provided inconclusive results (see for instance 
Banbura 1992; Møller 1994).

Independence from irrelevant alternatives implies that the female choice be-
tween two males should be independent of the presence of an additional less attrac-
tive male (Bateson and Healy 2005). For example, if a female is preferring male 
A to male B in a binary choice, then the introduction of a third male C which is 
less attractive than both male A and male B should not affect the magnitude of the 
female’s preference for A over B. When female choice is based on a single dimen-
sion, this is an obvious prediction. However, when females use more than one male 
trait to make a decision about who to mate with, the situation is somehow more 
complex. For instance, if the third male has a lower value than both male A and male 
B one dimension, but is inferior only to male A on the second dimension, females 
are predicted to increase their preference for male A if female choice is context de-
pendent. Such a change in female preference is taken as evidence for the existence 
of comparative evaluation mechanisms, i.e. that females do not use absolute but 
relative values to discriminate between males. The independence from irrelevant 
alternatives has been seldom tested in animals in the context of mate choice. Royle 
et al. (2008) addressed the question in the green swordtail, Xiphophorus helleri, a 
sexually dimorphic fish species where adult males are characterized by a long or-
namental tail streamer, the ‘‘sword.’’ Female green swordtails tend to prefer larger 
bodied males, and after controlling for body size, show a strong preference for 
males with longer swords (Basolo 1990). In their experiment, Royle et al. (2008) 
compared preferences expressed by females when given a binary choice between 
two males of same total length, but of different body size and sword length, to those 
expressed in the presence of a third male who had either a larger body size than 
the long-sworded male or a longer sword than the large-bodied male. Females that 
preferred the larger sworded male in the binary trials reduced their preference for 
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sword length in the presence of a third male, also with a larger sword. Similarly, 
females that preferred the larger bodied male in binary choice reduced their prefer-
ence for body length in the presence of a third male with a large body size. Thus, 
contrary to expectations, the addition of a third male shifted preference of females 
away from the male phenotype they preferred in the binary comparison. However, 
in this experiment females showed no significant overall preference for either long-
sworded or large-bodied males when given a binary choice between them, suggest-
ing that their decision in a binary choice might have been influenced by other male 
characters.

Reaney (2009) addressed the same question in the fiddler crab Uca mjoebergi, 
using robotic crabs that closely mimicked real ones. In this species, females often 
encounter potential mates simultaneously, suggesting that they could make com-
parative evaluation of mating options. In order to attract females, males typically 
wave their enlarged, major claw. Previous studies have shown that the size of their 
major claws and the rate at which it is waved affect male attractiveness. The experi-
mental design used by Reaney (2009) was similar to the one used by Royle et al. 
(2008), allowing this time control for both claw size and wave rate. The addition of 
an alternative option, potentially changing the relative attractiveness of two males 
previously encountered during a binary choice, had a significant effect on absolute 
preference, but not on relative ones, thus providing no support for comparative 
evaluation mechanisms. Thus, the available experimental evidence does not indi-
cate deviations from rationality in female choice in relation to the presence of irrel-
evant alternatives. However, the very limited number of studies calls for additional 
experiments using a larger range of species. In particular, it would be interesting 
to compare the influence of irrelevant alternatives between species where females 
typically encounter males sequentially and species where males are encountered 
simultaneously.

Only a few studies have addressed the issue of transitivity in animal mate choice 
(Kirkpatrick et al. 2006; Regenwetter et al. 2011). Yet, transitivity is arguably the 
most fundamental axiom of rational choice (Bar-Hillel and Margalit 1988; Regen-
wetter et al. 2011), and analysis of transitivity has previously proved useful in the 
study of foraging decisions (e.g. Waite 2001; Schuck-Paim and Kacelnik 2002) or 
collective choice (Franks et al 2003; Pratt 2005) made by animals. In its simplest 
form, transitive female choice occurs if when a female prefers option A to B and 
B to C, then she prefers A to C (Navarick and Fantino 1972). However, transitivity 
in female choice can be expressed at different levels, depending on whether mat-
ing options can be ranked on an ordinal or an interval scale (Sumpter et al. 1999). 
In the case of three alternative mating options A, B, and C, weak stochastic tran-
sitivity (WST) will be observed if when P(A, B) ≥ 0.5 and P(B, C) ≥ 0.5, then P(A, 
C) ≥ 0.5, with P(x, y) being the probability of choosing option x from the choice 
set {x, y}. Evidence for WST validates only the assumption that the options can be 
ordered on a common scale, but not necessarily be quantified. By contrast, strong 
stochastic transitivity occurs when P(A, C) ≥ max[P(A, B), P(B, C)] (Tversky and 
Russo 1969; Grace 1993; Houston 1997; Schuck-Paim and Kacelnik 2002), and is 
indicative that not only ordinal preference holds, but that quantitative measures of 
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value can be assigned to mating options on a common scale (Sumpter et al. 1999). 
So far only one study, to our knowledge, has tested for weak and strong transitivity 
in female choice. Dechaume-Moncharmont et al. (2013) examined female prefer-
ence for male size in the convict cichlid. In this species, adult males are about 30 % 
larger than adult females (Noonan 1983), and positive size-assortative mating has 
been observed in the wild (Wisenden 1995; Alonzo et al. 2001). Male preference 
for larger, more fecund females has been shown (Nuttall and Keenleyside 1993), 
whereas female preference for male size varies between studies (Beeching et al. 
2004; Gagliardi-Seeley et al. 2009; Dechaume-Moncharmont et al. 2011). Forty 
females were proposed a series of binary choice between three males of increas-
ing size, and their preference measured from the relative amount of time spent in 
front of each male on each trial (see Dechaume-Moncharmont et al. 2011). Ninety 
percent of females showed transitivity in choice, a proportion well above what was 
expected by chance. In addition, the mean preference index was significantly higher 
when female convict cichlids had to choose between males of distant ranks (1 vs. 
3) compared to when choosing between males of adjacent ranks (1 vs. 2 or 2 vs. 3), 
thus providing evidence for strong stochastic transitivity in mate choice.

Overall, the available empirical evidence suggests that females behave like ratio-
nal decision makers when choosing about which male to mate with. Still, most often 
it is reasonable to assume that more than one single dimension in males will influ-
ence female choice. One interesting question for the future, then, is to understand 
how females are actually combining several male traits when choosing between 
mating alternatives, and to what extent cognitive abilities limit their ability to per-
form rational choice when preference is multidimensional.

9.5  Variation in Female Choice: A Role for Personality?

The intensity of inter-sexual selection depends to a large extent on whether or not 
female choice for male characters is unanimous. If all females in a population share 
the same directional preference for a particular male trait, the trait may evolve rap-
idly under directional selection. Conversely, if a certain proportion of females mate 
randomly whereas others are choosy, or if different females have different prefer-
ence functions, then the evolution of male traits is more difficult to predict. Female 
choice might not be unanimous if, for instance, females use relative rather than 
absolute preference criteria, i.e. if the suitability of a male as a mating partner varies 
depending on female characteristics. This is likely to happen, for instance, if selec-
tion is favouring genetic and/or phenotypic compatibility between mates (Mays and 
Hill 2004; Neff and Pitcher 2005; Sinn et al. 2006; Puurtinen et al. 2005, 2009). 
Note, however, that relative choice does not prevent the use of a common single rule 
by all females when choosing mates. For instance, Dechaume-Moncharmont et al. 
(2013) showed that a self-referent matching rule, by which all females prefer males 
which are about 30 % larger than themselves, was performing particularly well in 
predicting non-unanimous choices made by female convict cichlids when compar-
ing between males of different size.
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One source of variation in female choice for male traits may arise from differ-
ences in personality. Animals commonly differ in their reaction towards the same 
environmental stimuli, and such differences tend to remain stable across different 
contexts and situations. Different terms, such as “behavioural syndromes” (Sih 
et al. 2004), “temperament” (Réale et al. 2000) or “personality” have been used 
almost interchangeably to refer to consistent individual differences in a set of cor-
related traits (see for instance David et al. 2011). Empirical evidence indicates that 
variation in personality has both a genetic basis (van Oers et al. 2005) and fitness 
consequences (Smith and Blumstein 2008), such that natural selection may influ-
ence personality traits and behavioural syndromes. Personality may be relevant to 
the study of female choice for at least two reasons. From a theoretical point of view, 
behavioural compatibility between mates might be particularly important first to 
achieve mating, and, second, in the case of monogamous species, to coordinate 
parental behaviour and other activities, such as for instance territorial defence, be-
tween pair members. From a methodological point of view, variation in personal-
ity between females may affect the results obtained both in the field and in the 
laboratory.

Growing evidence suggests that the interaction between male and female per-
sonalities can significantly affect mating and, at least in birds, reproductive success. 
For instance, Sinn et al. (2006) observed that successful mating between male and 
female dumpling squids, Euprymna tasmanica, was determined by positive assor-
tative mating for personality measured on a shy–bold axis. In the great tit, Parus 
major, fledglings from pairs consisting of two slow-explorers or two fast-explorers 
have been found to be in best condition (Both et al. 2005). A similar pattern has been 
observed in the Steller’s jay, Cyanocitta stelleri (Gabriel and Black 2012a, b), with 
pairs more similar in explorative tendencies and in willingness to take risks being 
more likely to fledge offspring than dissimilar pairs. However, in this study, the 
benefits of assortative mating for personality did vary between breeding seasons, 
being particularly significant in a year with late breeding onset following a severe 
winter. A cross-fostering breeding experiment on captive zebra finches, Taeniopy-
gia guttata, has shown that both parental personality traits and the combination of 
personalities within pairs had positive effects on the body mass and condition of 
foster offsprings (Schuett et al. 2011a), thus demonstrating that similarity in person-
ality of can have important, non-genetic effects on reproductive success in socially 
monogamous, biparental species.

Personality could influence female choice in different ways. First, females with 
different personalities may vary in their sexual proceptivity and thus have different 
sexual arousal thresholds in reaction to male courtship. Gelez et al. (2003) showed, 
for instance, that domestic ewes, Ovis aries, that had been genetically selected for 
‘calm’ temperament, were more active in both establishing a contact with and sexu-
ally soliciting a ram than females that had been genetically selected for ‘nervous’ 
temperament. Thus, between-female variation in promiscuity and selectivity to-
wards prospective mates could arise as a consequence of more fundamental dif-
ferences in personality, and eventually be maintained because of linkage between 
personality traits (see Patrick et al. 2012). Second, females should benefit from 
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paying attention to the personality of prospective mates in relation to their own 
if behavioural compatibility is an important component of reproductive success. 
Limited evidence exists for this prediction so far. Schuett et al. (2011b) observed 
that female zebra finches with intermediate to high-exploratory tendencies prefered 
exploratory males over unexploratory ones, whereas male personality had no effect 
on the choice made by females with low-exploratory tendencies. In the field cricket, 
Gryllus integer, females tended to prefer ‘bold’ males over ‘shy’ ones, but no evi-
dence was found for an association between male and female personalities (Kortet 
et al. 2012). One important subject of investigation for the future, then, will be to as-
sess to what extent females may show preference for male personality, and whether 
such preferences are absolute or relative to females’ own personalities. Third, fe-
males with different personalities may use different rules when choosing a mate if 
variation in cognitive abilities is related to variation in personality, as it has been re-
cently suggested (Sih and Del Giudice 2012). According to this suggestion, females 
with different personalities may rely on different tactics to sample resources in their 
environment, including potential mates. For instance, a speed-accuracy trade-off 
may result in ‘bold’ females being quicker than ‘shy’ ones making a decision about 
which male to mate with, but being less accurate in their assessment of male quality. 
Male availability, environmental constraints, and time horizon available to com-
plete mating and reproduction may then all contribute to favour different personal-
ity types in females, and hence modulate preference levels at the population level. 
Alternatively, differences in mate sampling tactics and choosiness might result from 
intrinsic differences in personality selected at a more global level and maintained 
as a consequence of spatially and temporally varying selection on correlated traits.

The existence of variation in personality between females (and males) may also 
have some practical consequences for the study of female choice. A large major-
ity of experimental studies of female choice have been conducted in captivity. Al-
though personality measured in captivity may reliably reflect personality in the wild 
(Herborn et al. 2010), one problem may lie in the representativity of the samples of 
individuals used in such experiments. Experimental studies using wild-caught ani-
mals might not be representative of the natural range of female behaviours simply 
because personality can affect capturability in the wild (Garamszegi et al. 2009; 
Carter et al. 2012). For instance, bolder individuals may differ from shy ones in 
their latency time to enter a baited trap, resulting in over-representation of bold 
individuals in a sample of trapped individuals. Although some practical solutions 
exist to reduce sampling bias induced by inter-individual variation in personality 
(Biro and Dingemanse 2008), its consequences for the study of female choice have 
not been fully assessed yet. Similarly, experimental studies drawing inference from 
animals bred in captivity might be biased by the influence of developmental con-
ditions on personality. It has been shown in a large range of species that develop-
mental conditions can affect personality at a later age (Krause and Naguib 2011; 
Mishra et al. 2011; Sih 2011). Therefore, the range of personalities available from 
a sample of captive-bred individuals may vary depending on the developmental 
conditions they experienced. To what extent this phenomenon can explain discrep-
ancies that are sometimes observed between experimental studies of female choice 
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based on the same species model, such a for instance the zebra finch (Burley and 
Coppersmith 1987; Collins et al. 1994; Forstmeier and Birkhead 2004; Simons and 
Verhulst 2011) remains to be evaluated. Interestingly, David and Cézilly (2011) 
showed that a female’s personality in the zebra finch has a significant influence on 
its behaviour in a four-chamber choice-apparatus, classically used in experimental 
studies of female choice. Variation in exploratory tendencies of females explained 
variation in selectivity, preference strength and consistency, with highly explor-
atory females showing lower selectivity and lower, but more consistent, preference 
scores, compared to females with low-exploratory tendencies. Therefore, experi-
mental studies of female choice based upon different ranges of female personalities 
may well reach different conclusions about female preference. The magnitude of 
such an effect remains to be evaluated.

9.6  Conclusion

Methods for experimentally testing animal preferences were not available to Victo-
rian biologists such as Darwin and Wallace, such that evidence for female choice at 
that time was only indirect. Indeed, August Weissmann acknowledged that “direct 
observation of choosing is difficult, and that as yet there is little than can be said on 
this point” (Weismann 1904). Since then, a very large number of theoretical, obser-
vational, and experimental studies have assessed whether females show preference 
for particular traits in males and to what extent female choice can be the causative 
agent of the extravagance of such traits. Still, the issue is not quite settled, and, as 
seen above, recent developments in animal behaviour may shed new light on the 
co-evolution between male characters and female choice. In particular, the fact that 
choice made by females for male characters might be constrained by cognitive abili-
ties selected in a global ecological context deserves further consideration. Besides, 
there is an urgent need for developing studies of the underlying genetic architec-
ture of male complex displays, as we know virtually nothing about how genes that 
influence male motor performance and genes that influence male morphological 
characters co-evolve together, and how this co-evolution could be influenced by 
female preference. What is clearly needed too is a deeper investigation of the female 
sensory equipment and “emotional” reaction to male appearance. In that respect, the 
development of a neuroecological approach (Zimmer and Derby 2011) to female 
choice and sexual selection seems particularly desirable. This may however criti-
cally depends on the availability of refined techniques such as real-time imaging of 
the brain (see Henderson et al. 2012) to researchers in behavioural ecology.

Still, a crucial question remains: what is the overall importance of female choice 
in the evolution of sexual dimorphism in ornamentation? Has female choice been a 
major historical agent in the evolution of elaborate ornamentation in males, or has 
female choice been actually playing only a marginal role in the evolution of sexual 
dimorphism for ornamentation? Female choice was indeed advanced by Darwin as 
a mechanism to explain the evolution of sexual dimorphism. Under this scenario, 
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males in a given species progressively acquire extravagant ornaments because they 
are preferred by a majority of females. Thus, this scenario posits that males were se-
lected to become more colourful and ornamented through evolutionary time, rather 
than females to acquire duller appearance, as suggested by Wallace. Although this 
idea has been widely accepted (Andersson 1994), phylogenetic evidence suggests 
a more complex situation. Indeed, Wiens (2001) pointed out that the evolutionary 
loss of male traits is a widespread phenomenon that deserves further consideration 
in relation to the role of female choice in the evolution of sexual dimorphism. For 
instance, in a comparative study of the evolution of sexual colour dimorphism in 
passerine birds, Price and Birch (1996) concluded that the rate of transition from 
dimorphism to monomorphism was actually higher than the reverse. Similarly, 
comparative evidence indicates that changes in female plumage occurred more 
frequently than changes in male plumage during the course of evolution both in 
Thraupidae (Burns 1998; but see Burns and Shultz 2012) and in Icteridae (Hoff-
mann et al. 2008). Finally, Soler and Moreno (2012) found that a change in nesting 
habits (from open to cavity nesters) in European passerines influence the likelihood 
of changes in both dichromastism and plumage conspicuousness in males, but not 
in females. They concluded that, as predicted by Darwin, variation in the conspicu-
ousness of male plumage in open-nesting species can be accounted for by sexual 
selection, whereas, as predicted by Wallace, females of monochromatic species 
show more conspicuous plumage than those of dichromatic species, particularly in 
cavity-nesting ones. Recent studies of sexual dichromatism in Lepidopterans also 
provide a more balanced appreciation about the relative importance of Darwin’s 
and Wallace’s arguments. Kunte (2008), for instance, provided evidence that sexual 
dimorphism in Papilio butterflies is better explained by female-limited Batesian 
mimicry (with females being mimetic and males non-mimetic) and with the devia-
tion of female wing colour patterns from ancestral patterns conserved in males. On 
the other hand, Oliver and Monteiro (2011) found that derived monomorphism in 
ornamentation in the butterfly genera Bicyclus and Junonia could correspond either 
to a loss of the ornament in one sex or to the gain of the same ornament in the other 
one. Overall, recent evidence provides a more nuanced appreciation of the role of 
‘ecological’ and ‘sexual’ selective mechanisms in the evolution of sexual dimor-
phism, thus marking a renaissance of Wallace’s ideas (Punzalan and Hosken 2010). 
Still, assessing the reality and actual importance of female choice in the evolution 
of sexual dimorphism remains a challenge for evolutionary biologists. Hopefully, 
continuous development of new concepts and new techniques in the field of animal 
behaviour will offer several opportunities to shed new light on an old (but still hot) 
debate in the not too distant future.
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Abstract Biology at large is in the midst of a revolution in our understanding of 
the determination of phenotypes. Epigenetics has shifted our focus from genetic 
determinism to ecological origins of gene expression. We argue that this shift 
should be incorporated into sexual selection, changing the conceptualization of sex 
from a discrete trait to a developmental reaction norm. “Sex is a reaction norm” 
implies that the variation within and between the sexes is a result of genetic, epi-
genetic and environmental influences on developmental plasticity of phenotypes. 
“Choosy females” and “indiscriminate males” constitute one of the best examples 
of assumed strict sex differences that are in fact phenotypically plastic in response 
to environmental, social and internal factors. Here we summarize the empirical 
evidence, which empiricists have explained with trade-off hypotheses: individuals 
trade-off energy of reproductive decision-making with diverse, usually unitary fac-
tors: predation risk or density or OSR, etc. Gowaty and Hubbell’s (2009) Switch-
Point Theorem simplifies and unifies these trade-offs into a single hypothesis and 
works as an integrative framework, both for reinterpreting earlier findings and as a 
pointer to new directions for sexual selection research. We conclude that it is time 
to pay more attention to morphological, physiological, and behavioural phenotypes 
as developmentally plastic and/or individually flexible.

Keywords Phenotypic plasticity · Mate choice · Sexual selection · Switch-point 
theorem · Stochastic demography · Sex differences
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10.1  Introduction

Biology as a whole is in the midst of a paradigm shift, reflecting the rise in our 
deeper understanding of the “determination” of phenotypes. Driven largely by 
ecological-evolutionary-developmental biologists—the “eco-evo-devos”—and the 
molecular geneticists who study “gene regulation”, today’s exciting conversations 
are about “differential gene expression”, not differences in genes, but differences in 
gene expression that regulate the production of phenotypes (Gilbert 2001). Regula-
tors of gene expression and thus phenotypic variation include intrinsic regulators, 
but there is now an impressive list of environmental factors—glandular secretions, 
epigenetic marks or behavioural variation that are transmitted from the parental 
phenotype or environment to offspring—that alter, i.e., regulate patterns of gene 
expression, sometimes over generations without any changes in gene frequencies 
(Bonduriansky 2012). With attention to the environmental regulation of gene ex-
pression that produces fitness enhancing, adaptive phenotypes has come attention 
to varieties of phenotypic variants that arise from differential regulation of the same 
gene or genotypes.

Phenotypic plasticity and developmental plasticity are terms that capture the idea 
that “organisms are active processes, moving targets from fertilization to death” 
(p. 235, Fausto-Sterling 2000). Polyphenism is another general term indicating an 
either/or switch in morphological phenotypes within a single population that results 
from environmental effects or cues (e.g., temperature, day length, seasonality) that 
regulate the expression of a common genotype. Genetic imprinting is a more spe-
cific example of an autosome expressing differently depending on some “ecologi-
cal” or “social” factor: in the case of imprinting an autosome expresses differently 
in an offspring depending on whether it was inherited from its mother or its father, 
a bit of nature that demonstrates that genes are environments too. To add to the 
excitement are the new and extensive mechanistic discussions of how individuals 
make behavioural “decisions”, which are the alternative paths to fitness enhance-
ment that individuals may take in real time, moment-to-moment as their ecological, 
demographic and social circumstances change. We use the term “adaptive flexibility 
of individuals” to re-emphasize that behaviour is the ultimate in the continua of ex-
amples of developmental phenotypic plasticity. We use the platform of “phenotypic 
variation via ecological regulation of gene expression” to emphasize that as far as 
the vast majority of genes (autosomes) are concerned, there is nothing so like a male 
as a female and vice-versa, a truism that sex differences researchers, including those 
using the classical paradigms of sexual selection, must grapple. Could it be that 
ecological and social forces, rather than differences in fixed gene differences, make 
the sex differences that so fascinate us?

Here we (1) discuss how the very modern view from developmental plasticity 
characterizing sex as a reaction norm puts the lie to typological views of “essential” 
sex differences, (2) We briefly review the “typological history of sexual selection”, 
(3) recount theoretical and empirical challenges to the usual view of sexual selection 
that dominated the twentieth Century, and (4) briefly describe how the Switch Point 
Theorem (SPT) can simplify and unify accounts of reproductive decision-making, 
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particularly the behaviour of accepting or rejecting potential mates. (5) We then turn 
around and show how an altered view of the arrows of causation can facilitate the 
development of new ways to ask questions about the ecological and evolutionary 
origins and adaptive significance of behavioural variants. We thereby suggest that 
even the most prosaic of within-sex variation in traits may function to facilitate 
variation in number of mates and within-sex variance in fitness.

10.2  Sex is a Reaction Norm

As biologists and by convention, we define an individual’s sex in terms of the size 
of the gamete it produces. But in practice biologists and others often-time assign to 
females and males sets of associated traits that we think of as “sexed” (even if they 
are not). Mothers and hens are, after all, almost always females; cocks and stallions 
are, after all, almost always males. But, there are exceptions even to these statisti-
cally significant rules, for example some males and some females have versions 
of genitalia or bodies in-between male-female anatomies (Dreger 2007). And, the 
variations may often not be from mutation, but from differential gene regulation, 
some of which may enhance fitness. Much of the variation within and the overlap 
between sexes in what we call “sexed” traits come from environmental signals that 
cue developmental cascades (including the mechanisms of epigenetics that work 
throughout life to moderate gene expression). These myriad developmental cas-
cades often depend on very small (part per trillion) nudges from environmental or 
social forces to instantiate the effects of organizational hormones in eggs, fetuses, 
and neonates and the regulatory actions of hormones mediating adult behaviour, 
physiology, morphology and life-history1. In fact, when one looks closely some 
of these environmental nudges to developmental cascades flip on and off switches 
that make it abundantly clear that there is nothing so similar to a female as a male 
or another female. An example is the hormone-like effects of a atrazine (a indus-
trial pesticide) run-off in streams that renders 90 % of male frogs infertile and 10 % 
fertile females (Hayes et al. 2010). We should not be surprised that some of the 
most profound sex differences in within-sex and between-sex variations come from 
environmental and social signals: after all, females and males share in common 
the vast majority of their genes and often share very similar or identical ecological 
circumstances: When genes and environments interact it is no surprise that there 
is nothing so like a male as a female and vice-versa, and no surprise that many of 
the sex differences we count as so important are environmentally induced. Sex is a 
reaction norm (Ah-King and Nylin 2010).

Phenotypic plasticity implies a reaction norm. A reaction norm is the range of 
phenotypic expressions that one genotype can give rise to, in response to different 
environmental conditions (e.g. Gotthard and Nylin 1995; Stearns and Hoekstra 

1 For example, West-Eberhard’s observation the two distinct female phenotypes in social insects, 
reproductively active queens and sterile workers, may have originated as facultative response to 
environmental or social conditions (West-Eberhard 1987).
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2005). Mechanisms of phenotypic plasticity produce switches that are sensitive to 
both/either genetic and environmental input on further development of an already 
existing phenotype (West-Eberhard 2003). Consider that crocodile eggs are un-
sexed, so that the sex of a crocodile is determined by an environmental cue and 
is a function of the temperature eggs experience during incubation. In crocodiles 
sex is a reaction norm of eggs to temperature differentials. Conceptualizing sex as 
a reaction norm need not imply that sex is completely plastic. For example, some 
species will sometimes fail to change sex, and may be insensitive to known environ-
mental effects while others are very sensitive to frequent changes in ambient con-
ditions. There is a thus a continuum of species between extremes of strict genetic 
sex determination and environmental sex determination (Ah-King and Nylin 2010) 
with many species falling in-between. Of course, those interested in the ubiquity of 
epigenetically organized gene-environment interactions will wonder if there is ever 
“strict genetic determination”.

Fig. 10.1  Temperature effects on sex determination in different species. In lizards, alligators, tur-
tles, snapping turtles and crocodiles, incubation temperature affects the sex ratio. After (Bull 1983)
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It is useful to consider the plasticity of traits under the reaction norm perspective 
in terms of five attributes. A trait subject to change due to environmental influences 
on development (1) can be reversible or irreversible (e.g. sex change). (2) Traits may 
differ in the amount of plasticity having large or small responses to environmental 
change. (3) Traits may differ in the rapidity of their response, (4) the shape of 
the response (e.g. environmental sex determination response curves to tempera-
ture) and (5) in competence, that is, “the ability of the developmental system to 
respond to environmental stimuli only during particular time “windows” in the 
ontogenetic trajectory” (Schlichting and Pigliucci 1998). Hence, a reaction norm 
may be flexible in many different axes, for example, sex determination may be 
environmentally influenced during a specific time-window during egg develop-
ment, the shape of the response curves to temperature may differ between species 
or even individuals, and in many species or individuals the effect may be irrevers-
ible, often depending on whether the original epigenetic effect is organizational or 
regulatory (Crews and McLachlan 2006). The reaction norms perspective can be 
rephrased as the idea that all phenotypes emerge out of environmental interactions 
with pre-existing phenotypes.

It is important to remember too that natural selection may cause changes in 
mechanisms affecting the relative importance of endogenous and exogenous envi-
ronments on the expression of a trait ( i.e. genetic accommodation). An example is in 
the multiple origins during evolution of both environmental sex determination and 
genetic sex determination (West-Eberhard 2003), and the observation that switches 
between these systems in some clades are common (e.g. lizards and turtles: West-
Eberhard 2003; fishes: Mank et al. 2006). This evolutionary flexibility demonstrates 
that sex is a reaction norm not only in the proximate sense that environment and 
genes interact to affect phenotypes, but also in the sense that over evolutionary 
time and, even sometimes, ecological time, sex and sex-related traits vary along 
continua. Plumage characteristics in birds provide a ready example: within-species 
plumage variation ranges from monomorphic to spectacular dimorphism and di-
chromatism of peacocks ( Pavo cristatus). In many species the plumages are not 
sex-specific, as in monomorphic species. Furthermore, in many hummingbirds, in 
which both females and males may have “male-like” or “female-like” plumages 
(Bleiweiss 2001). Nor should we forget that further with-in individual switches 
in plumage, condition, and morphology and behaviour, such as mating competi-
tion, courtship, incubation, and parental care are induced by pathogens, parasites 
(Beckage 1997) and environmental toxins (Hayes et al. 2010), each of which can 
have profound effects on fitness variances. “Sex as a reaction norm” is a dynam-
ic and non-typological way of incorporating current knowledge about within-and 
between-sex, individual, and species-level variation. “Sex as a reaction norm” is a 
dynamic and non-typological way of incorporating current knowledge about with-
in-and between-sex, individual, and species-level variation.

From an evolutionary perspective, the production of eggs (female function) and 
sperm (male function) are the only traits universally applying to all males and all 
females, except when individuals do both, either as a general pattern of the species 
or in response to toxic endocrine disrupters. Selection can act on any of components 



M. Ah-King and P. A. Gowaty216

of the “sexed” traits so that characteristics can evolve just like any other characters. 
Therefore, the expectation that sex differences fall into discrete classes is unjustified 
by the ubiquity of variation. It is a paradox that we biologists are knowledgeable 
about an astounding diversity of sex and sexuality among animals but continue 
nonetheless perpetuate unfounded stereotypes in our explanations of sex differences 
(Ah-King 2011).

10.3  A Brief History of Sexual Selection

10.3.1  Darwin was not an Essentialist

Darwin’s biggest books (1859, 1871) are full of descriptions of variability but also 
provided some followers with the typology of typical “sex roles”: females as coy 
and choosy, and males as eager and competitive with each other (Darwin 1871). 
In Darwin’s sexual selection book (Darwin 1871), which was his defense against 
the critics of natural selection (Ghiselin 2003), Darwin, nonetheless, also discussed 
species in which the “typical sex role pattern” is reversed, for example, as it is in 
phalaropes ( Phalaropus tricolor) with colorful females and dull colored incubating 
males. During his lifetime as his theory developed, Darwin modified his definitions 
of sexual selection applying his idea of sexual selection more broadly as he and 
his experience matured (Gowaty 2011). In the Origin of Species (Darwin 1859) 
he said that sexual selection “depends, not on a struggle for existence, but on a 
struggle between the males for possession of the females; the result is not death 
to the unsuccessful competitor, but few or no offspring.” Later, in The Descent of 
Man and Selection in Relation to Sex, he said “…sexual selection… depends on the 
advantage which certain individuals have over other individuals of the same sex 
and species, in exclusive relation to reproduction” (Darwin 1871). Obviously, the 
narrowest (oldest) definition refers to mechanisms of sexual selection acting only 
on males and leading to variance in reproductive success among males, which we 
now call narrow-sense sexual selection, while the latter definition, Darwin’s most 
mature, is a gender-neutral idea that acknowledges that sexual selection may occur 
in one or both sexes at different times or simultaneously. Thus, it is ironic that some 
of Darwin’s followers in the twentieth Century were more sex-typological than he 
was, as the Darwin-Bateman paradigm (Dewsbury 2005) illustrates.

10.3.2  Linkages of Causality and Extensions  
to the Darwin-Bateman Paradigm

The Darwin-Bateman paradigm (Dewsbury 2005) is a set of ideas linked together 
almost a century after Darwin's first suggestion of sexual selection. The Darwin-
Bateman world-view includes three main notions (1) males are fixed for eagerness 
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to mate and indiscriminate in mate choice and females are fixed for choosy mating 
and discreet, most-often unenthusiastic acquiesce to mating, (2) males gain more 
by increasing mate number than females do, and (3) male reproductive success is 
more variable than female reproductive success. Linkages after Bateman (Parker 
et al. 1972; Trivers 1972) were meant to explain the then-thought-to-be rule that 
males are eager and females less so, etc. Thus, this world-view might be renamed the 
Darwin-Bateman-Parker-Trivers (D-B-P-T) “linkages of causality” and the notions 
rephrased as (1) the sex with the larger gametes and/or higher PI is choosy and coy 
while the sex with the smaller gametes and/or lower PI is indiscriminate and choosy, 
(2) given that gamete size to often larger in females, males are generally eager to 
mate and indiscriminate in patterns of acceptance and rejection (A&R) of potential 
mates2, while females reject potential mates more often and seem far less eager, (3) 
males gain more by increasing mate number than females do, and (4) male reproduc-
tive success is more variable than female reproductive success. The order of these 
ideas captures the theorized direction of the arrows of causation from selection via 
sex-differentiated PI to sex-differences in behaviour to sex differences in within-
sex variances in number of mates to within-sex variances in fitness. The linkage of 
causes results, it is said, in typical fitness variances for females and males.

10.3.3  Theoretical Challenges to the D-B-P-T Casual Links

Sutherland (Sutherland 1985) was the first to challenge the linkage between 
choosy females/competitive males to within-sex variances in either sex. Suther-
land’s statistical model of binomial probabilities for number of mates variances 
showed that fixed sex differences plus chance variation in encounters with potential 
mates can lead to sex differences in fitness variances even in the absence of any 
mechanisms of sexual selection. Latencies, which were fixed within-sex, could not 
contribute to within sex variances in fitness, but stochastic within-sex variation in 
encounters with potential mates could. Thus, even though Sutherland assumed in-
trinsic sex differences, his model demonstrated that chance effects on encounters 
and random mating could explain Bateman’s results, which were about within-sex 
fitness variances. Given that Bateman did not watch behaviour (Bateman 1948; 
Dewsbury 2005), Sutherland’s elegant claim that chance can explain Bateman’s 
results remains a strong alternative explanation for Bateman’s claims3. Chance pro-
duces fitness variances even in the absence of sexual selection.

2 We operationalize “mate choice” throughout this manuscript in order to characterize what we 
mean and what investigators usually observe: namely, acceptances or rejections of potential mates 
or patterns of acceptance or rejection of potential mates. In contrast to other authors, we consider 
assessment of mates a cognitive process that is different from the motor pattern of accepting or 
rejecting a potential mate.
3 More recently others have challenged Bateman’s results and the uses to which his conclusions 
have been put on other grounds (See Dewsbury 2005; Gowaty et al. 2012; Snyder and Gowaty 
2007; Tang-Martinez and Ryder 2005).
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Hubbell and Johnson (1987) mating theorem then challenged the direction of the 
key linkage in the D-B-P-T predicted causal flow that goes from choosy/indiscrimi-
nate behaviour to within-sex fitness variances. Their two-part paper did a number 
of things. First, their analytical mating theorem showed that stochastic variation 
in survival and encounters could produce lifetime fitness variances under random 
mating. Second, they showed that an ESS for acceptance and rejection of poten-
tial mates could have evolved before the evolution of anisogamy: that pre-evolved, 
intrinsic sex differences are unnecessary for the evolution of sex-differentiated be-
haviour4 and consequent within-sex fitness variances. Their results emphasized that 
stochastic effects on variances in mating were a demographic certainty even in the 
absence of sexual selection. In other words (cf Gowaty and Hubbell 2005), Hubbell 
and Johnson (1987) demonstrated that stochastic fitness variances would favour 
individuals—regardless of their sex—when they adaptively and flexibly expressed 
choosy and indiscriminate behaviour given the demographic environments they ex-
perienced. Simple assumptions of stochastic variation in mate encounter and indi-
vidual survival probabilities each affecting individuals’ time available for mating 
can determine lifetime variation in individual mating success and lifetime within-
sex variance in mating success and fitness. In turn background probabilities of fit-
ness variances can influence whether individuals express choosy or indiscriminate 
behaviour. Once again the conclusion was: chance in the absence of sexual selection 
can produce fitness variances. Perhaps more important was the lesson that unless 
we account for the stochastic effects on e.g. survival and encounters we cannot 
distinguish the relative importance of sexual selection on fitness variances (Gowaty 
and Hubbell 2005; Gowaty and Hubbell 2009; Sutherland 1985).

After both Sutherland and Hubbell and Johnson, Clutton-Brock and Parker’s 
(1992) algebraic models about how the operational sex ratio (OSR) along with the 
potential reproductive rate (PRR) might shape accessment of potential mates and 
competition shared similarity of assumptions with both Sutherland (1985) and Hub-
bell and Johnson (1987). With Sutherland, Clutton-Brock and Parker (1992) shared 
assumptions about pre-existing sex differences indicated by their PRR term as well 
as a sometimes-fluctuating demography term, OSR. Hubbell and Johnson’s math 
had no assumptions of sex of individuals, but did assume stochastic variation in 
demography (by chance death and chance movements individuals enter and leave 
populations), extending the reach of these models to calculate lifetime means and 
variances in fitness.

Unlike Clutton-Brock and Parker (1992), Sutherland (1985) and Hubbell and 
Johnson (1987) were more or less ignored until around 2001, perhaps because 
Sutherland (1985) was a full-frontal challenge to Bateman’s principles and hard for 
many to swallow; while Hubbell and Johnson (1987) used a then-unfamiliar model-
ling platform and perhaps said too much in one paper to be digestible. Nonetheless, 

4 Clutton-Brock (2007) and Kokko and Jennions (2008) each also say that causality may be re-
versed so that sexual selection (mate competition and choice) may influence investment; they but-
tress their insights with data showing that sex differences in egg/sperm size do not determine the 
parental care system; instead, these systems coevolve and may have complex feedbacks.
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Clutton-Brock and Parker’s ideas stimulated a new era in empirical testing that 
has demonstrated conclusively that in most tested species within-sex variation in 
choosy and indiscriminate behaviour is developmentally plastic, part of the reaction 
norm of sex (Ah-King and Gowaty ms).

10.3.4  Empirical Challenges to the Casual Links  
in the D-B-P-T Predictions and Some Current Biases

Self-conscious empirical challenges to the D-B-P-T expectations seldom appear in 
print, which could be because investigators are shy of pointing out that their results 
challenge dominant ideas or perhaps because reviewers and editors, uncomfortable 
with results outside of “normal science” reject them. Historically, the belief in Bate-
man's “principles” retarded for a long time the exploration of multiple mating in fe-
males, sources of variation in female reproductive success, the cost of sperm produc-
tion, male mate choice and sexual selection in females at large ( e.g. Gowaty 1997; 
Gowaty 2003; Hrdy 1981; Stutchbury and Neudorf 1998; Tang-Martinez and Ryder 
2005). But, today it is difficult to sustain those basic claims. Empirical evidence now 
shows that females are often enthusiastic about mating (e.g. Hrdy 1986; Small 1993), 
often mate multiply (Arnqvist and Nilsson 2000; Griffith et al. 2002), sex roles are not 
fixed (Forsgren et al. 2004; Gwynne and Simmons 1990), and males—even in species 
with no male PI—also gain fitness benefits from discriminating between potential 
mates (Altmann 1997; Bonduriansky 2001; Johnson 1982; Johnson 1983; Johnson 
and Hubbell 1984). Since the 1990s the initial focus on male ornaments and male-
male competition has broadened to include questions about the force of variation in 
females in the evolutionary dynamics of sex (Gowaty 1996; Gowaty 1997; Gowaty 
and Buschhaus 1998; Gowaty et al. 2003; Rhainds 2010; Rice 1996) and to female 
variance in reproductive success (Gowaty 1996; Gowaty 1997; Gowaty et al. 2003). 
Females are said to control male reproductive success even under or especially during 
sperm competition (Birkhead and Møller 1998; Eberhard 1996; Parker 1970; Piz-
zari, Chap. 20 this volume) and they are in evolutionary equipoise with males under 
sexually-antagonistic allelic evolution (Arnqvist and Rowe 2005). Thus, the predic-
tions from PI and anisogamy theories about fixed sex differences in behaviour and 
fitness (Gowaty and Hubbell 2013b) often fail to be met by the facts of nature, yet it 
is curious how few investigators actually say that.

To complicate further our interpretations about the direction of the arrows of cau-
sation investigators have imagined many more mechanisms of sexual selection, apart 
from female-female competition and male choice that Darwin also mentioned. For 
example, male’s attempts to coerce females and female resistance (Gowaty 1997) or 
for that matter females’ attempts to manipulate male reproductive decisions (Gowaty 
and Hubbell 2010) produce simultaneous opportunities for the production of high fit-
ness variances both among-males and among-females.

Despite many successful theoretical challenges, expectations from D-B-P-T 
linkages still largely dog empirical research. For example, Schärer et al. (2012) 
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express their belief in anisogamy as the ultimate cause of sex differences in “sex-
roles”. Obviously, without females and males, there will be no sex-specific selec-
tion, however, anisogamy, which we use to categorize individuals as either male 
or female, cannot explain the enormous variation in sexual strategies among males 
and females (Gowaty and Hubbell 2005; Ah-King 2012). A correlation between 
investment in gametes and sexual strategies is simply not evidence of causation 
(Gowaty and Hubbell 2005; Ah-King 2012). Thus it is necessary to test the relative 
importance of intrinsic differences (including anisogamy) versus environmental 
determinism and stochastic effects before concluding that anisogamy is the source 
for sex differences in behaviour (Gowaty and Hubbell 2005; Gowaty and Hubbell 
2009).

In current sexual selection studies, stochastic effects on variance in reproduc-
tive success are often overlooked. One example is Rodríguez-Muñoz et al.’s (2010) 
ground-breaking study, in which they constantly video-monitored behaviour of a wild 
population of field crickets, Gryllus campestris, and conducted parentage analyses on 
the offspring surviving to the subsequent year to estimate lifetime reproductive suc-
cess. Rodríguez-Muñoz et al. found no statistically significant sex differences in vari-
ance in number of mates, but males had slightly, but significantly, higher variance in 
reproductive success than females. Rodríguez-Muñoz et al. (2010) provided two pos-
sible explanations for observed sex differences in reproductive success: post-mating 
sexual selection on males or differences in offspring viability. Rodríguez-Muñoz et al. 
(2010) overlooked the alternative explanation of stochastic demography (Gowaty and 
Hubbell 2005, 2009) as a possible explanation of sex differences in fitness variances. 
Thus, they did not solve the puzzle of relative apportionment of stochastic or sexually 
selected effects on fitness variances. Had they done so, they may have discovered, 
after accounting for the inevitability of stochastic effects, residual highly significant 
effects due to sexual selection.

10.4  Within-Sex Phenotypic Plasticity in Acceptance  
and Rejection (A&R) of Potential Mates

A sea-change in our view of fixed differences in the sexes has resulted from the 
many elegant empirical studies showing that within-choice phenotypic plasticity 
is common varying with environmental, social and internal circumstances (some 
examples are in Table 10.1). Most of the earliest studies of changes from choosy to 
random mating tested how population level independent variables such as the PRR 
or the OSR affected between-sex differences in behaviour (Jiggins et al. 2000). Lat-
er, investigators paid attention to variation in predation risk, disease risk, chooser’s 
parasite load, chooser’s age and experience, etc, which all resulted in phenotypic 
plasticity in A&Rs.

Table 10.1 summarizes empirical studies that we considered in our review pa-
per (Ah-King and Gowaty ms). We did the review to evaluate (1) the frequency 
of phenotypic plasticity in acceptance and rejection of potential mates and what 
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Potential cause Species, scientific name
Predation risk Crickets, Gryllus integer

Water striders, Aquarius remigis
Amphipods Gammarus duebeni
Sand gobies, Pomatoschistus minutus
Black goby Gobius niger
Guppies, Poecilia reticulata
Panamanian bishop, Brachyrhaphis episcopi
Pipefish, Syngnathus typhle
Tungara frogs, Physalaemus pustulosus
Fiddler crab, Uca mjoebergi
Fiddler crab, Uca beebei

Body condition of chooser Katydids
bushcricket, Requena verticalis:
wolf-spiders Schizocosa ocreata and S. rovneri
swordtail fish, Xiphophorus birchmanni
zebra finches, Taeniopygia guttata

Parasite load of chooser damselfly Calopteryx haemorrhoidalis
upland bullies, Gobiomorphus breviceps
spadefoot toads, Scaphiopus couchii
guppies, Poecilia reticulata
pipefish, Syngnathus typhle
wild turkeys, Meleagris gallopavo

Age of chooser House crickets, Acheta domesticus
Tanzanian cockroaches, Nauphoeta cinerea
Real’s wood white, Leptidea reali
Guppies, Poecilia reticulata

Habitat quality Cockroach, Nauphoeta cinerea
marine iguanas, Amblyrhynchus cristatus

Population density Fruitflies, Drosophila melanogaster
Butterflies, Acraca encedon
Pill bugs, Armadillidium vulgare
Katydids
Bushcrickets Xederra charactus
Speckled wood butterfly, Pararge aegeria
Ladybeetles, Coleomegilla maculata
Guppies, Poeciliareticulata
Pipefish, Syngnathus typhle
Fiddler crab, Uca uruguayensis
Kestrels, Falco thmuncuhts

Relative attractiveness  
or availability of resources

Beaugregory damselfish, Stegastes leucostictus
Threespine sticklebacks, Gasterosteus aculeatus
Common goby, Pomatoschistus microps

Table 10.1  A summary table of species showing phenotypic plasticity in reproductive 
decision-making in response to environmental, social, demographic and internal factors 
(for references see Ah-King & Gowaty ms). Empiricists have explained this variation with 
trade-off hypotheses: individuals trade-off energy of reproductive decision-making with diverse, 
usually unitary factors: predation risk or density or OSR or encounter rate or chooser condition
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environmental forces have been associated with phenotypic plasticity in mating and 
(2) if there exists current empirical scope suggesting that within-sex phenotypic 
plasticity was better characterized as sex-neutral individual flexibility. Our review 
covered almost 200 studies of a variety of taxa: birds, fish, spiders, frogs, lizards, 
crustaceans and insects (Ah-King & Gowaty, ms). The reviewed papers described 
both laboratory and field studies showing that within-sex mating decisions often 
change from choosy to random. Table 10.1 is a brief summary of some of the spe-
cies that exhibit within-sex phenotypic plasticity and the variables associated with 
it (Ah-King and Gowaty ms). The environmental, social and internal factors can 
be simplified or factored into the five unifying variables of the SPT. For exam-
ple, predation risk can be factored into effects on survival probability or decreased 
encounters with potential mates since many animals decrease their movements in 
the vicinity of predators (Table 10.2).

Potential cause Species, scientific name
Experience Drosophila paulistorum

Field crickets, Teleogryllus oceanicus
Bark beetles, Ips pini
Moths, Helicoverpa armigera
Damselflies, Enallagma
Wolf spider, Schizocosa
Threespine sticklebacks, Gasterosteus aculeatus
Guppies, Poecilia reticulata
Lincoln’s sparrows, Melospiza lincolnii
Zebra finches, Taeniopygia guttata
Red-sided garter snakes Thamnophis sirtalis parietalis

OSR Katydids
Butterfly, Acraea encedon
Spider, Zygiella x-notata
Japanese medaka, Oryzias latipesm
Two spotted gobies, Gobiusculus flavescens
Flagfish, Jordanella floridae
Pipefish, Syngnathus typhle
Guppies, Poecilia reticulata
Common goby, Pomatoschistus microps

Table 10.1 (continued)

Table 10.2  The environmental correlates of phenotypic plasticity may simply be more-complex 
proxies for the hypothesized inducing variables in the SPT. Examples show how complex proxies 
may be affecting parameters of the SPT
Environmental correlate SPT parameter
Predation risk, parasite load, condition, age, food deprivation Survival probability
OSR, ASR, population density, predation risk, 
guarding/territoriality, density of opposite sex, attractiveness of 
resources/chooser, predation risk, parasite load

Encounter probability

OSR, ASR Number of potential mates
Experience, population density w-distribution
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Despite this crescendo of evidence for phenotypic plasticity and given the D-B-P-
T assumptions, investigators still predict that the choosing ones are usually females 
who prefer the most extreme expression of a sexually selected trait in males (also 
criticized by Cézilly in Chap. 20). One example of how current researchers handle the 
variability in mating decisions was an Association for the Study of Animal Behaviour 
(ASAB) (December 1–2, 2011) conference in London entitled “Why do animals mate 
with the “wrong” partner?” The organizers questioned whether the “mistakes” are 
interesting or not? They asked if the mistakes were perhaps not mistakes but con-
straints mediating mechanisms of mate choice (which is what the SPT predicts)? They 
wondered if “mistakes” were hidden adaptations? Or were these “mistakes” maybe 
ignored for a good reason? The talks described the “wrong” partner as unattractive 
partners, flexible acceptance or rejection of potential mates altering because of age, 
parasite exposure, rearing experience, hunger or adult sex ratio, and phenomena such 
as mate choice copying, hybridization, and same-sex sexuality. Here we claim that 
what was considered acceptance of the “wrong” partner choice may actually be an 
optimal decision that enhances fitness (increased RS or higher survival) under cur-
rent demographic and ecological circumstances. Ecological and demographic factors, 
such as predation risk, OSR, age, parasite load and resource influence the mating 
behaviour of many animals changing acceptance/rejection of potential partners (Fors-
gren et al. 2004; Gwynne and Simmons 1990; Poulin 1994). Below we emphasize a 
theoretical framework for understanding individually adaptive flexibility in accep-
tance and rejection of potential mates that enhances fitness.

The review shows that within-sex phenotypic plasticity is common in many taxa, 
in response to environmental, social and internal factors (Ah-King & Gowaty, ms). 
Both females and males show phenotypically plastic choosy behaviour, sometimes 
mating at random and sometimes rejecting potential mates. Individuals can be both 
competitive and choosy at the same time.

Generalities that emerged from Ah-King and Gowaty (ms) included:
• “The “choosy sex” is phenotypically plastic in tested species sometimes mating 

at random, other times rejecting potential mates.
• Males show phenotypically plastic choosy behaviour, as do females.
• Females show phenotypically plastic competitive behaviour, just as males do.
• Population density effects may be due to either number of potential mates n or to 

encounter rate with potential mates e.
• OSR may not adequately capture the inducing variable of individual behaviour 

e.g., even if there are more sexually available females than males, males may 
vary in their encounters with sexually available, receptive females, or the w-
distribution may affect individuals’ decisions.

• Predator risk is complex, because the number of potential mates n may decline 
in the presence of a predator, an individual's survival probability s decreases, and 
e may be reduced.

• Anisogamy and parental investment theories failed to predict within-sex pheno-
typic plasticity.

• Almost all studies fit one or more of the SPT’s simplifying parameters of s, e, n, 
l, and w-distribution.”
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10.5  The Switch-Point Theorem Simplifies and Unifies 
Studies of Within-Sex Phenotypic Plasticity

In the recent debate about the state of sexual selection research Cornwallis and Uller 
(2010) urged for a more integrated direction of sexual selection research, including 
influences of heterogeneous environments and phenotypic plasticity in both theory 
and empirical research. Others (Safran et al. 2010) argued that there is already a rich 
empirical literature on these matters and suggest that what is really needed is a strong 
integrative framework to handle the dynamic effects of environmental heterogeneity 
and plasticity into sexual selection theory. We agree that empirical studies have ap-
parently preceded theoretical development, however, a strong integrative framework 
does already exist, namely Gowaty and Hubbell’s (2005, 2009, 2010, 2013a; Gowaty 
2012) models of individually adaptive flexibly in acceptance and/or rejection of po-
tential mates.

The Switch-Point Theorem (SPT) is an alternative hypothesis to anisogamy and 
parental investment hypotheses for the origins of choosy and indiscriminate mating 
and within-sex fitness differences (Gowaty and Hubbell 2009). The SPT is gender-
neutral: the model works the same way for any individual, i.e., it makes no necessary 
a priori assumptions about sex differences.5 The rules governing outcomes will be 
the same for individuals experiencing the same ecological and social constraints, 
just as they will be different for individuals experiencing different ecological and 
social constraints. What it proves theoretically is that (1) demographic environ-
ments that vary stochastically, as they all do, inevitably select against individuals 
fixed for choosy or fixed for indiscriminate behaviour, (2) selection will favour 
flexible individuals able to adaptively modify their acceptance/rejection behaviour 
in ecological time as their circumstances change. Using the SPT allows investiga-
tors to predict what individuals do given their encounters with potential mates and 
their likelihood of survival against a background of fitness that would be conferred 
for any given mating. Thus, one way that the SPT simplifies things is that it focuses 
on a simpler unit of biological organization, individuals, not sexes.

The SPT unifies things in that it factors more complex proxy variables into 
their components having to do with time available for mating (Table 10.2). The 
SPT assumes that time is finite for all individuals and it assumes a simple life 
story in which individuals at the beginning of their reproductive careers enter 
a series of stages with some probabilities: receptivity to mating, encountering a 
potential mate and mating or not, after which an individual may return to receptiv-
ity or in some cases experience a latency period after mating before they re-enter 
latency. An individual’s survival probability determines whether it survives while 

5 A misconception about gender-neutral models is the claim that such models ignore sex dif-
ferences (Schärer et al. 2012). However gender-neutral assumptions can predict sex differences 
whenever individuals of different sexes experience different ecological or social constraints. The 
gender-neutral models also predict what happens when ecological constraints on indivdiuals are 
relaxed, something that rigid assumptions of sex differences do not do. Gender-neutral models 
do not ignore sex differences, but rather predict variation among individuals due to sex blind, 
stochastic demography. (For a reply on Schärer et al.'s questioning of gender-neutral models see 
Ah-King 2012.)
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in a particular state. When the individual dies it enters an absorbing state from 
which it cannot exit. So, the life history and reproductive careers of individuals 
are a simple set of required stages for iteroparous organisms. Previously-hypothe-
sized environmental, social, demographic and internal factors that influence mat-
ing decisions (Table 10.1) can be simplified into effects on the SPTs parameters 
(Table 10.2): encounter probability, survival probability, latencies after mating 
to receptivity to mating again (which can be required or optional), number of 
potential mates in the population, and the distribution within the population of 
fitness that would be conferred from random mating among all individuals in the 
population. Each of these parameters reflect individuals’ ecological and social 
constraints on time available for mating. According to the SPT, an individual 
is expected to assess fitness differences of mating with potential mates and be 
sensitive to time it has left to reproduce, so that any given “decision” to accept or 
reject is made in terms of a trade-off between fitness that will be conferred and 
the time available for mating. Thus, the SPT unifies a set of trade-off hypotheses 
that investigators have offered as explanations for their observations (Table 10.1).

Fig. 10.2  Switch points 
under varying encounter 
probabilities
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Thus, according to the SPT, all individuals access potential mates before an 
individual should, no matter its sex and if all else is equal, reject more potential 
mates when it experiences (1) higher survival probability ( e.g. decreased predation 
risk), or (2) increased encounters with potential mates ( e.g. by increased population 
density), or (3) increased latency ( e.g. lower reproductive rate), (4) with increased 
number of potential mates in the population, or (5) if the distribution of fitnesses 
conferred is flat or somewhat left skewed (so that a larger proportion of potential 
mates in the population result in low fitness). In fact, all five of these variables 
determine an individual’s switch point for accepting or rejecting a potential mate.

The assumptions of the SPT (Gowaty and Hubbell 2009) are: (1) time available 
for mating is finite for all individuals, and is characterized in terms of constraints 
in time available for mating. The parameters of earlier theories (variation in eco-
logical, social and internal factors) are simplified and unified into the effects on 
time available for mating on five parameters (survival probability s, encounter 
probability e, previously experienced post-mating time outs o, number of poten-
tial mates n, and the distribution of fitness that would be conferred under random 
mating, the w-distribution). (2) Individuals assess the likely fitness that would 
be conferred by alternative potential mates (w-distribution) before accepting or 
rejecting a potential mate. (3) The SPT assumes individuals rank potential mates 
in accordance with their unique fitness assessment and (4) individuals encounter 
potential mates at random with respect to their rank. The analytical solution of 
the simultaneous effects of these five parameters on time available for mating 
results in an optimal switch point rule—the fraction of potential mates that a focal 
individual finds acceptable to mate maximizes lifetime fitness under current cir-
cumstances. If these assumptions are met, then individuals are making adaptively 
flexible mating decisions, changing sometimes moment-to-moment given current 
ecological and social circumstances.

The SPT is not a model of morphological trait evolution; however it can be used 
to inform ideas about morphological trait evolution (Gowaty and Hubbell 2009). 
Stochastic variation in its parameters give rise to variance in lifetime number of 
mates and in lifetime reproductive success. If stochastic demographic effects are 
strong, selection will be random in regard to traits. So, as Hubbell and Johnson 
(1987) emphasized, before we are able to distinguish a correlation between a fac-
tor/trait and fitness, we need to account for the “uninteresting” effect of stochastic 
demography (see Snyder and Gowaty 2007) or we will overestimate the opportunity 
for sexual selection (as Bateman did). Reasoning from the SPT however, suggests 
ways that selection might act: selection may favor individuals with traits that in-
crease their likelihood of encounter with potential mates, such as easily seen plum-
age and loud calls. In contrast to classic predictions, the fitness payout for these 
secondary sexual characters may be not in acquiring more mates but in increasing 
an individual’s opportunity to mate with better quality mates (Gowaty and Hubbell 
2009). And, if this is so, a novel prediction follows: fancy males may say “no”, i.e. 
be “choosier” and reject more females than less fancy males.

Hence, the SPT informs us about what many empirical studies have already 
concluded: focusing only on sexual traits fails to tell the whole story. Fitness 
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consequences of fancy traits clearly depend on social and ecological circumstances. 
In addition, the SPT may explain previous failures to associate some observed sex-
ual traits with reproductive success (Cornwallis and Uller 2009). Experiments may 
have included uncontrolled variation in the SPT’s parameters that could explain 
unexpected or “wrong” results. The SPT also predicts that individuals will appear 
not to discriminate between potential mates if mating with either has equivalent 
fitness consequences. This detail emphasizes that assessment is different from the 
behaviour of accepting or rejecting potential mates.

Running the SPT allows us to predict what a given individual will do given 
the environmental and social constraints and opportunities they experience at any 
given time, but, what is of equal interest is what flexible individuals do in the con-
text of a dynamic population of interacting individuals. To study the behavioural 
outcomes within and between individuals all interacting in the same dynamic 
population, Gowaty and Hubbell (2005, 2010) built DYNAMATE@ and used 
DYNAMATE@ in a series of numerical experiments. DYNAMATE@ is an agent-
based model of individuals dynamically interacting in a population. DYNA-
MATE@ can simulate the outcomes of behaviour and fitness within and between 
individuals for an arbitrary amount of time or until all individuals in a population 
die. As individuals mate, enter latencies or die, they become unavailable as poten-
tial mates for some amount of time or for infinity, when they die. DYNAMATE@ 
can compete the SPT’s rules of induced behaviour and consequent fitness under 
deterministic or stochastic demography with the static rules of the D-B-P-T causal 
links. It is of some interest here to point out that consistent with the sensitivity 
analysis of the SPT, in DYNAMATE@ assigned sex differences in l seldom have 
notable effects on sex-differences in fitness variances: again s and e exert the most 
notable changes in sex-differentiated variances in fitness. However, it is equally 
notable that within-sex variation in l can have very large effects on within-sex fit-
ness variances. The SPT thus predicts that within-sex selection may act strongly 
on variation in l.

10.6  New Directions and Conclusions

The papers in Table 10.1 and in Ah-King and Gowaty (ms) suggest that an indi-
vidual’s ecological, developmental, social and endogenous circumstances may mat-
ter more for their mating decisions than the fancy traits of their potential mates. Is 
there is a different function to a bearer’s fancy traits than beguiling females? Might 
an important function be simply increasing the bearers’ encounters with potential 
mates, increasing the range of their acceptances and rejections. The SPT predicts 
that some fancy traits may evolve to increase the bearer’s encounters with mates 
with potential mates with whom they will have higher quality offspring, thereby en-
hancing their individual fitness via increases in the quality of their offspring or via 
the lottery ticket mechanism increasing the likelihood of healthy offspring (Gowaty 
and Hubbell 2009; Gowaty et al. 2010).



M. Ah-King and P. A. Gowaty228

Adaptive responses of individuals to their likelihood of survival, their likeli-
hood of encounters with potential mates are also sources of information to potential 
mates. What do potential mates learn about another who hides or outwits a preda-
tor? Mate preferences tuned to environmental and social conditions can explain 
the maintenance of heritable variation in sexually selected traits, such as, genetic 
diversity in cricket mating calls (Hedrick and Dill 1993), body size variation (Ba-
solo 2004), and genetic variation of colour patterns in time cycles such as in the 
side-blotched lizard, Uta stansburiana (Alonzo and Sinervo 2001).

When individuals with different phenotypes are successful breeders during dif-
ferent years, preferences may change accordingly. For example, male traits corre-
lated with female acceptance of potential mates in lark buntings ( Calamosiza mela-
nocorys) shift dramatically between years (Chaine and Lyon 2008). Furthermore, 
the traits that females prefer correlate with high nesting success, suggesting that 
fitness indicators switch between years (Chaine and Lyon 2008). In lark buntings 
what do changes in probabilities of high nesting success do to males’ acceptances or 
rejections? Adaptive variation, such as shifting between preferred traits, may reduce 
or even eliminate male trait evolution.

We are beginning to understand acceptances and rejections of potential mates 
and other reproductive decisions as integral parts of life-history. For example, 
female guppies ( Poecilia reticulata) under predation pressure either accept more 
mates or become altogether sexually unreceptive (Godin and Briggs 1996). These 
are two extreme responses, and suggest that there is underlying variation among 
females that may influence these two extremes. Thus, animals adjust their life 
histories in response to ecological factors to maximize lifetime reproductive 
success.

Furthermore, acceptances and rejections may differ between different social, 
ecological or genetic contexts (Fig. 10.3). Both males and females often mate 
multiply and the criteria for acceptance of a social partner and extra-pair part-
ners may differ. For example, female pied flycatchers accept as primary mates 

Fig. 10.3  In an experiment with the green swordtail Xiphophorus helleri, females were shown 
videorecordings of males with and without swords. Females first preferred long-sworded males, 
but after having seen a long-sworded male being eaten by a predator, their preferences switched 
to males without swords (Johnson and Basolo 2003). Photo by the Xiphophorus Genetic Stock 
Center, Texas State University–San Marcos, San Marcos, Texas
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males with good territories or an ornament signaling good parental abilities, 
but when females solicit extra pair copulations their mating decision may be 
based on genetic qualities alone (Qvarnstrom et al. 2000). Sometimes, it might 
even be advantageous to have a social partner of the same sex. In black swans, 
same-sexed male pairs have higher breeding success, are more aggressive, have 
larger territories and share incubation time more evenly than opposite sex pairs 
(Bagemihl 1999).

Multiple mating also makes cryptic female acceptances and rejections possible 
(Eberhard 1996). Very little is known about the extent to which females determine 
the outcome of sperm competition, which possibly also varies with environmental, 
social and intrinsic factors. For example, female soldier flies ( Merosargus cingu-
latus) regulate the timing of oviposition and thereby determine paternity (Barbosa 
2009). Since there is last male precedence in M. cingulatus, ovipositioning directly 
after mating gives a high number of offspring for the last mated male.

Predictions of flexible acceptance or rejection of potential mates (Gowaty and 
Hubbell 2009) are also corroborated in post-copulatory studies of A&R, in what 
may be called cryptic male A&R of potential mates. An example is that dominant 
male fowls (Gallus gallus) transfer more quality sperm to ornamented females, 
while subdominants do not adjust ejaculates as a function of female ornaments 
(Cornwallis 2007).

Since the expression of sexually selected traits are context-dependent, benefits 
from choosing the most ornamented partner might differ between environments. 
Genes that are good in one environment might have a negative effect in another. 
One potentially fruitful way to proceed would be to investigate effects of genes and 
environment on acceptance and rejection decisions. Is there a reaction norm for ac-
ceptance and rejection of mates? Or as the SPT quantitatively and theoretically pre-
dicts, it is possible that individuals’ assessment of the quantitative rank of potential 
mates does not change on an axis of their best to their worst mate, but their switch 
along that axis may change as the demographic circumstances (their encounters, 
their survival likelihood) change.

Much of recent research on sexual selection has focused on females mating with 
males relative to their fancy traits. But the evidence for sexual selection characters 
correlating with fitness benefits is contradictory (Cornwallis and Uller 2009). With 
a different approach, in a series of experiments on mallards, fruit flies and mice, 
Gowaty and co-workers showed that mate preferences in both males and females 
predict offspring survival (Gowaty et al. 2007). The investigators randomly picked 
“choosers” from sets of breeding age virgins and evaluated their assessment behav-
iour when experimentally exposed to two potential mates also picked at random 
with respect to phenotypes. Thus, the investigators were blinded to the traits of 
potential mates that mediated the choosers’ assessments. The point of the experi-
ments was to inform the fitness effect for choosers independent of knowledge of the 
mediating traits. After testing for choosers’ assessments, the investigators placed 
choosers randomly with either the potential mate they preferred or did not preferred 
and compared the resulting fitness of breeders. Choosers with their preferred part-
ners had higher offspring viability.
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In the future investigations of sexual selection would draw subjects at random 
with respect to their sex, simultaneously testing behaviour of females and males, 
controlling environmental conditions that may affect individual variation in repro-
ductive decision making. One could then simultaneously address sex differences 
and sex similarities to evaluate if adaptations of reproductive decision-making are 
sex-limited adaptations or flexible adaptive responses that can be induced in in-
dividuals independent of their sex. In addition, the role of stochastic demography 
in reproductive decision-making should be more frequently included in studies 
of sexual selection. Could it be that ecological constraints on individual’s time 
for mating, and not fixed sex differences per se, result in sex differences in mate 
choice? It is therefore important to investigate whether sex differences in ecologi-
cal constraints, e.g. lower survival of female butterfly larvae (Darwin 1871), are 
related to systematic differences in reproductive decisions. So, if individuals of 
different sexes have different exposure to pathogens or predators or have different 
feeding niches, these may be associated with differences in survival, encounter 
rate, time outs before remating, number of potential mates or w-distribution lead-
ing to usual differences in reproductive decisions that are nevertheless induced 
by variation in the same cues with different values? Hence, the perceived fixed-
typical sex differences in acceptance and rejection patterns observed in nature 
may have more to do with consistent ecological and social constraints on time 
available for mating than with the assumptions of fixed sex differences that are 
key to understanding the D-B-P-T linkages. The view from the “reaction norms of 
sex” gives priority not simply to genes, but to the interactions of genes, epigenetic 
effects, and the environmental conditions that induce flexible behaviour, perhaps 
by the rules of the SPT. The SPT is consistent with the sex as a reaction norm 
perspective particularly with adaptively flexible behaviour, and it provides novel, 
quantitative (not just qualitative), testable predictions about the nature of accep-
tance and rejection behaviour and interactions between the sexes. It provides a 
tool to distinguish between causal factors for sexual strategies in females and 
males, enabling crucial tests of contrasting predictions between traditional sexual 
selection predictions and alternative theories (Gowaty 2012).

So what is left of sexual selection? We suspect that there remains much to in-
vestigate, and that the basic structure of Darwin’s most mature definition of sex-
ual selection (broad sense) still seems a useful guide for discerning if broad sense 
selection occurs. Recall that the basic description of the broad-sense selection pro-
cess—variation in within-sex traits and selection pressures leading to differential 
within-sex reproduction—remains intact, no matter what we call specific within-
sex hypotheses (Gowaty 2011; Gowaty this volume). What seems missing from 
many tests of sexual selection is thorough testing of all the assumptions of given 
sexual selection hypotheses, as most tests are partial leaving questions about either 
(1) within-sex trait variation, (2) the complete set of selective mechanisms, and 
(3) the components of fitness that selection acts through. In addition new within-
sex hypotheses predict additional mechanisms of selection including sex-neutral 
mechanisms. Classical formulations of sexual selection can now be contrasted to 
alternative theories, enabling tests that may resolve questions about sex differences 
that have dogged researchers since Darwin (Gowaty 2012).
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Phenotypic plasticity in mate choice is a relatively new field of study. New in-
vestigations are currently accumulating on context- and condition-dependent ac-
ceptance and rejection of the sex with the higher parental investment or the big-
ger gametes (Ah-King & Gowaty ms). The new studies show that in contrast to 
expectations from PI and anisogamy theories within-sex phenotypic plasticity and 
individual flexibility occur. Yet, an open question is related to the distribution and 
abundance of individual adaptive flexibility.

Beginning with sex differences to explain further sex differences is sometimes 
a circular argument. By using gender-neutral assumptions we may distinguish ef-
fects on fitness variances depending on fixed differences, stochastic demographic 
effects and effects due to selection by whatever name (Gowaty and Hubbell 2009; 
Gowaty 2012).

Sex, like many other phenotypic traits, such as predator effects on the morphol-
ogy of crucian carp ( Carassius carassius) (Brönmark and Miner 1992), is a reac-
tion norm. Environmental and social circumstances affect sex determination, traits 
associated with one sex and sexual strategies. As we have emphasized here another 
reaction norm is individually adaptive acceptance and rejection of potential mates.

We conclude with a call for more attention to morphology, physiology, and 
behaviour as developmentally plastic and/or individually flexible in the context of 
(1) within-sex variation, (2) mechanisms of within-sex reproductive competition, 
and (3) their associated components of fitness, that is, in the context of sexual 
selection.
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Abstract The field of sexual selection is dominated by research in which natural 
selection on mating preferences is assumed. As a result, there has been no need to 
recognize any of the consequences of mate choice that can be independent of natu-
ral selection. One such consequence is the evolution of sexual autonomy- defined 
here as the capacity of an individual organism to pursue its mating preferences inde-
pendent of sexual coercion from the opposite sex. Here, I propose that the concept 
of sexual autonomy was implicit in Darwin’s work on mate choice, as evidenced 
by early criticisms of sexual selection by Darwin’s’ contemporaries. Subsequently, 
Fisher, Lande, and Kirkpatrick provided models of the origin of sexual autonomy 
through mate choice. Here, I propose that sexual autonomy evolves via the indirect 
costs of sexual coercion, and can involve evolution of either resistance to coer-
cion or new aesthetic preferences. I review two distinct examples of this phenome-
non—antagonistic genital coevolution in waterfowl ( Anatidae) and the evolution of 
bowerbird ( Ptilonorhynchidae) architecture—both of which protect females from 
sexual coercion. Waterfowl vaginal complexity evolves as a mechanism of resis-
tance to protect females from unwanted forced fertilization, and reinforces female 
capacity for autonomous mate choice. Bowerbird bowers evolve by female prefer-
ence, and function to physically protect females from male sexual attack. Female 
preferences for bower architecture provide an aesthetic mechanism for reinforcing 
female sexual autonomy. Recognizing the evolution of female sexual autonomy 
provides a new avenue for investigating the evolution by the indirect benefits of 
mate choice.

Keywords Sexual conflict · Sexual coercion · Forced copulation · Aesthetic 
evolution · Mating preferences · Antagonistic coevolution · Waterfowl · Bowerbirds
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11.1  Introduction

In the past 30 years, the science of mate choice has developed from an obscure topic 
to a major field of evolutionary biology. There have been extensive theoretical and 
empirical debates, and substantial progress in understanding the mechanisms of 
evolution of intersexual traits and preferences. Yet, I think the field of sexual selec-
tion is in a substantial intellectual crisis (Prum 2010, 2012). Through the whole- 
hearted embrace of adaptive mechanisms of mate choice–i.e. good genes and direct 
benefits–and the a priori rejection of arbitrary Fisherian and sensory/cognitive bias 
mechanisms, the majority of sexual selection researchers have abandoned testability 
in favor of the confirmation of adaptative mate choice paradigm (Prum 2010, 2012). 
Display traits are assumed to have evolved adaptive signal information or adaptive 
design. Failure to confirm these assumptions is interpreted merely as failure to have 
yet demonstrated what the field “knows” to be true. The result is a weak, confirma-
tionist science, and a distorted view of the importance of adaptation in nature (Prum 
2010, 2012). I have proposed the formal adoption of the Lande-Kirkpatrick (LK) 
mechanism as the null model of the evolution of trait and preferences. The LK null 
model assumes the existence of genetic variation in display traits and mating pref-
erences and the absence of natural selection on mating preferences (Prum 2010). 
Use of a null hypothesis in sexual selection will insure that adaptive mate choice is 
actually tested rather than accepted as a matter of faith.

In parallel, I have advocated that the full incorporation of the LK null into sexual 
selection research will also reinstate Darwin’s original aesthetic concept of sexual 
selection by mate choice in to modern evolutionary biology (Prum 2012). By enter-
taining the possibility, indeed the likelihood, of the evolution of arbitrary sexually 
selected traits, we reestablish Darwin’s view of aesthetic evolution as including 
the evolution of traits that are merely attractive and provide no adaptive benefit to 
individuals who prefer them (Prum 2012). However, aesthetic evolution explicitly 
includes the mechanisms of honest signaling through encoding information about 
good genes and direct benefits as well as the LK null process.

I follow Darwin (1871) in conceptualizing sexual selection as a distinct evo-
lutionary mechanism from natural selection. Thus, the indirect, Fisherian benefit 
of sexually attractive offspring is not due to natural selection, and is therefore not 
adaptive. Adaptation is a term that should be exclusively used to refer to evolution 
by natural selection. The key distinction between adaptive mate choice and an ar-
bitrary aesthetic evolution by sexual selection is whether or not preferences come 
under natural selection (Prum 2010, 2012).

Recently, Patricia Brennan and I have been analyzing the relationship between 
sexual selection by mate choice, sexual selection by intrasexual competition, and 
sexual conflict over fertilization. Based on our analyses of sexually antagonistic 
coevolution in waterfowl genitalia which occurs through sexual conflict over fer-
tilization (Brennan et al. 2007, 2010), we have proposed a vital role for the indirect 
costs of sexual coercion in species with simultaneous mate choice and male-male 
competition through coercion (Brennan and Prum 2012). If sexual coercion leads to 
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forced fertilization in females with evolved mating preferences, then females will 
have male offspring that lack preferred male display traits. These offspring will be 
less successful in subsequent competition to attract female mates creating an indi-
rect cost to females of sexual coercion. Recognition of the indirect costs of sexual 
coercion as a mechanism for the evolution of female resistance to coercion has been 
previously obscured by inappropriately and unproductively narrow conception of 
sexual conflict (Brennan and Prum 2012). Thus, genital coevolution in waterfowl 
is extremely different from classic examples of sexually antagonistic genital coevo-
lution through sexual conflict, such as bedbugs (Cimicidae). Some male bedbugs 
have evolved a body piercing intromittent organ; females in these lineages have co-
evolved reinforcing body armor and other anatomical adaptations to resist traumatic 
insemination injury (Carayon 1966, Stutt and Siva-Jothy 2001, Arnqvist and Rowe 
2005). Whereas resistance to sexual coercion in bedbugs functions to prevent direct 
fitness losses and perhaps as a barrier to be overcome by the ‘best,’ most coercive 
males, the derived genital morphologies of female ducks evolve in order to reassert 
the opportunity for their individual mate choices for specifically preferred males. 
Based largely on invertebrate models which lack clear female mating preferences, 
narrow-sense sensory bias have synonymized female preference and resistance, 
and male display and coercion. (For a notable exception, see Alonzo 2008). The 
framework fails to explain many obvious examples of sexual conflict (Brennan and 
Prum 2012), including primates and humans (see numerous data sets in Muller and 
Wrangham 2009).

In this chapter, I further explore additional concepts at the interface between 
mate choice, intrasexual competition, sexual coercion, and sexual conflict. Again, 
this exploration is necessitated by the adoption of a null hypothesis framework in 
which mate choice is not assumed to be adaptive, and therefore distinct evolution-
ary process that are not accounted for by natural selection can arise. Specifically, 
I will propose that the concept of sexual autonomy should play an important role 
in our understanding of evolution by sexual selection. I argue that the concept of 
sexual autonomy was nascent in Darwin’s work. Furthermore, recognizing the con-
cept of sexual autonomy is required to constructively understand the relationship 
between mate choice, intrasexual competition, and sexual conflict over mating and 
fertilization.

Here, I propose a scientific concept of sexual autonomy, and I review the his-
torical origins of the concept within Darwin’s work and in the explicit attacks on 
sexual autonomy by Darwin’s early critiques. I then present verbal description 
of the role of the indirect costs of sexual coercion on the evolution of sexual 
autonomy. I illustrate the concept with discussions of two distinct examples of 
the evolution of sexual autonomy through the indirect costs of coercion from 
two very different avian breeding systems–waterfowl ( Anatidae) and bowerbirds 
( Ptilonorhynchidae). My goal is to establish that the recognition of sexual au-
tonomy in evolutionary biology does productive intellectual work, and clarifies 
the complex relationship between both mechanisms of sexual selection and sexual 
conflict over reproduction.
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11.2  Sexual Autonomy and Sexual Agency

An important development in the revived study of sexual selection in the late twen-
tieth century has been the explicit advocacy for adopting female perspectives (e.g. 
Hrdy 1981, Smuts 1985, Gowaty 1997a). However, this process has not been com-
pleted. Gowaty (1997b) has criticized the general failure to fully incorporate “pro-
active female agency” into sexual selection theory and analysis. But there has not 
been, to my knowledge, an attempt to define the concepts of sexual agency and 
sexual autonomy as evolving properties of mating systems, and appropriate theo-
retical concepts in sexual selection.

I define sexual autonomy as the capacity of an organism to pursue its individual 
mating preferences independent of sexual coercion from the opposite sex. Sexual 
autonomy does not constitute complete sexual control, or release from sexual com-
petition within a sex. In contrast, sexual preferences may not be realized because 
of competition within one sex for access to preferred mates of the other sex. Thus, 
rejection by a preferred mate is not a limit, constraint, or threat to sexual autonomy. 
Rather, sexual autonomy can be constrained by sexual coercion in which other in-
dividuals attempt to physically control an individual’s sexual behavior, force fer-
tilization (including rape), or otherwise disrupt, intimidate, or interfere with the 
independent sexual preference of another individual.

What organisms can exhibit sexual autonomy? Inherent in the definition of sex-
ual autonomy is the concept of individual sexual agency–the sensory capacity to 
detect variation among potential mates, the cognitive capacity to evaluate those 
sensory experiences and to have an individual sexual motivation, and the physical 
capacity to act on those motivations. It is possible that many organisms may lack 
the cognitive capacity for independent sexual agency or the ecological opportunity 
to exercise it. However, even cognitively complex organisms that have no evolved 
sexual preferences would also lack motivation necessary for sexual agency. There-
fore, the absence of sexual agency and consequent sexual autonomy might arise 
because of the lack of necessary cognitive or neural complexity, or because of the 
absence of the evolved mating preferences at all. Lastly, sexual autonomy may not 
exist in a given species for a third reason–the complete dominance or control over 
fertilization by male-male competition or sexual coercion. In this case, there may 
be cognitive capacity, physical capacity, and even evolved mating preferences, but 
there still may be an absence of social/ecological opportunity to act upon them be-
cause of the success of sexual coercion.

11.3  The Darwinian Roots of Sexual Autonomy

The concept of sexual autonomy has been inherent in discussion of sexual selection 
since Darwin’s (1871) Descent of Man, but it has failed to be recognized explicitly 
in sexual selection theory. Darwin’s theory of evolution by mate choice relied 
explicitly on individual aesthetic responses to courtship display traits. Darwin 
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hypothesized that courtship displays would “charm” and “delight” female sensi-
bilities, resulting in differential sexual success among males that would lead to the 
evolution of secondary sexual ornamentation. Darwin lacked a complete theory of 
the evolution of preferences, but Fisher (1915, 1930) initiated one that was outlined 
in detail by Lande (1981) and Kirkpatrick (1982). Darwin (1871) explicitly recog-
nized sexual selection as a distinct evolutionary mechanism from natural selection, 
in contradiction to nearly all current conceptions.

Darwin avoided rhetorical recognition of sexual autonomy through mate choice, 
perhaps out of personal anxiety over the radical social implications of the concept. 
However, his theory of sexual selection clearly proposed it. In essence, Darwin 
concluded that female sexual autonomy has been a major force in the evolution of 
biodiversity including humans. Furthermore, Darwin was clear that evolution by 
mate choice was a potentially independent force that could not be completely sub-
sumed within, or synonymized with, natural selection (Prum 2012).

Even if Darwin avoided stating the more radical implications of his theory with 
an explicit concept of sexual autonomy, its implication was not lost on his early 
critics. Contemporary reviewers criticized both the proposal of female sexual au-
tonomy and its potential independence from natural selection. For example, in his 
1871 review of The Descent of Man, St. George Mivart (1871, p. 55, emphasis 
added) wrote of sexual selection in insects:

Mr. Darwin gives a number of instances of sexual characters, such as horns, spines, etc., 
in beetles and other insects; but there is no fragment of evidence that such structures are in 
any way due to feminine caprice.

Of Darwin’s report of the personal preferences of a captive peafowl for a specific 
pied male, Mivart (1871, p. 59, emphasis added) wrote:

[S]uch is the instability of vicious feminine caprice, that no constancy of coloration could 
be produced by its selective actions.

Mivart’s vocabulary requires further analysis, because the meanings of both vicious 
and caprice have changed in common English usage over the last 140 years. In our 
modern sense, the word vicious means deliberately violent, nasty, or dangerous, 
but its original meaning was immoral, depraved, or wicked (Soanes and Steven-
son 2005). Vicious meant having the characteristics of vice. Caprice has come to 
refer to an entertaining fancy or light-hearted whim, but its original meaning was a 
prompt, arbitrary “turn of mind made without apparent or adequate motive” (Soanes 
and Stevenson 2005).

Thus, in response to Darwin’s proposals on the existence and evolutionary con-
sequences of female sexual autonomy, Mivart characterized the proposed female 
mating preferences in strongly culturally-conditioned language, as immoral, sinful, 
depraved, and lacking appropriate justification.1 Because of his low evaluation of 
female cognitive abilities, including women, Mivart further concluded that female 

1 The last of Mivart’s objections to Darwin’s aesthetic theory of mate choice remains the main 
criticism of contemporary evolutionary biologists to the aesthetic LK mechanism as a null model. 
Adaptationist biologists regard the arbitrary, self-organized evolution of mating preferences in the 
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sexual preferences would be so malleable that they would never result in the evolu-
tion of the peacocks tail. Fickle females will want one thing 1 min and another the 
next, and could never constitute a coherent evolutionary force. In summary, Mivart 
concluded that instability and inconsistency of feminine caprice would prevent this 
mode of action from being evolutionarily effective.

Mivart’s language confirms that his attack is aimed at Darwin’s proposal of fe-
male sexual autonomy among “brute” animals:

“even in Mr. Darwin’s specially-selected instances, there is not a tittle of evidence tending, 
however slightly, to show that any brute possesses the representative reflective faculties.”
“…it cannot be denied that, looking broadly over the whole animal kingdom, there is no 
evidence of advance in mental power on the part of brutes.” (1871, pp. 75–76)

Mivart asserts that animals lack the requisite cognitive complexity, or “free will” 
required for sexual agency, and thus autonomy. He concludes that animals cannot be 
active players, or selective agents, in their own sexual evolution because they lack 
the requisite cognitive power or free will to make sexual choices based on sensory 
evaluation.

Mivart also established another successful future intellectual trend by apparently 
being the first person to view Darwin as a traitor to his own legacy. By proposing 
his aesthetic theory sexual selection by mate choice in The Descent of Man, Darwin 
was betraying to the true adaptationist cause of Darwinism:

The assignment of the law of ‘natural selection’ to a subordinate position is virtually an 
abandonment of the Darwinian theory; for the one distinguishing feature of that theory was 
the all-sufficiency of ‘natural selection.

This comment provides clear evidence from a Victorian contemporary of Darwin 
that Darwin viewed sexual selection as an evolutionary mechanism distinct from 
natural selection, in direct contradiction to the view of modern “Darwinism” (Prum 
2012). If, as Mivart claimed, Darwin assigned natural selection to a subordinate 
position, we should ask, “Subordinate to what?” The answer is that Mivart thought 
Darwin placed natural selection as subordinate to the immoral, arbitrary, and in-
dependent force of female sexual autonomy. If independent female sexual agency 
could affect the outcome of mating, and therefore mate choice constituted an evo-
lutionary force independent of natural selection, then natural selection was subordi-
nate to the “vicious feminine caprice.” This was unacceptable.

St. George Mivart was English Roman Catholic biologists and anatomist, and 
an early vocal supporter of Darwin’s theory of natural selection, but he broke with 
Darwin over the issue of sexual selection. From our modern perspective, Mivart’s 
moralistic language and theistic perspective may seem scientifically irrelevant, but 
his use of these rhetorical tools documents well the socially radical content of Dar-
win’s hypothesis of female mate choice and sexual autonomy as an evolutionary 
force. Regardless, Mivart’s scientific criticisms were influential, and were largely 
echoed by Darwin’s adversary over sexual selection–Alfred Russel Wallace.

absence of additional adaptive as an insufficient, illegitimate, or inappropriate explanation of the 
origin of diversity in preference.
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A. R. Wallace had a complex response to Darwin’s proposal of sexual selection 
that strengthened over the years into a strong critique (for an excellent historical 
review see Cronin 1991). For many reasons, Wallace argued that sexual selection by 
mate choice was unlikely to occur and should be rare. However, Wallace was unable 
to reject the evolutionary mechanism entirely (Cronin 1991). When mate choice did 
occur, Wallace (1895, pp. 378–379) declared that:

The only way in which we can account for the observed facts is by supposing that colour 
and ornament are strictly correlated with health, vigor, and general fitness to survive.

Although Wallace is largely credited with destroying Darwin’s theory of the evolu-
tion by mate choice, this quote demonstrates that Wallace is actually the first person 
to clearly articulate the modern adaptive mate choice mechanism of the evolution 
of mating preferences through traits that indicate good genes and direct benefits 
(Prum 2012). These seemingly contradictory facts can be reconciled by understand-
ing that our modern adaptationist view of sexual selection is essentially Wallacean, 
and not Darwininan. The strictly adaptationist view of mate choice is as stridently 
anti-Darwinian today as it was when articulated by Wallace more than a century ago 
(Prum 2012). Interestingly, Wallace called the strikingly modern mechanism of the 
evolution of ornaments that are “strictly correlated with health, vigor, and general 
fitness to survive” natural selection not sexual selection (Prum 2012).

Like Mivart, Wallace saw Darwin’s proposal of sexual selection by mate choice 
as an abandonment of Darwin’s primary accomplishment–their shared accomplish-
ment of a greater, all powerful theory of natural selection. In the introduction to his 
book Darwinism, Wallace (1889, pp. xi–xiii) wrote,

Even in rejecting that phase of sexual selection depending on female choice, I insist on the 
greater efficacy of natural selection. This is pre-eminently the Darwinian doctrine, and I 
therefore claim for my book the position of being the advocate of pure Darwinism.

Here, Wallace claimed to be more purely Darwinian than Darwin. His insistence on 
the greater efficacy of natural selection is essentially the same intellectual position 
that characterizes contemporary adaptive mate choice research which involves the 
largely untested, universal assumption of differential cost to mate preferences, and 
the a priori rejection of a non-adaptive, aesthetic null model of sexual selection 
(Prum 2010, 2012).

Wallace ultimately objected to the same broad elements of Darwin’s aesthetic 
view of sexual selection as Mivart–the existence of female sexual autonomy, the 
possibility of purely aesthetic traits, and the potential for evolutionary mechanisms 
independent of natural selection. Like Mivart, Wallace attacked the plausibility of 
female mating preferences by arguing that female animals were cognitively inca-
pable of mate choice. Like Mivart, Wallace was a believer in the divine creation 
of human beings, but he had a different take on human specialness. While deny-
ing mate choice in other animals, Wallace reserved the capacity for mate choice to 
human females. In an odd version of proto-feminist eugenics, Wallace went on to 
argue that women were capable of mate choice, and he foresaw that female choice 
for indicators of quality in humans would contribute to rational and eugenic im-
provement of humans. He advocated that the advance of higher education, financial 
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independence, and suffrage for women would result in eugenic improvement of the 
human species.

In summary, Wallace’s maintained that there were no evolutionary consequences 
of mate choice that were not congruent with natural selection and, therefore, the 
concept of sexual selection by mate choice should be abandoned and subsumed 
within natural selection. His strongly expressed advocacy for a purer “Darwinism” 
in the absence of aesthetic mate choice and female sexual autonomy came to domi-
nate evolutionary biology for nearly a century. Thus, from these contemporaneous 
critiques of Darwin’s Descent of Man, we can see that fear of female sexual auton-
omy contributed to the placement of sexual selection by mate choice within natural 
selection, and therefore under the control of natural selection. Furthermore, this 
unitary conceptual framework led to the exclusion of Darwin’s arbitrary, aesthetic 
conception of mate choice from evolutionary biology.

One of the few notable exceptions to the abandonment sexual selection by mate 
choice for the next century was in the work of R. A. Fisher (1915, 1930). Fisher 
really proposed two verbal models–one for the evolutionary origin of mating pref-
erence for traits that are an initial, accidental ‘index’ of superiority; and a second 
model for the evolutionary elaboration of female preferences and evolutionary de-
coupling of the trait from any initial quality information. Fisher asserted that, once 
mating preferences have evolved, the action of those mating preferences will erode 
the traits original value as an index of superiority, and therefore the eliminate the 
natural selection in favor of the preference itself. But trait and preference will still 
coevolve through the indirect benefit of sexually attractive offspring. Fisher hy-
pothesizes that the mere existence of mating preferences will unhinge subsequent 
preference evolution from their original naturally selected advantages. According-
ly, mating preferences will evolve purely through their indirect sexual selection 
through their genetic correlation with the trait.

Fisher proposed that mating preferences do not have to evolve because the par-
ticular male that the female chooses is any better than any male. In fact, preferred 
males may be worse (Lande 1981; Kirkpatrick 1982). But if the female’s male off-
spring inherit his attractive trait, then her preference will increase in the population 
through her offspring’s sexual success. The advantage that drives the evolution of 
preference does not accrue directly to the female’s own survival, her number of 
offspring, or their survival. Rather the advantage to preference accrues through her 
offspring’s fitness, specifically through the fitness advantage of having sexually at-
tractive male offspring.

Fisher’s recognition of the evolution of mating preferences through indirect sex-
ual selection is an early demonstration of the evolutionary origin of sexual agency–
i.e. the capacity for mate choice–and its evolutionary consequences–i.e. indirect 
selection on preference leading to arbitrary elaboration and the loss of adaptive 
value of traits or preferences. Fisher’s verbal theory and quantitative models of 
mate choice by Lande (1981) and Kirkpatrick (1982) document why a concept of 
sexual autonomy is required. If the action of mate choice can lead to the evolution-
ary elaboration of traits and mating preferences independent of natural selection on 
preferences, then the consequences of mate choice cannot be entirely described as 
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aspects of natural selection. The active agents in this additional, potentially arbi-
trary and non-adaptive, evolutionary process are the individuals themselves making 
autonomous mating decisions.

Of course, organisms may make adaptive mate choices as a result of sexual 
autonomy. The concept of sexual autonomy does not exclude the possibilities 
of adaptive mate choice for traits that indicate good genes or direct benefits. 
However, the good genes and direct benefits models do exclude the possibility of 
no natural selection on mating preferences. In this regard, modern adaptive mod-
els of the evolution of mate choice follow Wallace’s view that sexual selection is 
merely a form of natural selection; mate choice is another means to the same adap-
tive goal. Consequently, if mate choice is always adaptive, there is never the need 
to recognize sexual agency or autonomy of the individuals making mate choices. 
If mate choice behavior can be entirely understood and characterized by adaption 
through natural selection, then evolutionary theory can be viewed as complete. 
Thus, the lack of recognition of sexual autonomy in sexual selection research 
is a modern repetition of Wallace’s rejection of Darwin’s hypothesis of sexually 
autonomous mate choice selection as an independent evolutionary mechanism. 
Why bother conceptualizing female sexual autonomy when the phenomenon can 
already be clearly understood through natural selection alone? Of course, this is 
the view that effectively shut down progress in understanding sexual selection for 
over a century. I think that this is not a productive path for the field to take.

11.4  The Evolution of Sexual Autonomy

Sexual autonomy is a manifestation of mating preferences, but it is not 
synonymous with mating preferences. Rather, sexual autonomy deals with the 
additional aspects of the interaction between mating preferences and sexual 
coercion. So, when and how does sexual autonomy evolve? I maintain that sexual 
autonomy evolves through indirect sexual selection on either resistance or mating 
preferences.

Before elaborating, it is important to state that the evolution of resistance by 
natural selection to reduce the direct harm of sexual coercion can occur, but it does 
not enhance sexual autonomy. This is the traditional mechanism of the evolution of 
resistance in narrow-sense sexual conflict (e.g. Arnqvist and Rowe 2005). Howev-
er, the ultimate control over fertilization remains male-male competition. Females 
merely act in passive response to reduce the direct fitness costs of being a victim of 
male sexual coercion. Regardless of the contributions that this form of resistance to 
female fitness, this mechanism does not enhance female sexual autonomy–i.e. the 
opportunity to exercise independent mate choice free from coercion.

Now, to think about the evolution of sexual autonomy, let’s imagine a spe-
cies with a system of arbitrary male display traits and female preferences, and 
a simultaneous independent strategy by unsuccessful males to obtain fertiliza-
tions by direct sexual coercion of females. The result will be trait and preference 
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coevolution via an LK null process, but that process will be constrained not by 
natural selection on preferences but by male sexual coercion. Some proportion of 
offspring will be fathered by coercive copulations which violate sexual autonomy 
of individual females. Brennan and Prum (2012) hypothesize that females whose 
freedom to choose is violated by direct sexual coercion will have male offspring 
who fail to inherit genes for that female’s preferred values of male display traits. 
Consequently, these male offspring will not be preferred by other females in the 
population, who have evolved similar mating preferences as the mother. Because 
the male offspring of sexually coerced fertilizations will not enjoy the benefits 
of sexually advantageous display traits, this creates an indirect fitness cost to the 
sexually coerced female. Since the display traits are arbitrary and confer no other 
advantages beyond the advantage of being sexually attractive, the indirect cost 
of sexual coercion can obviously be recognized as sexual selection on female 
phenotype to avoid or evade this indirect fitness cost of coercion. However, this 
conclusion is still true if the preferences themselves are under natural selection 
for good genes indicators.

How are we to define and distinguish mating preference from resistance to coer-
cion in the context of sexual conflict over fertilization? In general, I define a mating 
preference as an affirmative, behavioral/cognitive mating response to a non-coer-
cive sexual stimulus. Mate choice is a cognitive process (Ryan et al. 2009). That’s 
why it is called choice. Any use of the term “mate choice” that does not actually 
involve a cognitive decision is an abuse of the concept of choice. Thus, this defini-
tion excludes various biochemical or anatomical mechanisms of post-copulatory 
intersexual selection which have been called ‘cryptic mate choice’ (see below). In 
contrast, resistance is a response to a physical, behavioral, or biochemical attempt to 
coerce or force fertilization by subverting the autonomous process of female choice. 
Resistance to sexual coercion functions to reduce the direct harm of coercion or to 
reinstate the opportunity for affirmative mate choice. Resistance does not constitute 
a form of choice. In this framework, cryptic female choice would be a form of re-
sistance, or a form of non-cognitive mate selection that is not choice. Decades of 
sloppy application of the concept of mate choice to include non-cognitive mecha-
nisms of selection do not make the practice correct.

From the other (frequently male) perspective, a display trait is any component of 
the phenotype which is evaluated by, and subject to, uncoerced mating preferences. 
Sexual coercion, on the other hand, has been defined as the use of force, or the threat 
of force, against another individual that increases the probability of fertilization 
(Smuts and Smuts 1993). Thus, coercion constitutes invasive control over autono-
mous mating preferences. I would expand this definition to include not just physical 
force (i.e. behavior) but also other biological mechanisms of control including ana-
tomical, physiological, and biochemical mechanisms of coercion (Clutton-Brock 
and Parker 1995).

An intellectual impediment to the recognition of female sexual autonomy 
is the current “narrow sense” sexual conflict framework (described in Brennan 
and Prum 2012). Advocates of sexual conflict in the narrow sense would likely 
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reject these definitions of trait, preference, coercion, and resistance as artificial, 
unproductive, and unnecessary. They advocate that the entire complex phenom-
enon of mating interactions should be viewed as a single, simplistic, intellectu-
ally “flat” landscape–the mating bias function–lacking in any true distinctions 
between preference and resistance, or display and coercion. Although it may be 
mathematically simpler or intellectually expedient to view all forms of mating 
bias as “two sides of the same coin” (e.g. Gavrilets et al. 2001; Kokko 2005), this 
biologically naive framework simply fails to account for the complexity of be-
havioral and anatomical complexity of organismal phenotype (Brennan and Prum 
2012). Further, the narrow sense view of sexual conflict defines out of existence 
the indirect costs of sexual coercion by recognizing only direct harm in the defini-
tion of sexual conflict (e.g. Arnqvist and Rowe 2005).

11.5  Evolution of Resistance or Choice Can Further 
Sexual Autonomy

Sexual autonomy evolves indirectly through sexual selection itself. To understand 
how, let’s return to our imaginary population described above in which arbitrary fe-
male mate choice and male sexual coercion are simultaneously occurring, and male 
coercion disrupts female choice and creates an indirect costs of sexual coercion over 
fertilization. The result will be selection on females to evolve mechanisms to evade 
these indirect costs by neutralizing male sexual coercion. I want to distinguish be-
tween two types of evolutionary responses to the indirect costs of sexual coercion, 
which can affect sexual autonomy. One should be easy to understand (but will still 
pose an intellectual struggle for those who define sexual conflict solely in terms of 
direct harm), whereas the other is somewhat more novel.

One mechanism for the evolution of sexual autonomy is the evolution of resis-
tance. Behavioral, anatomical, physiological, or biochemical resistance can evolve 
in order to alter the equilibrium between male coercion and female mate choice in 
favor of female sexual autonomy. Resistance to sexual coercion evolves because fe-
males who can prevent sexually coerced fertilization via resistance will have the op-
portunity to mate with males with preferred traits. They will avoid the indirect costs 
of coerced fertilization. Their genes for resistance will therefore evolve through 
the indirect Fisherian advantages gained by the attractive male offspring that result 
from their autonomous choices. In this manner, female resistance can evolve to 
reduce the effectiveness of sexual coercion and to expand sexual autonomy. The 
evolved function of this form of resistance is not to reduce the direct harm of sexual 
coercion nor to replace mate choice, but to reinstate the conditions for mate choice 
to operate autonomously.

Another possible outcome of the indirect costs of sexual coercion is the evolu-
tion of aesthetic preferences that further sexual autonomy. This process is also 
indirect. Imagine a preference for an aesthetic male display trait that is either 
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arbitrary or an indicator of good genes, but is not an indicator of any direct ben-
efit; however, this male trait is also associated with reduced efficiency or capacity 
for male sexual coercion. If the population is in an active state of sexual conflict 
over fertilization (either through an ongoing, coevolutionary arms race, or in an 
evolutionary equilibrium between sexual coercion and mate choice), then any 
variation in mating preferences that increases female sexual autonomy will evolve 
because such preferences will create an additional advantage to female preference 
against male sexual coercion. Such preferences evolve not only because of the 
pure Fisherian benefit of having sexually attractive offspring, but because of the 
additional benefit of expanding the opportunity for autonomous female choice by 
evading the constraints established by male sexual coercion. Thus, mating pref-
erences that have an ancillary benefit of advancing female interests in ongoing 
sexual conflict with males will evolve because they expand choice against male 
control. We can even imagine that sexually coercive males are more fit (i.e. have 
higher survival, etc.) or have better genes than the males that females prefer; 
however females will still evolve to preferences for arbitrary traits that reinforce 
their sexual autonomy because of the sexual advantages of attractive offspring, as 
shown by Lande and Kirkpatrick. Because this mechanism operates by the indi-
rect cost of sexual coercion, this mechanism will also apply to female preferences 
for traits that indicate good genes.

By this indirect evolution mechanism, a female does not prefer the specific aes-
thetic trait to advance her own individual autonomy because she must already have 
sexual autonomy in order to enact her a mating preference. Further, by this mecha-
nism, a female is not using her sexual autonomy to look for a subordinate social 
partner that she can socially dominate in order, for example, to use that social con-
trol to mate with other more genetically desirable males. Such a process would only 
lead to the evolution of mating preferences for the males that were actually pre-
ferred. Thus, the evolution of sexual autonomy is an indirect consequence of mate 
choice, and not a direct benefit to the female who actually makes a specific choice. 
During a coevolutionary arms race or equilibrium between male sexual coercion 
and female sexual autonomy, arbitrary mating preferences that incidentally expand 
freedom of mate choice will evolve because they tip the balance in favor of female 
determination resulting in an expansion in female sexual autonomy.

What determines whether sexual autonomy evolves by resistance, by aesthetic 
mate choice, or fails to evolve at all? The answer lies in the specific details of the 
biology of each species, and the dynamic interplay between the evolved responses 
by males and females to sexual conflict and sexual selection.

In summary, mate choice creates the opportunity for sexual autonomy through 
the independent sexual agency of individuals. Once established, sexual autonomy 
can evolve to reinforce itself through the evolution of mechanisms of resistance 
or aesthetic preferences for display traits that reduce male sexual coercion. In the 
following sections, I will review two contrasting examples of this process from 
the breeding systems of living birds–the coevolution of anatomical mechanisms of 
resistance and forced copulation in waterfowl (Anatidae), and the evolution of aes-
thetic bower architecture in polygynous bowerbirds ( Ptilonorhynchidae).
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11.6  Sexual Coercion and Genital Coevolution  
in Waterfowl

The breeding systems of waterfowl include both female mate choice based on 
male secondary sexual displays, and male coercion through violent, forced extra-
pair copulations (FEPCs). Female preference and resistance behaviors are clearly 
differentiated phenotypically from one another, as are male display behavior and 
sexual coercion behavior. In other words, there is no difficulty distinguishing any 
of them from the others.

Many males and female waterfowl have elaborate genitalia that reveal a strong 
and dynamic pattern of antagonistic coevolution (Brennan et al. 2007). Unlike most 
birds, male waterfowl have retained the primitive archosaur penis. However, the 
waterfowl penis has numerous distinct features including explosively rapid lym-
phatic erection, counter-clockwise corkscrew shape, and a wide variety of keratin-
ized surface features from ribs and ridges to fully developed spiky hooks (Bren-
nan et al. 2010). In ducks, penile erection and vaginal intromission are the same 
event, and take about one third of a second to accomplish (Brennan et al. 2010). 
Brennan et al. (2007) demonstrated that penis size and surface elaboration has co-
evolved with previous unknown waterfowl vaginal complexity. Females of many 
ducks have one or more cul-du-sac out-pocketings just inside the vagina from the 
cloaca, and sometimes one or more clockwise twists in the vagina further from the 
cloaca. These vaginal elaborations have coevolved with longer and more elaborate 
penises, and higher rates of sexual coercion through forced copulations (Brennan 
et al. 2007). The phylogenetic pattern of genital coevolution in waterfowl is compli-
cated and dynamic, with multiple independent instances of coevolutionary genital 
elaboration and diminution in different waterfowl lineages (Brennan et al. 2007). 
These results provide strong evidence of sexually antagonistic coevolution through 
sexual conflict over fertilization in waterfowl.

In subsequent experimental work on the erection mechanism of duck penis, 
Brennan et al. (2010) showed that the explosively rapid male intromission proceed-
ed normally in straight or counter-clockwise spiraling glass tubes, but was greatly 
impeded by glass tubes of the same diameter but with a 135° bend or a clockwise 
spiral. This evidence documents that the shapes of the coevolved waterfowl vagi-
nal morphologies pose functional challenges to male erection/intromission. Further, 
Brennan et al. (2010) documented that during solicited, voluntary copulations, fe-
male ducks dilate the muscles of the cloaca, presumably to facilitate intromission.

Waterfowl provide strong example of sexually antagonistic coevolution over 
mating. However, the data are strongly incongruent with the standard “narrow 
sense” view of sexual conflict as defined solely by the direct harm of sexual co-
ercion to the female (Gavrilets et al. 2001; Arnqvist and Rowe 2005; Fuller et al. 
2005; Chapman 2006). Female waterfowl strongly resist FEPCs, and are not infre-
quently killed in the process (McKinney et al. 1983). The genital coevolutionary 
responses of female waterfowl to male sexual coercion do not function in reducing 
direct harm to the female. Rather, behavioral and anatomical resistance in female 
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waterfowl have evolved by sexual conflict in the broad sense–which includes both 
direct and indirect costs and benefits, and recognizes the independence of prefer-
ences and resistance, and traits and coercion.

This hypothesis is further supported by genetic data which show that even in spe-
cies with very high rates of FEPCs, the fertilization success of FEPCs is extremely 
low. In the Ross’s Goose (Chen rossii) and Lesser Snow Goose ( Chen caerulescens) 
respectively, FEPCs accounted for 33 and 38 % of all successful copulations but 
they only result in 2–5 % of young (Dunn et al. 1999). In wild mallards, where up to 
40 % of observed copulations can be forced copulations (Evarts and Williams 1987), 
only 3 % of offspring were produced by “extra-pair” copulations (Burns et al. 1980). 
In wild Gadwalls ( Anas strepera), forced copulations are relatively common, but 
only 4 % of offspring were produced by extra-pair copulations (Peters et al. 2003). 
It is unlikely that within pair copulations are significantly underreported in these 
studies, because within pair copulation in waterfowl is associated with conspicuous 
pre- and post-copulatory display behavior (e.g. Johnson 2000).

Brennan and Prum (2012) proposed the critical role of selection on females to 
avoid the indirect costs of forced fertilizations in the evolution of complex vaginal 
morphologies. They further proposed that elaborations in penis length and surface 
structure evolve by male-male competition, or intrasexual selection, as males com-
pete with each other for coercive fertilizations. Anatomical features that advance the 
efficiency of coercive fertilization create indirect fitness losses to females because 
they will have offspring from males that have not been preferred. Male offspring 
that do not inherit preferred display trait values will be less likely to be chosen by 
other females who can choose, resulting in indirect fitness losses to the female who 
is the victim of sexual coercion. Consequently, females will be selected to evolve 
anatomical and behavioral resistance.

But what is the nature of this selection? Females are suffering the loss of fitness 
due to the absence of the sexual advantages of attractive traits in their offspring. 
These traits could include good genes and direct benefit indicators, but they could 
also include arbitrary aesthetic traits which provide no additional naturally selected 
advantage. In the latter case, regaining the indirect fitness advantages of an arbitrary 
mating preference cannot be seen as a form of natural selection. Although math-
ematical models of such a evolutionary process have yet to be formulated, it is clear 
that the indirect fitness advantages of an autonomous preference for an arbitrary 
trait would still exist if the sexually coercing males were fitter than the preferred 
males. Therefore, the selection for the evolution of resistance acting through the in-
direct benefits of mating preferences is sexual selection, not natural selection. This 
makes this mechanism of the evolution of resistance even more distinct from natu-
ral selection for elimination of the direct harm of sexual coercion, which is featured 
in sexual conflict in the narrow sense (Arnqvist and Rowe 2005).

Brennan and Prum (2012) also discuss the hypothesis that female genital anat-
omy in waterfowl has not evolved in order to screen coercive males and maximize 
the indirect benefits of coercion to females (Adler 2009). This “resistance as choice” 
hypothesis essentially proposes that forced copulation and resistance is adaptive for 
females, because the female will have offspring from the most competitive and 
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successful coercers, and her male offspring will inherit those genes for being suc-
cessful as sexual coercion (Eberhard 1996, 2002; Eberhard and Cordero 2003). Yet 
again, the genetic data cited above documents the overwhelmingly strong selection 
against fertilization by forced copulation achieved by female genital morphologies. 
Furthermore, the idea of an indirect benefit to sexual coercion predicts that many 
females should have clutches composed largely or entirely of offspring from extra-
pair copulations, yet this is never found. Thus, the paternity data demonstrate the 
great unlikelihood that there is any residual indirect benefit to females from forced 
copulations (Brennan and Prum 2012).

Interestingly, the indirect benefits of sexual autonomy only occur if females con-
trol can determine the specific identities of their mates. Thus, the antagonistically 
coevolved genital morphologies can only evolve if the males that females prefer are 
different individuals from those males that are successful at sexual coercion. If they 
were not different, there would be no indirect benefit to excluding them from fertil-
izing their eggs. This fact presents a conundrum to advocates of universal adaptive 
sexual selection under all circumstances. Frequently, it is simultaneously claimed 
that male-male competition will result in an adaptively “better” male mate, and that 
female mate choice will also result in an adaptively “better” male mate. But the 
situation in waterfowl demonstrates that these males cannot be the same individu-
als. The Panglossian belief in adaptive sexual selection leads to an evolutionary 
conundrum. If all outcomes are adaptive, then how do you explain sexual conflict 
over the specific outcome of mating?

Although the reality of all indirect benefits of mate choice have been serious-
ly questioned due to the absence of robust evidence of good genes (e.g. Kotiaho 
and Puurtinen 2007), the evolution of genital morphologies that protect the loss 
of female sexual autonomy provide excellent evidence of indirect benefits of mate 
choice. Currently, the evolution of female preferences in waterfowl are entirely con-
sistent with the conclusion that the males that they prefer are not extrinsically bet-
ter in anyway, other than that they are preferred by other females and they are not 
the same individuals that are most successful at sexual coercion. This implies that 
the features that females prefer in males are not identical to the characteristics that 
contribute to success at sexual coercion–including increased aggression, strength, 
vigor, body size, or penis size. Such attributes are frequently cited as correlated with 
male genetic quality. Thus, since these commonly hypothesized attributes of quality 
are not preferred by female waterfowl, it is entirely plausible that waterfowl prefer-
ences and displays constitute an arbitrary, aesthetic radiation in traits and prefer-
ences through the LK null sexual selection mechanism.

11.7  Bower Evolution

The bowerbirds ( Ptilonorhynchidae) include 20 species in eight genera which 
are endemic to Australia and New Guinea (Frith and Frith 2004). They vary in 
body mass from 75 g (size of a thrush) to 250 g (size of a small crow). Like other 
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famously polygynous avian lineages, such as birds of paradise, manakins and cotin-
gas, bowerbirds feed largely on forest fruits. In 17 or 20 species, all of the parental 
care is done by the female, and males display in solitary territories in which they 
build an enduring courtship structure called a bower (Frith and Frith 2004).

A bower is a secondary sexual construction–a secondary sexual component of 
the extended phenotype of the bowerbirds. Coined by Richard Dawkins (1999), 
the extended phenotype includes all of the consequences of the organisms genome 
interacting with its environment, including its impacts on its environment. Dawkins 
defined the extended phenotype to document the full range of adaptive consequenc-
es of genes. However, if the extended phenotype becomes involved in secondary 
sexual display, then it can become subject to aesthetic evolution by mate choice 
which includes both adaptive and arbitrary sexual selection mechanisms. Here, we 
will explore the evolution of bower diversity among bowerbird lineages and the role 
of bower evolution in enhancing female sexual autonomy.

The most basal, or earliest branch of the bowerbirds, are the three species of 
catbirds ( Aileurodeus). Catbirds are monogamous, have biparental care, and endur-
ing pair bonds. Catbird nest construction is carried out exclusively by the female 
(Frith and Frith 2001). Thus, prior to the evolution of advanced male architectural 
capabilities, ancestral male bowerbirds likely had no role in nest construction. The 
architectural capacities of male bowerbirds are entirely a result of intersexual selec-
tion by mate choice on the extended phenotype after the evolutionary loss of the 
ancestral, monogamous pair bond.

The rest of the bowerbirds–the sister group to the catbirds–are polygynous with 
female only parental care. One rather basal, polygynous species, the Tooth-billed 
Bowerbird Scenopeetes dentirostris, does not build a bower at all, but merely clears 
a court a couple meters wide on the forest floor which he decorates simply with 
large green leaves spaced out from one another. A second rather derived species, 
the Archbold’s Bowerbird Archboldia papuensis, builds a simple court covered by 
a veil of hanging vines. Archbold’s Bowerbird decorates its courtyard with the pen-
nant feathers from the King Saxony Bird of Paradise, the elytra of brilliant beetles, 
butterflies, and land snail shells, but makes no stick construction.

Males of the remaining bowerbird species make stick display constructions that 
can be classified into two natural groups, which share no other architectural features 
in common. The first is the avenue bower. A simple avenue bowers consist of a pair 
of parallel stick walls with a narrow pathway, or avenue, between them. On one or 
both ends of the central avenue, the male displays an assortment of found materials 
that vary tremendously among species and even among populations. In some spe-
cies, it is fruit and leaves, in others, it is bones, insects and feathers. Often the mate-
rials are laid on a bed of straw or pebbles. There are a several derived variations in 
avenue bower architecture. The double-avenue bower made by Lauterbach’s Bow-
erbird Chlamydera lauterbachii has two parallel paths on a raised platform, and the 
found materials are displayed within the avenues themselves. The Spotted Bow-
erbird Chlamydera maculata build a wide ‘boulevard’ bower in which the central 
pathway is especially wide and the ‘walls’ are formed by a transparent screen of 
sticks rather than a solid mass.
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The second class of bowers consists of the maypole bowers. A maypole bower 
is built around a central sapling or small tree with a conical pile of horizontal sticks 
placed around this central support. The stack of brown sticks is broadest at the base 
and narrows at the top to form a structure that is like a conical bottle brush. Around 
the base of the maypole, the male has a circular path, or runway, which is clear of 
materials and allows for rapidly running around the maypole. The court around 
the runaway is decorated with gathered materials that can include flowers, fruits, 
beetles and butterflies, or fungus. In some species, the twigs are also decorated with 
hanging materials, like regurgitated fruit pulp or caterpillar frass.

As in the avenue bowers, there are additional, derived variations on the maypole 
bower. The Golden Bowerbird ( Prionodura newtoniana) builds a double maypole 
bower with two conical stacks of sticks built up like twin peaks around neighbor-
ing saplings. The Vogelkop Bowerbird ( Amblyornis inornatus) and the Streaked 
Bowerbird ( Amblyornis subalaris) build hut bowers in which the central pole and 
the circular runway are mostly covered by thatched roof with an oval doorway. In 
hut bowers, the gathered objects are displayed outside the doorway of the court, 
frequently in well organized piles, sorted by color, size and texture.

Phylogenetically, court ornamentation evolved in the common ancestor of all 
polygynous bowerbirds, but it appears that the maypole and avenue bowers were 
independently evolved in two separate lineages (Kusmierski et al. 1993, 1997). 
Maypole and avenue bowers each have a single phylogenetic origin, but hut bowers 
are convergently evolved, and bower construction has been lost once in Archboldia 
(Kusmierski et al. 1993, 1997). Furthermore, male courtship in bowerbirds is vari-
able among species. Typically males perform a series of energetic displays which 
are elaborate, but many lack the stereotyped form of birds of paradise or manakins. 
Studies by Gerry Borgia and others on multiple species have established that the 
features of the bower and the bower decorations are under strong sexual selection 
(Borgia 1985; Borgia et al. 1985; Uy and Borgia 2000; Uy et al. 2001; Patricelli 
et al. 2003; Madden and Balmford 2004). Thus, in bowerbirds, the extended pheno-
type has been evolutionarily co-opted into male sexual advertisement.

But why have bowers evolved at all? Why have bowers continued to diversify 
among species, and even populations, of bowerbirds? The literature has moved 
forward substantially from the mid-twentieth century hypothesis of “physiological 
coordination” between the sexes (Marshall 1954; Gilliard 1969; Diamond 1982) 
Initially, Gerry Borgia and colleagues hypothesized that the bowers were an indica-
tor of male status, quality, and good genes (Borgia 1985; Borgia et al. 1985; Pruett-
Jones and Pruett-Jones 1994). Despite great progress on understanding bowerbird 
courtship and mate choice, I do not think there is yet any evidence that female 
preferences are under natural selection in bowerbirds, and would propose that the 
entire radiation is consistent with the arbitrary Lande-Kirkpatrick null sexual se-
lection process. Borgia’s arguments against such a view are that (1) female mate 
choice is costly, (2) the LK mechanism falls apart with costs of mate choice, and 
(3) younger and older female bowerbirds have different preferences, which should 
limit the development of the genetic correlations between preference and trait that 
drive the LK mechanism. However, as Prum (2010, 2012) has described, it is not the 
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existence of generalized costs of mate choice that are critical, but differential costs 
of mate choice among preferences.2 There is no evidence of differential costs due 
to the specific, genetic components of female mating preferences in bowerbirds. 
Indeed, the differential mating costs between young and older females are explicitly 
not genetic costs (Uy et al. 2000). Further, recent modeling by Bailey and Moore 
(2012) documents that social and environmental flexibility in mate choice will en-
hance, not constrain, a Fisher process and the arbitrary evolution of mate choice. 
So, there is currently no evidence inconsistent with the view of bowerbirds as an 
arbitrary, aesthetic radiation. However, this discussion will focus instead on another 
hypothesized novel function and mechanism for the origin and evolution of bowers 
proposed by Gerry Borgia in 1995.

Borgia (1995) observed that the intense, energetic, and violent displays of the 
bowerbirds often startle or frighten visiting females. Borgia hypothesized that fe-
males are exposing themselves to the threat of forced copulations when they perch 
on the court to observe the male and his decorations as close range. He argued that 
bowers evolve through female preferences for protection from the threat of violent 
physical display, sexual coercion, and forced copulation. Borgia cited lots of natural 
history evidence in favor of this ‘threat reduction’ hypothesis. For example, because 
of either maypole or avenue bower architecture, if a male attempts copulation with 
a female before she is receptive, then the female is protected. Depending on the 
bower design, the female can either fly out of the front of an avenue bower when 
the male tries to mount her from behind, or she can hop to the side to maintain the 
central maypole between her and the threatening male. So, many varieties of bower 
architecture protect females from sexual attack, and thus provide a safe manner 
for observing a male, his energetic displays and song, and his collected materials 
at very close range. Given that the two classes of bower architecture appear to be 
independently evolved within bowerbirds (Kusmierski et al. 1993, 1997), Borgia’s 
threat reduction hypothesis implies that this female protection function evolve twice 
independently within the family, establishing two, distinct, alternative protective 
designs–the maypole and the avenue.

Borgia (1995) further noted that female visits to the elaborate avenue bowers of 
male Satin Bowerbirds often last for several minutes, whereas in Tooth-billed Bow-
erbird (Scenopetes dentirostris) which have a simple, open court without a bower, 
a female arrives on the court only to mate, and she is immediately and aggressively 
mounted by the male. The longest observed female visit to a male’s court is 3.8 s. 
Thus, mate choice in Tooth-billed Bowerbird is based on observation of the male 
and his ornaments at a greater distance. Consequently, the ornaments of the male 
Tooth-billed Bowerbird are simpler, larger, and displayed on a coarser spatial scale.

2 We are all going to die, but that doesn’t mean that we are under natural selection (Prum 2012). 
All biological existence involves costs, but that is not a description of the mechanisms of adaptive 
evolution. Individuals with different mating preferences must have differential costs. Commonly, 
the existence of generalized costs of mate choice are inappropriately assumed to be synonymous 
with differential costs. To my knowledge, these differential costs are frequently assumed and very 
rarely tested.
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Borgia and Presgraves (1998) supported the threat reduction hypothesis of 
bower function in an investigation of the unique ‘boulevard’ bower of the Spotted 
Bowerbird ( Chlamydera maculata). In the Spotted Bowerbird bower, the avenue 
is broader so that the female can sit sideways in the avenue. In association, the 
sides of the bower are made not made of a solid wall of sticks but are a thinner 
see-through screen of lighter straw. During visits to a male’s bower, females sit 
sideways within the bower and to watch the male display through the transparent, 
side wall-screen of straw. Coevolved with the changes in bower architecture, the 
displays of male Spotted Bowerbirds are more physically energetic and aggressive 
than other Chlamydera species, including a rapid running rush toward the bower, 
which sometimes results in a male colliding with the bower itself. When Borgia and 
Presgraves destroyed one random wall of each male’s bower, females continued 
to observe display males and the male continued to display to female through the 
remaining wall of the bower, rather than through the open side. Thus, Borgia and 
Presgraves concluded that the coevolution of the uniquely, derived bower structure 
and the more physically threatening male display behavior in Spotted Bowerbird 
confirmed the threat reduction hypothesis.

Gail Patricelli, Gerry Borgia, and colleagues subsequently developed a research 
program with robotic female models to explore the threat reduction hypothesis, and 
to investigate the role of female-to-male communication during courtship display 
(Patricelli et al. 2002, 2003, 2004a). They observed that female Satin Bowerbirds 
( Ptilonorhynchus violaceus) appeared to communicate their level of comfort with 
male display by crouching in the bower. They used robotic stuffed female bower-
bird models with remotely controlled motors to produce natural looking crouching, 
looking around, and wing fluffing movements. By placing the robots in the bower 
and regulating its posture and movements, Patricelli et al. (2002) demonstrated male 
behavioral responsiveness to female crouching, indicating that the female behavior 
functions as a signal to males. Furthermore, males that were more responsive to 
female behavior during the robotic experiments were also less likely to startle wild 
females during natural visits by females to their bower. Lastly, controlling for varia-
tion in male responsiveness, Patricelli et al. (2002) showed that males with greater 
display intensity in the robotic experiments were also more sexually successful in 
natural courtship.

Patricelli et al. (2003) then showed that females were more tolerant of intense 
courtship display with attractive males (i.e. males that were ultimately chosen more 
frequently by other females). Further, females become more tolerant of intense dis-
play as their mate choice process– narrowing down to fewer and fewer, more attrac-
tive males– proceeds (Patricelli et al. 2004a). Patricelli et al. (2002, 2003, 2004a, 
2004b) analyzed the function of female communication in Satin Bowerbirds solely 
in terms of the direct benefits to females. For example, Patricelli et al. (2004a) 
supported the prediction that effective communication (measured in reduced star-
tling responses) made female mate searching more efficient. But, as an evolutionary 
explanation, this observation assumes that female bowerbirds are actually under 
natural selection to reduce their mate searching time, for which there is no evidence. 
However, Patricelli et al. (2004b) did propose that the advantages of mate search 
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efficiency explicitly includes the reduction of risk of sexual coercion and forced 
copulation. Although they did not emphasize it as I will, the conceptual framework 
of Patricelli et al. is consistent with the role of the indirect benefits of sexual au-
tonomy on the evolution of bower architecture.

In conclusion, as Borgia (1995) proposed, the evolutionary origin and radiation 
of bowers appears to be related to the bower’s function in protecting females from 
sexual coercion and forced copulation while allowing them to observe male display 
and bower decorations at very close proximity. Borgia’s threat reduction hypothesis 
has great explanatory power, but his proposed evolutionary mechanism has not ex-
plicitly identified the role of the indirect benefit of female sexual autonomy. Borgia 
(1995) hypothesized that bowers are worthwhile compromise for males–who trade 
fitness through forced copulations for fitness through female visitations. According 
to Borgia’s model, high quality males gave up the benefits of forced copulation 
because they could still gain sexual advantages through bower display, and low 
quality males are forced to follow suit. But this model, assumes that the males that 
are successful at forced copulations are somehow the same males that are success-
ful through female choice. However, as in waterfowl, sexual coercion only has an 
indirect cost if females actually prefer different males from those that are successful 
at coercion.

Borgia’s (1995) model obscures the fact that the bowers likely evolved through 
female choice, and that bowers function to facilitate autonomous female choice. 
Those components of the variation in mating success that were ancestrally deter-
mined by male-male competition through forced copulations have been largely 
transferred to female control. Thus, the violence and risk inherent to mate choice in 
Tooth-billed Bowerbirds has been eliminated in the rest of the family. I assert that 
male bowerbirds have not been evolutionarily negotiated down toward some inter-
sexual compromise. Rather, males have completely lost control over fertilization as 
a result of the evolution of new female mating preferences that have successfully es-
tablished female sexual autonomy. Male reproductive variance is nearly entirely de-
termined by female sexual choice, though males still contribute indirectly through 
competitive destruction and plundering of each others bowers and collections (Bor-
gia and Mueller 1992; Pruett-Jones and Pruett-Jones 1994) and young marauding 
males also try to force copulations at other male's bowers (Uy et al. 2000). The fact 
that bowers continue to evolve and radiate in structure in ways that maintain female 
autonomy with ongoing evolution in display behavior (Borgia and Presgraves 1998) 
further demonstrates the persistence of the power of female sexual autonomy in the 
aesthetic evolution of bowers.

Refining Borgia’s (1995) model, I propose explicitly that bowers have evolved 
through the indirect benefit to females of reducing male sexual coercion through 
forced copulations. If females pay a indirect fitness costs from forced copulations 
from non-preferred males because their male offspring will be less attractive, then 
variations in mating preferences will evolve which preserve the capacity to choose 
a mate autonomously without interference from sexual coercion. Beginning with an 
open male display arena with a few displayed objects, like the Tooth-billed Catbird 
female preferences for any ornamental structures that incidentally protected them 
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from male attack would evolve because such preferences would provide additional 
leverage against male coercion. Thus, I hypothesize that bowers are a component 
of the male extended phenotype that has evolved (perhaps twice) by female mating 
preference because of the indirect benefits that bowers provide to female sexual 
autonomy over male coercion.

This hypothesis is confirmed by Patricelli’s observations that female Satin 
Bowerbirds exhibit greater tolerance of risky, aggressive display behavior from 
more attractive males. It is only the indirect risks of sexual violence, not the direct 
risks of forced copulation, that are minimized by male attractiveness. If females 
experience threat from the direct harm of sexual attack, they should experience 
uniform discomfort in any sexual threatening situation because the amount of 
physical harm from attack should be unrelated to the attractiveness of the male. 
Or, if physical vigor is an indicator of male quality and vigorous attack is asso-
ciated with greater harm to the female, then a female should experience greater 
discomfort with higher quality males. (But for a skeptical discussion of the pre-
diction that vigor evolves as indicator of quality, see Prum 2012). In bowerbirds, 
however, females are more comfortable with the sexual risk experienced from 
more desirable males. I predict that this is because female bower preferences 
evolve through the indirect benefits of choice, and the indirect costs of coer-
cion. If the costs of coercion are unattractive offspring, then females should get 
more and more comfortable with risk from sexually attractive mates, precisely as 
shown in Satin Bowerbird (Patricelli et al. 2003).

Lastly, Borgia noted that the protection of females from sexual threat by bower 
architecture is associated with the explosive diversification of bower ornamenta-
tion. By selecting on various types of architecture–avenue or maypole bowers–fe-
males have expanded their autonomy over fertilization and male efforts to subvert 
female mating preferences. The assertion of female sexual autonomy facilitates 
female capacity to inspect individual males and their gathered materials at inti-
mate distances without loss of sexual control. The result has been a further, amaz-
ing differentiation in the breadth and diversity of bowerbird aesthetics. In this 
way, sexual autonomy facilitates the macroevolution of greater aesthetic diversity 
(Prum 1997).

11.8  Conclusions

In order to understand the complex interactions between mate choice, sexual co-
ercion, and sexual conflict, it is necessary to recognize the concepts of sexual 
agency and sexual autonomy in evolutionary biology. The evolution of individual 
sexual agency through mate choice gives rise to the phenomenon of sexual au-
tonomy. Sexual autonomy evolves by the indirect costs of sexual coercion. This 
mode of sexual selection can result in the evolution of female resistance to sexual 
coercion or in the evolution of aesthetic mating preferences with the ancillary 
contributions to sexual autonomy. Thus, the aesthetic norms established by female 
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preference create a novel source of selection, which reinforces the autonomy of 
mate choice. In this manner, sexual autonomy has self-organizing, autocatalytic, 
or self-reinforcing capacities, which likely have broad implications for the evo-
lutionary interactions between mate choice and sexual coercion in organisms that 
possess sexual agency.

The concepts of sexual agency and sexual autonomy were implicit in Darwin’s 
Descent of Man. Darwin may not have articulated them directly out of concern for 
the radical social implications of his theory. However, sexual agency and sexual au-
tonomy constituted major targets of early criticisms of the mechanism of evolution 
by mate choice. In particular, the conclusion that female animals were cognitively 
incapable of sexual agency or sexual autonomy became main elements of the rejec-
tion of sexual selection that continued for nearly a century.

Despite substantial interest in developing sexual selection theory that incorpo-
rates female sexual agency (e.g. Gowaty 1997b), it is not surprising that a modern 
Darwinian concept of sexual agency and autonomy have not emerged from contem-
porary literature dominated by adaptive views of sexual selection. As a consequence 
of the ubiquitous assumption of natural selection on mating preferences, which is 
inherent in most research on good genes and direct benefit mechanisms, adaptation 
is thought to provide a complete account of the evolutionary consequences of fe-
male mating preferences. There has been no need to recognize any evolutionary 
agency at the level of individual mate choice, because all these consequences are 
already accounted for by natural selection on mating preferences. But the recogni-
tion of the possibility of arbitrary mate choice, through either the LK null sexual 
selection mechanism or sensory/cognitive biases independent of natural selection, 
requires that we identify and conceptualize a new “evolutionary player” within 
sexual selection theory. This new player is the independent agency of mate choice.

I have provided two examples of the evolution of sexual autonomy in action. 
One concerns the evolution of physical, anatomical resistance to enhance sexual 
autonomy in waterfowl, and the other concerns the evolution of aesthetic bower 
preferences to further sexual autonomy in polygynous bowerbirds.

Despite pervasive, violent sexual coercion, many species of waterfowl have co-
evolved complex vaginal morphologies that limit the fertilization success of forced 
copulations. These structures have most likely evolved through sexual selection 
for mechanisms of resistance to forced copulation to preserve and expand female 
sexual autonomy. Thus, sexually antagonistic coevolution by sexual conflict in wa-
terfowl is notably distinct from the earlier examples of the phenomenon because 
female counter measures do not function in limiting direct harm to females. These 
resistance anatomies are evolving not by direct natural selection to limit female 
harm, but by indirect sexual selection to prevent sexually unattractive male off-
spring that result from coercion.

The narrow sense sexual conflict paradigm creates several intellectual impedi-
ments to understanding sexual conflict in species with complex cognitive abilities, 
distinct mating preferences, mechanisms of resistance, display traits, and mech-
anisms of coercion (Brennan and Prum 2012). Genital coevolution in waterfowl 
is distinct from sexually antagonistic genital coevolution in bedbugs (Cimicidae)
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(Carayon 1966; Stutt and Siva-Jothy 2001; Arnqvist and Rowe 2005), because re-
sistance to sexual coercion in bedbugs functions to prevent direct fitness losses and 
perhaps as a barrier to be overcome by the ‘best,’ most coercive males. In contrast,  
the derived genital morphologies of female ducks evolve in order to reassert the 
opportunity for their own autonomous mate choices. Thus, recognition of the con-
cept of sexual autonomy in evolutionary biology facilitates analysis of the origin of 
resistance through the indirect costs of coercion. It is the prior existence of mating 
preferences in waterfowl that create the additional source of sexual selection when 
sexual autonomy is constrained by male coercion.

In bowerbirds, I propose that females have evolved aesthetic preferences 
for bower architectures that protect them from the indirect costs of sexual as-
sault and forced copulation. Borgia’s (1995) formulation of the “threat reduction 
hypothesis” did not explicitly recognize the role of the indirect costs of sexual 
coercion. Once recognized, these indirect costs provide an efficient evolutionary 
mechanism for origin and evolutionary radiation of novel preferences for bower 
architectures, which assert and maintain female sexual autonomy against male 
sexual attack.

What do females do with sexual autonomy? An important general evolutionary 
consequence of female autonomy is the evolutionary elaboration of ornament. In 
both waterfowl and bowerbirds, females use their sexual autonomy to make aes-
thetic mate choices. The result is an evolutionary radiation in male intersexual or-
nament including plumage, song, display behavior, and even extended phenotypic 
constructions and curated collections of found objects. Sexual autonomy has un-
expected macroevolutionary consequences (Prum 1997). Sexual autonomy begets 
ornamental diversity.

Many workers in sexual selection have expressed skepticism over sexual se-
lection by indirect benefits, usually because of the difficulties of confirming good 
genes hypotheses (e.g. Kotiaho and Puurtinen 2007). This conclusion can be made 
because often these researchers have failed to entertain even possibility of an arbi-
trary LK null sexual selection process and that the evidence of good genes is likely 
genuinely weak (Prum 2010, 2012). However, examples of the indirect costs of 
sexual coercion provide strong support for the indirect benefits of mate choice. The 
sexually antagonistic convolution in waterfowl genitalia provides an excellent ex-
ample of the indirect benefits of mate choice. Because these genital structures func-
tion not in limiting direct harm, but by reducing unwanted fertilizations they can 
only evolve if there is an evolutionary advantage to mating with a specific, preferred 
individual. Preferred males must provide indirect fitness benefits to females in or-
der for these complex vaginal structures to have evolved. In the case of bowerbird 
bowers, the evidence is somewhat less strong given that these structures could have 
evolved entirely through adaptive sexual selection on direct benefits. However, it is 
very hard to explain the female protective function of the bower as a direct benefit 
given that female bowerbirds show greater comfort with more attractive males who 
would likely provide the same or greater direct harm if they were to attempt a sexual 
attack. Thus, recognizing the evolution of female sexual autonomy provides a whole 
new avenue for exploring the evolution by indirect benefits of mate choice.
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Beauty, my dear Sir, is not so much a quality of the object 
beheld, as an effect in him who beholds it.
Spinoza, 1674 (1901), Letter to Hugo Boxel

Abstract Darwin conceived the theory of sexual selection in order to explain 
beauty in animal Kingdom. He hypothesised that most of the male ornaments had 
been developed to correspond to a female ‘sense of beauty’. His successors devel-
oped a theory of mate choice in which the aesthetic sense was left out. The male 
sexual ornaments were considered as salient cues that evolved because they are 
indicators of males’ fitness, which stimulate the female to mate. As a consequence 
“good genes” would spread to future generations. Such a perspective left no place 
for the males’ appearance and displays as a source of pleasure for females. More 
recently, authors have considered that male traits might evolve because they make 
discrimination, stimulus recognition, memorability and learning easier. The winner 
is the most attractive not necessarily the ‘strongest’ male. Moreover, male traits 
might be favoured because they happen to fit an already existing bias in the female 
sensory system. Such a sensory exploitation determines the direction of a “runaway 
process”.

Today, the “aesthetic sense” is back, the neurosciences study the chemistry and 
circuitry that support pleasure in the brains of humans and animals; social psychol-
ogy and animal cognition focus on emotions, categorisation and prototype used for 
mate choice. Animals and humans in order to make a decision, have to evaluate both 
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the sensation and the goal directed action. For this a salient hedonic value has to 
be built by the mind. Here are the processes involved in the ‘aesthetic judgement’.

Keywords Animal aesthetics · Attractiveness in humans · Brain reward circuitry 
and aesthetics · Evolution of beauty · Hedonic mind

12.1  Introduction

“The sense of beauty” is a basic process in the theory of sexual selection that Dar-
win introduced in the second part of the ninteenth century. Since its publication in 
1871 it has met widespread criticism, scepticism and recast of the theory. The idea 
that female animals are capable of aesthetic choice was not well received among 
evolutionists. As shown in Sect. 2 and 3, over the past 150 years, many controver-
sies and reformulations have taken place about the function of aesthetic choice. In 
behavioural studies, until today, much more research has been conducted on the 
male anatomy and displays supposed to ‘stimulate’ or to ‘charm’ the females than 
studies on female emotions or ‘feelings’ in front of good looking males. There 
might be two reasons to that: Either because male behaviour is easier to study 
than female subjectivity or because authors found it more interesting to study 
males who are traditionally said to be more ‘active’ in mate choice. Interestingly, 
as Sect. 4 illustrates, aesthetic choice has also been absent in the investigation of 
mate choice in humans explored by social scientists, obsessed as they were by 
the fitness model of their natural science colleagues. However, as evidenced in 
the last paragraphs of Sect. 3 and 4 aesthetic choice based on the sense of beauty 
is coming back with numerous studies on the brain and mind of the receiver, the 
‘choosy’ female. Section 5 illustrates that the sense of beauty or aesthetic sense 
is much more a process in the mind of the individuals who perceive a signal than 
a property of the signal per se. Recent work in social psychology, animal cogni-
tion and neurosciences reserves an important place to the study of what makes 
a partner attractive in the eyes of the beholder. The expression “aesthetic judge-
ment” has been used by numerous authors in the context of pair formation and 
mate choice, and aesthetic choices are explored in humans and animals. Social 
psychology and animal cognition, for instance, take especially in consideration 
emotions, categorisation and prototypes related to mate choice. Section 6 is on 
‘hedonic reward’, and ‘pleasure’, which are prerequisites to “aesthetic judgment” 
in animals and humans especially when choosing sexual partners. When testing 
the ‘sense of beauty’, the neurosciences study the hedonic circuitry that supports 
the pleasure in the brain of humans and animals opening up new avenues for the 
understanding of “aesthetic choices”.
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12.2  A Theory for the Origin of Natural Beauty

12.2.1  To Whom Beauty is Addressed?

When considering nature and especially living species, humans may experience the 
beauty of some of them. From our admiration for flowers and ornaments in animals 
or vocalisations emerges the question: to whom this beauty is addressed?

Darwin (1859) had this question in mind when he observed plants and animals. 
To him the existence of beauty in low animals like coral or sea anemones is the 
direct result of the structure and the chemical nature of their tissues. Their aesthetic 
properties fulfil no function at all. They may have something to do with what Port-
man (1952) called the “unaddressed appearance”. Beauty also exists to attract ani-
mals; this is the case when it serves the purpose of plants that need animals for their 
pollination. Then beauty is addressed to pollinating animals who are rewarded with 
nectar and odour. There is coevolution because beautiful things on one side fit the 
sensibility of the receiver on the other side.

However, Darwin was most aware of beauty addressed by males to females of 
their species. As Hoquet (2009) underlines, if, for Darwin, beauty is not useful then 
it does not serve natural selection. For instance, the evolution of the male bower-
birds’ elaborate courtship displays and complex nest decoration presented a prob-
lem to Charles Darwin’s theory of natural selection, because in no way did such 
behaviour help the bird to survive in its environment. Both appeared to be colourful 
and complex elaborations produced by and for an aesthetic sensibility. How could 
these elaborations during the course of evolution be otherwise explained than by 
the animals’ “taste for the beautiful”, their “sense of beauty” or “aesthetic faculty”?

The theory of evolution was first centred on natural selection, which explains vari-
ation among species. Natural selection is based on differential survival that depends 
on the interactions between individuals and their environment. It is a theory of “adap-
tation”, where only traits with life preserving value could evolve. Its crucial point is 
the survival of the fittest. Darwin was not convinced, contrary to Wallace (1858), co-
discoverer of the theory of natural selection, that the ‘struggle for life’ was the right 
explanation for all the transformations in animals and especially for their beauty. 
When he established the concept of natural selection in his ‘origin of species’ (1859), 
sexual selection was only slightly mentioned. It left the question of the causation of 
beauty unsolved. For that reason, Darwin, later (1871), wrote another book, devoted 
mostly to sexual selection, a theory to explain beauty in animal kingdom.

12.2.2  Sexual Selection and the Female Aesthetic Sense

Sexual selection is a strategy that is complementary and different from natural 
selection, as it makes bodies, most often the males’ bodies, more beautiful and at 
the same time enhances the aesthetic sense of the receivers, most often the females’ 
aesthetic sense. Milam (2010) summarised Darwin’s ideas and the discussion they 
raised in the following way:
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In sexual selection two mechanisms:
… explained why males and females differed in appearance and behaviour: one was female 
choice, the other was male-male competition. In female choice, females compared the mat-
ing displays of reproductively mature males and chose the most appealing male with which 
to mate. In male-male competition, males fought to determine which male would have 
access to the reproductively available female(s) in the area. Both mechanisms, Darwin 
argued, would result in exaggerated male traits. Over evolutionary time, female choice 
would lead to aesthetically pleasing male traits (long tails and brightly coloured plumage), 
and male-male competition to armour or weapons (bony plates or antlers)…. In this way 
‘… female choice presupposed both a sense of aesthetic appreciation and an ability to 
choose rationally based on this aesthetic sensibility’. (Milam 2010, pp. 1–2)

Sexual selection provided Darwin with an answer to the question: How was it that 
females and males of the same species differed so significantly in their appearance 
and behaviour, especially with regard to mating display? Sexual selection does not 
depend on struggle for life, as natural selection does, but on competition between 
males for the possession of the females; the result is few or no offspring for the 
loser. Most of the time fighting between males was replaced by male competition 
for female attention through courtship displays. Females, on the other hand, actively 
use their attention and their ‘taste for the beautiful’ to select the most attractive 
partners.

Darwin (1871) was very clear on these points, when referring to the male fea-
tures he said:

… these organs will have been perfected through sexual selection, that is by the advantage 
acquired by certain males over their rivals. (Darwin 1871, I, p. 257)

And he said that in birds:
… those males, which are best able by their various charms to please or excite the female, 
are under ordinary circumstances accepted. (Darwin 1871, II, p. 124)

The continuity between animals and humans is presented in the following way:
Sense of Beauty.—This sense has been declared to be peculiar to man. But when we behold 
male birds elaborately displaying their plumes and splendid colours before the females, 
whilst other birds not thus decorated make no such display, it is impossible to doubt that the 
females admire the beauty of their male partners. (Darwin 1871, I, p. 63)

Why certain bright colours and certain sounds should excite pleasure, when in harmony, 
cannot, I presume, be explained any more than why certain flavours and scents are 
agreeable; but assuredly the same colours and the same sounds are admired by us and by 
many of the lower animals. (Darwin 1871, I, p. 64)

No doubt the perceptive powers of man and the lower animals are so constituted that bril-
liant colours and certain forms, as well as harmonious and rhythmical sounds, give pleasure 
and are called beautiful…. (Darwin 1871, II, p. 353)

Darwin also developed a modern point of view on the coevolution between signal, 
attractiveness, and brain capacities:

Everyone who admits the principle of evolution, and yet feels great difficulty in admitting 
that female mammals, birds, reptiles, and fish, could have acquired the high standard of 
taste which is implied by the beauty of the males, and which generally coincides with our 
own standard, should reflect that in each member of the vertebrate series the nerve-cells of 
the brain are the direct offshoots of those possessed by the common progenitor of the whole 



12 The Riddle of Attractiveness: Looking for an ‘Aesthetic Sense’ Within … 267

group. It thus becomes intelligible that the brain and mental faculties should be capable 
under similar conditions of nearly the same course of development, and consequently of 
performing nearly the same functions. (Darwin 1871, II, p. 401)

He who admits the principle of sexual selection will be led to the remarkable conclusion 
that the cerebral system not only regulates most of the existing functions of the body, but has 
indirectly influenced the progressive development of various bodily structures and of certain 
mental qualities. …/… musical organs, both vocal and instrumental, bright colours, stripes 
and marks, and ornamental appendages, have all been indirectly gained by one sex or the 
other, through the influence of love and jealousy, through the appreciation of the beautiful 
in sound, colour or form, and through the exertion of a choice; and these powers of the mind 
manifestly depend on the development of the cerebral system. (Darwin 1871, II, p. 402)

So it appears that male beauty has been developed for the purpose of being appre-
ciated by the corresponding female sense of beauty. Females will go for the most 
beautiful males, whose beauty provides the most pleasure. In Darwin’s theory of 
sexual selection females do not appreciate beauty as a signal of fitness; their ‘aes-
thetic judgment’ is their only guide. His theory is a theory of the female psychology, 
not of evolutionary “ultimate” causes.

12.3  Fall and Rise of the Idea of Aesthetic Choices

12.3.1  Who has the Capacity to Appreciate Beauty?

For Darwin different species share the same sense of beauty, which is the reason 
why humans find bright colours and songs beautiful in birds. As a reverse Watanabe 
(2012) demonstrated how some visual and auditory dimensions of human art pro-
ductions have a reinforcing property for non-human animals. Thus Darwin believed 
in the anatomical, physiological, intellectual and behavioural continuity of humans 
with other animals; he applied the theory of natural selection and sexual selection 
in a similar way to both humans and animals. This was far from convincing to his 
naturalist colleagues, then as it is today. Wallace (1864) preferred to draw a clear 
line, with humans on one side and animals on the other, and contrary to Darwin, 
argued that animals did not possess the capacity to reason, therefore they could not 
choose (see Slotten 2004 for details). Wallace believed that female animals were 
not capable of evaluating the aesthetic appeal of males’ courtship displays and of 
choosing a mate based on such effects. Romanes (1881) was of a different opinion; 
he agreed with Darwin’s point of view that animals are able to make decisions and 
to feel the stimuli that determine their choices. Romanes attributed aesthetic ‘emo-
tions of the beautiful’ to animals exhibiting colourful secondary sexual features 
and extended such capacities even to the arthropods. Huxley (1914), a famous de-
fender of evolutionary theories, did not agree with the idea that females evaluated 
the aesthetic of the males. His idea was that of emotional excitement. Looking at the 
displays of the great crested grebe he noted that both sexes participated in courtship 
dances; sexual selection could, therefore, not be involved in male beauty.
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12.3.2  Genetic Fitness is Declared as the Eternal Winner,  
the Fall of Beauty

During the course of the twentieth century the importance of the female aesthetic 
sense fell in disrepute and with it the theory of sexual selection. They were re-
placed by a theory of mate choice that some authors included in the natural selection 
processes. One may find a complete analysis of this in Milam (2010). The rise of 
Mendelian genetics focused evolutionary biology on the genetic change in a single 
population over time with natural selection depending on the total number and qual-
ity of an individual’s offspring. Sexual selection was thus eclipsed and evolution 
redefined as a process of natural selection merely changing gene frequencies along 
generations (Haldane 1932). The gradual accumulation of micro modifications 
could drive large modifications and directional evolution over the time.

With the emergence of a synthesis constituting a new evolutionary theory, called 
neo-Darwinism, biologists investigated evolution as a process of speciation (Mayr 
1942). Instead of sexual selection and aesthetic choices, authors began to investigate 
what happened if some females in a population only preferred to mate with a spe-
cific kind of males. Thus, female choice could drive the creation of a reproductively 
isolated population and potentially lead to speciation. Fisher (1930) provided an 
explanation for the evolution of secondary sex ornaments by mate choice. If females 
have a sexual preference for a particular kind of male trait, so he argued, this confers 
a selective advantage. The trait will became a salient cue and will spread to future 
generations in a “runaway process”. In no way does this theory imply that females 
perceive beauty, they only “appreciate” secondary sexual ornaments, which, when 
associated with a slight survival advantage, could became an indicator of fitness.

For most of these authors, the history of mate choice is distinct from the history 
of sexual selection, the latter being only considered as the Darwinian explanation of 
beauty in animal kingdom. From their perspective, mind and aesthetic sensibilities 
ought to be considered as discontinuous elements demarcating animals from humans, 
thus sharing Wallace’s ideas about the differences between humans and animals.

The interest for female sensibility to male traits gained momentum with the dis-
covery of the “rare male effect” Bösiger (1974), Petit (1958). Both authors’ intent 
was to explain why females preferred to mate with male types that were the least 
frequently found in a population. One held the view that females act to maintain 
genetic diversity, whereas the other interpreted it in terms of female sensitivity to 
males’ stimulatory courtship behaviours.

12.4  Signal Design: Sexual Selection is Back, but Where 
is Beauty?

Darwin’s theory was forcefully resisted by scientists for over a century, in part 
because the active choosing of mates seemed to grant too much power to females, 
who were thought to remain passive in the mating process. It was also resisted 
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because it seemed to blur the animal-human boundary. That those females should go 
for the beautiful, and for the most beautiful male, because of their sense of beauty, 
stirred up controversy among communities of biologists who preferred to subsume 
sexual selection under natural selection. They would rather explain female prefer-
ences for males’ courtship display in terms of reaction to signals advertising fitness. 
In other words, what would appear to be a choice of “beauty” should ultimately be 
understood as a preference for utility.

12.4.1  Selective Female and Male Honest Signalling

Bateman (1948) and Trivers (1972) opened a new line of interest in sexual selection 
by providing arguments for female choice. Bateman demonstrated that in Drosophila 
the reproductive success during lifetime is constrained for both male and female; for 
a male by the number of mates an individual is able to obtain and for the female by 
the number of births or hatchings. The female does not have as many opportunities to 
reproduce as the male does. Because of her greater reproductive refractoriness she is 
supposed to be more attentive to the success of her reproduction by showing greater 
selectivity when choosing her partners than her male counterparts. Trivers, in a simi-
lar way, developed the “theory of parental investment” in which he compared male 
and female cost to reproduce: gametes, pregnancies, broodings, taking care of the 
young, etc. According to his theory, the sex that exhibits more costly parental invest-
ments (most often the female in birds and mammals) will be the chooser. The sex that 
exhibits less investment will compete for mating opportunities; as a consequence it is 
the females that will most often choose the males in higher vertebrates.

The term ‘choice’ in animal behaviour was used in “behavioural ecology”, dur-
ing the sixties and seventies, to describe the ultimate causes that are causes con-
sidered efficient from the evolutionary point of view to explain natural and sexual 
selection. That does not mean that animals are aware of their determinisms. Game 
theory (Maynard Smith 1989) applied to animal behaviour has considered individu-
als as rational agents who try to enhance benefits and to minimise costs. From such 
a perspective it was hypothesised that the choosy sex will mate with individuals 
who possess traits that signify overall genetic quality. Females are, therefore, seek-
ing good genes in order to gain an evolutionary advantage for their offspring. Thus 
the theory of sexual selection is not looking for a female ‘taste for the beautiful’ but 
explains that females are looking for indicators of males’ fitness. Anderson (1994, 
p. 22) summarises this as follows:

There is now much evidence that females often choose their mate, and that such choice 
favours conspicuous male traits. The exact ways in which female choice selects for such 
traits are still debated, and so are the ways in which female preferences evolve, which 
remain a main controversial issue in the theory of sexual selection.

Among the potentially salient traits for females’ choice, bilateral symmetry and 
its deviations (fluctuating asymmetry) as well as pigmentation were examined. 
Hamilton and Zuk (1982) hypothesised that sexual ornaments are indicators of 
disease resistance to parasites, and also an index for good health and fertility. In 
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birds, plumage colour, pigment and ornaments symmetry support this hypothesis 
(Swaddle 1996; Møller 1992, 1996; Hill et al. 1999). Because symmetry is said to 
reveal disease resistance and the ability of a genotype to undergo stable develop-
ment of a phenotype under given environmental conditions, this feature was also 
tested positively in humans (Tovée et al. 2000). Many authors designated as beauty 
such symmetry and conspicuous ornamentations or colours.

The theory of the handicap principle (Zahavi 1975, 1977) explains how female 
preferences for males’ signals have evolved. The handicap principle describes how 
evolution may lead to honest signalling. It suggests that to avoid animals’ cheating 
for advantages over conspecifics about their state, capacity or intention, reliable 
signals must be costly to the signaller. They indicate to the receiver the sexual 
quality of the emitter; because inferior quality signallers cannot afford to produce 
such extravagant signals. Males exhibiting the most costly features must also be the 
most vigorous ones. Sexual ornaments such as bird songs, peacock tails, courtship 
displays, or bowerbirds’ bower, are costly signals, and therefore salient indicators of 
the male quality. However, the theory does not include a description of the females’ 
feeling when looking at these ornaments.
As Anderson (1994, p. 17) explains:

The idea that conspicuous male display, colours feather plume, and other secondary sex 
ornaments evolve through female choice met much early scepticism. Darwin seemed to 
assume similar sense of beauty in other higher vertebrates as in man. But this assumption, 
right or wrong, is not necessary for female choice: discrimination among males in relation 
to size, shape colour or others should suffice.

12.4.2  Sensory Bias, Receiver Psychology and the Design  
of Animal Signals

For Ryan (1990) a new male trait might be favoured because it happens to fit an 
already existing bias in the female sensory system. Such a sensory exploitation 
determines the direction of a “runaway process”. Males might evolve traits that 
exploit pre-existing sensory biases of the female. The theory states that the sensory 
bias evolves in a non-mating context; for instance the foraging ecology of a species 
may lead to high sensitivity to certain colours. This bias might favour the evolution 
of male ornaments with such colours and the female preferences for these traits. 
Females leave males with poorly developed courtship signals for males that provide 
more effective stimulation. Ryan concludes (1990, p. 186):

Such an approach can only increase our understanding of the fascinating process of sexual 
selection by showing how properties of the receivers exert selection on male traits, and 
how they are responsible for some of the most bizarre morphologies and behaviours in 
the animal kingdom. It certainly will inform us about how evolution operates and thus can 
contribute to hypotheses of the evolution of female preferences.

Female preference may have evolved for reasons not related to fitness advantages 
for males with the most far-reaching signals. Other factors, such as an initial senso-
ry bias, or selection for species recognition, might help explain mate choice. Some 
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male traits may have evolved simply because they make it easier for females to find 
the male. Sexual selection would favour males who most effectively stimulate the 
recipients, that is, with intense, persistent, or otherwise conspicuous signals. These 
ideas were particularly well developed in the “receiver psychology” approach of 
Guilford and Dawkins (1991, 1993). They underline the role played by sensory 
systems of the receiver’s brain in constraining the design of the signals emitted by 
the sender. The receiver’s capacity of signal detection (reaction time and detec-
tion against background noise), discrimination, stimulus recognition, memory and 
learning, must be taken into account. In addition Rowe (1999) mentioned the ad-
vantage of the multimodal components of a signal, because redundancy facilitates 
its detection.

Receiver psychology only takes into account some aspects of the theory of signal 
transmission, detection and recognition, but not cognition, emotion and feeling of 
the receiver. As in the studies of the male emitter, there is no place for “a taste for the 
beautiful” in the receiver psychology. The receiver is considered like an automaton.

12.4.3  Beauty is Back

The female “sense of beauty” has been brought back with Burley and Symanski 
(1998) in their seminal paper: “A taste for the beautiful”: Latent aesthetic mate pref-
erences for white crests in two species of Australian Grassfinches. By experimental 
means they demonstrated that two avian species from a lineage devoid of crested 
species have mate preferences for opposite sex conspecifics wearing artificial white 
crests. Other colours of crests that have been studied were not preferred. One may 
interpret such results as a confirmation of the sensory bias hypothesis. But the fact 
that in the lineage there was no crest at all does not fit very well with sensory bias 
For Burley and Symanski these results give “powerful evidence for highly struc-
tured aesthetic mate preferences in estrilidae finches and suggest that the preference 
for such a “structure” is influenced by the central nervous system”. In conclusion 
they hypothesise that aesthetic preferences are a potent force in the early evolution 
of sexually selected traits, and that “indicator” traits evolve secondarily from traits 
initially favoured by aesthetic preferences. From this a new question arises: sender 
or receiver, who is the first during the course of evolution? It may well be the re-
ceiver and her need for hedonic rewards.

12.5  From Sexual Selection to Seduction in Humans

The breakthrough in applying sexual selection to humans came in the late 1970s and 
1980s in the form of theoretical advances initiated by Buss and colleagues in the 
fields of psychology and anthropology (Buss 1989, 1994; Buss and Barnes 1986) 
and what was to become evolutionary psychology1. Evolutionary psychologists 

1 In his 1989 study on “Sex differences in human mate preferences: Evolutionary Hypotheses 
Tested in 37 Cultures,” Buss asked 10,047 people in 37 different cultures located in 33 countries to 
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have found sexual selection theories to be most helpful to account for widespread 
gendered behaviours among humans. Theories in the field of sexual selection 
seemed to shed light on human sex differences and hence those pertaining to “hu-
man mating” and reproduction.

12.5.1  The Fitness Model Applied to Humans

Interestingly, like his counterparts in biology, Buss developed a series of hypoth-
eses, all of them related to the fitness model. And from the beginning evolutionary 
psychology was entangled in social and stereotypical conceptions of masculinity 
and femininity, with Buss wanting to verify a few of the most obvious evolution-
ary predictions about sex differences in mating preferences; for example, whether 
men desire youth and physical attractiveness in a mate and whether women desire 
status and economic security. He found support for greater male than female use 
of resource display and for greater female use of enhancing physical appearance. 
Most sexually selected traits or behaviours in humans were explained as prox-
ies for fitness. Thus, he contented (Buss 1998; cited by Haufe 2007, p. 116) that 
women had a preference for a “reliable man willing to commit to her” and that 
“the resources, aid, and protection” which those men provided caused her to have 
“children who survived and thrived”. Buss offered no data on reproductive success 
of women either with a preference for reliable men or without a preference for 
reliable men. In place of the necessary data, Buss offers the “discovery” that wom-
en “place a premium on a man’s social status, his ambition and industriousness, 
and his older age—qualities known to be linked with resource acquisition,” (Buss 
1998; cited by Haufe 2007, p. 117). The evolutionary approach generates only 
“after the fact” explanations, relying on models from ethology and experiments 
conducted with animals combined with observations and findings in psychology, 
psychiatry, behavioural genetics and neurobiology. There is no demonstration of 
differences in reproductive success in humans resulting from the valuable resource 
or the preference for reliable men.

The female preference for reliable, resource-giving men is supposed to have 
evolved sometime during the Pleistocene. Indeed, as underlined by some of the 
most influential proponents of evolutionary psychology, Cosmides and Tooby 
(1997) “our modern skulls house a stone age mind”. Behaviour in the present is 
generated by information-processing mechanisms that exist because they solved 
adaptive problems in the past, which our hunter-gatherer ancestors faced dur-
ing our species’ evolutionary history. For this reason, evolutionary psychology 
is past-oriented. However, to Cosmides, contrary to Buss, because these mecha-
nisms solved problems efficiently in the past does not mean that they necessarily 
generate adaptive behavior in the present (also see Symons (1989) and Tooby and 
Cosmides (1990).

provide information about features which according to Buss have been shown to be theoretically 
important to human mating preferences.
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12.5.2  Sex Roles Without Aesthetics

A different explanation for sex differences in behaviour has been suggested by social 
structural theory (Eagly and Wood 1999). Rather than to attribute sex differences in 
contemporary society to sex-typed evolved mechanisms, social structuralists main-
tain that because men and women tend to occupy different social roles, they become 
psychologically different in ways that adjust them to these roles. Physical sex differ-
ences, in interaction with social and ecological conditions, influence the roles held 
by men and women because certain activities are more efficiently accomplished by 
one sex. The benefits of this greater efficiency can be realise when women and men 
are allied in cooperative relationships and establish a division of labour. The partic-
ular character of the activities that each sex performs then determines its placement 
in the social structure (Wood and Eagly 2000).

Evolutionary theory values and validates as a natural given stereotypical con-
ceptions of masculinity (philandering, social status and strength) and feminity 
(passivity, valuing of their body and youth). Social structuralists focus on the sexes’ 
efficient cooperation in life tasks given women’s capacity for gestation and lacta-
tion and men’s greater speed and physical strength (Wood and Eagly 2000). Both 
theories have in common that they have never ever considered the role aesthetics 
could play in mate choice.

12.5.3  Seduction in Humans

A more complete picture of mate choice is offered by Moore (1985), who has ob-
served nonverbal facial expressions and gestures, exhibited by human females that 
are commonly labelled “flirting” behaviours. Moore has identified 52 nonverbal 
solicitations such as giggling, laughing, smiling, head tossing, hair flipping, caress-
ing ones arm or leg. Indeed, men seem to have little chances to seduce a woman 
if she has not taken notice of them before, and if she has not signalled interest via 
nonverbal cues. Glancing behaviours are important in signalling interest, glancing 
at and then away from the male. Glancing behaviour appears to be a significant 
part of the female role (Cary 1978). Males are generally hesitant to approach with-
out some indication of interest, and repeated eye contact seems to demonstrate a 
woman’s interest (Crook 1972a, b). Women reject suitors by failing to recognise 
their presence through eye contact. Moore observed, then, head tossing, with the 
head flipped backwards so that the face was briefly tilted upwards often combined 
with pushing her fingers through her hair or running her palm along the surface 
of her hair, but also pouting, eyebrow flashing and, above all, smiling. Smiling 
is among the most prevalent behaviours and consists of the corners of the mouth 
being turned upward, in partial or sometimes full exposure of the teeth. The “coy” 
smile combines a half-smile with a downward gaze or very brief eye contact. These 
expressions and gestures appear to function as attractants and advertisers of female 
interest.
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According to Moore, nonverbal solicitation is only one of the first steps in the 
sequence of behaviours beginning with mate attraction and culminating with mate 
selection. Women who signal often are also those who are most often approached 
by men. They can elicit a high number of male approaches, allowing them to choose 
from a number of available men. Or they may direct solicitations at a particular 
male. Behaviours such as nodding, leaning close to the man, smiling and laughing 
are in higher frequencies after the man has made contact with the woman. Conver-
sation is initiated and the participants appear highly animated. Women, while talk-
ing to men appear excited, laughing, smiling, and gesticulating frequently. In the 
sexual arousal phase, touching gestures are exchanged.

Not only does the woman first signal her interest in a potential candidate, the 
actual choice and final decision is also hers and rests on what the man says to 
the woman in addition to his behaviour towards her and others. However, little is 
known as to which men are chosen for further interaction, which are rejected, and 
on what grounds. More investigation on that level of female choice could open up 
new vistas as to aesthetical considerations involved in that choice.

Another example of female choice and signal sending was offered by Zanna and 
Pack (1975). Young women were asked to characterise themselves to a male partner 
who was either attractive or unattractive and whose ideal of a woman conformed 
either very closely to the traditional female stereotype or to its opposite. When 
the male partner was attractive and favoured the traditional female stereotype, the 
young women portrayed themselves as significantly more conventional and tradi-
tional than when, a few weeks before, they had been asked to make an objective 
description of themselves. When he was attractive, but favoured a modern type of 
woman, they portrayed themselves as more modern, unconventional and indepen-
dent than before. However, when the partner was unattractive, they did not change 
their self-description. Nobody knows how the story would have evolved, had these 
young women really met the attractive or the unattractive partner. However, the 
experiment shows quite clearly that these young women have first appreciated the 
partner’s attractiveness, before signalling that there could be some commonalities 
and mutual understanding between them.

12.6  The Mind of the Beholder

Receivers are not simple signal analysers passively waiting to be stimulated. The re-
ceptors experience emotions, build representations of their relationships with peers 
and may feel social pleasure in the presence of some of them. These aspects must be 
taken into account if we want to understand the aesthetic value that females attribute 
to some males. However, the study of animals’ subjectivity is more complicated 
than the study of their behaviour. Anthropomorphism, which consists of transposing 
human emotions or rationality onto animal actions, tended to make animals look 
more like humans. Most researchers, therefore, prefer to choose the paradigm of 
parsimony. In doing so, they seem, however, to neglect that the receiver psychology 
is much more complex than that of an automaton, even a sophisticated one.
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12.6.1  Cognition, Categorisation and Prototype

The world is not just a source of isolated stimuli, which act independently from 
each other, as behaviourists first thought. A substantial amount of studies on ani-
mal cognition show that birds and mammals have representations of their world as 
categories of objects and events. Herrnstein (1984) was one of the first to demon-
strate natural concept discrimination in pigeons. Subjects were trained to classify 
photographs that exemplify categories as trees, individual persons, fish and others 
… As stated by Roitblat (1985, p. 306):

…these results support the hypothesis that pigeons form abstract representations of the 
discriminated concepts…

Cognition in animals (Thompson 1995) got further understanding when the theory 
of prototype (Rosch and Mervis 1975) was extended to them. Similar objects are 
members of the same category. The categories may have clear or fuzzy boundaries 
depending on their properties, graduated colour, or not, like an animal. But the im-
portant point is that some members are better exemplars than others. For instance, 
for most people some dogs are better than others to represent the category dog. 
These central exemplars are prototypes.

Categorisation in animals is an important step towards “aesthetic values” in ani-
mals, because if some males are better than others to be chosen as sexual partners, 
they can be considered to be prototypes. Moreover, if emotions and pleasure are 
experienced at the sight of these prototypes, then we are at the heart of the category 
“beautiful partners”. The “sense for beauty” could work.

Surprisingly, when it comes to humans, attractiveness based on physical charac-
teristics has captivated researchers’ interest mainly from a male perspective. In an 
overview of recent research, Swami and Furnham (2006), both social psychologists, 
showed that there are physical characteristics that are attractive across cultures. 
In most cultures men will rate women with a 0.7 waist to hip ratio WHR as more 
attractive than a woman with a higher WHR. For faces averageness, symmetry, 
and sexual dimorphism (masculinity in males, femininity in females) are also pre-
ferred across cultures (for reviews, see Fink and Penton-Voak 2002; Thornhill and 
Gangestad 1999).

Attractiveness is most salient in people’s reactions to faces (Olson and 
Marshuetz 2005). Recent studies have uncovered some of the factors involved in 
the perception of attractiveness that seem to be universal. When people were asked 
to rate the attractiveness of computer-composite images of faces (female and male) 
they perceived attractiveness increases the more different faces of the same sex 
were averaged and went into each image (composites created by averaging 4 vs. 
8 vs. 16 vs. 32 faces). The more images were used, the more idiosyncrasies of 
particular faces, which may be unusual, become ironed out. Moving a facial image 
closer to the average increases its attractiveness (Langlois and Roggman 1990). 
This “beauty-in-averageness effect” only works, however, when the features of the 
faces are average of the group to which a face belongs (Potter and Corneille 2008).
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The beauty in averageness effect is often theoretically explained as reflecting 
a biological predisposition to interpret prototypes as salient cues for mate choices 
(Symons 1979).

Referring to the honest signalling theory Thornhill and Gangestad (1993) con-
sider that if facial composites made by combining individual faces are judged to be 
more attractive than the majority of individual faces it is because the composites 
possess both symmetry and averageness of features. Facial averageness may re-
flect high individual protein heterozygosis and thus an array of proteins to which 
parasites must adapt. As we know heterozygote are better than homozygote in de-
fence against parasites. Facial averageness reflects, therefore, resistance to parasites 
whereas symmetry certifies overall phenotypic quality and developmental health 
(Thornhill and Gangestad 1993).

A rather different explanation has been suggested by Zajonc (1980). In humans 
particular cerebral areas are related to appreciation of beauty (Kawabata and Zeki 
2004). The basis for the relation of attractiveness and averageness might be our 
preference for things that are familiar to us. It is intimately linked to affective reac-
tions, which are often the very first reactions of the organism and are dominant re-
action for many species. This form of preference without inference may contribute 
to perceived attractiveness. In other words, emotions may come to play without our 
being aware of it. The closeness to the faces people may have seen creates a prefer-
ence based on a comforting sense of ease. Such prototypes are attractive because 
they are easy on the mind (Langlois and Roggman 1990; Rhodes and Tremewan 
1996; Winkielman et al. 2006). The pleasing prototypes respond to principles of 
economy.

12.6.2  What is Attractive in Humans?

People who are judged to be physically attractive make generally more favourable 
impressions on others than do people with lesser looks. There is an important list 
of qualities that attractive people are supposedly blessed with. They are assumed to 
have more agreeable personalities, to be more sociable, healthy, intelligent, better 
students, and teachers than less attractive people (Eagly et al. 1991). And both men 
and women desire as romantic partners the most attractive women or men they are 
able to win (Walster et al. 1966). But what makes a person attractive? Some general 
characteristics are universally considered to be attractive such as symmetry and 
averageness of faces and a narrow waist-to-hip ratio (Marcus and Miller 2003). 
However, there are also some specific features of the face and of the body that seem 
to attract one or both sexes.

According to Jones and Hill (1993), there is more to facial attractiveness than 
averageness. Although Langlois and her colleagues found that composite faces are 
more attractive than most of the faces that go into making the composites, few in-
dividual faces are consistently rated more attractive than any composite (Alley and 
Cunningham 1991). Cunningham (1986) showed that photographs of female faces 
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rated attractive in the United States have unusually large eyes, high cheekbones, 
thin cheeks, and small noses, chins, and jaws. Appealing female faces have a more 
neotenous “babyface” appearance combining features such as large eyes and a 
small nose (Jones 1995; Perrett et al. 1998). The ideal male face is closer to the av-
erage male face. However, male faces undergo a more thorough remodeling during 
adolescence than female faces, with a great expansion of the nose, mid-face, brows, 
chin, and jaw, which reduces the apparent prominence of the eyes and cheekbones 
(Jones and Hill 1993).

In one recent study, Li and Kenrick (2006, p. 479) found that young psychology 
male and female undergraduates who had or were considering having casual sex 
were physically attracted to the person and thought it would feel good. But the male 
students, far more than the female students, thought that it would allow them to get 
a sense of their value in the mate market.

Why does physical attractiveness lead to attraction? Aesthetic appeal seems 
to be desirable, and leads to positive affect (Kenrick et al. 1993). People like 
to look not only at people, but also at things that they find visually appealing. 
Even infants show a preference for attractive compared to unattractive people 
(Langlois et al. 1991). Research also suggests that when men see photos of very 
attractive women, a particular part of the brain is more strongly activated than 
when they concentrate on photos of average-looking women (Aharon et al. 2001). 
The part of these men’s brains that is activated in response to beautiful faces 
is also activated in response to rewarding behaviours such as money and drugs 
(Sanderson 2010, p.  416).

12.6.3  Emotions in Humans and Animals

Darwin was particularly aware of what animals felt, because in his theory of evolu-
tion it was a proof of the continuity between animals and humans, which was the 
subject of his book, The expression of the emotions in man and animals (1872). The 
following two passages show his awareness that animal like humans experience 
emotion and pleasure.

The sexes of many animals incessantly call for each other during the breeding-season; and 
in not a few cases, the male endeavours thus to charm or excite the female. This, indeed, 
seems to have been the primeval use and means of development of the voice…. Thus the 
use of the vocal organs will have become associated with the anticipation of the strongest 
pleasure which animals are capable of feeling. Animals which live in society often call to 
each other when separated, and evidently feel much joy at meeting. (Darwin 1872, p. 84)

When male animals utter sounds in order to please the females, they would naturally 
employ those which are sweet to the ears of the species; and it appears that the same sounds 
are often pleasing to widely different animals, owing to the similarity of their nervous sys-
tems, as we ourselves perceive in the singing of birds and even in the chirping of certain 
tree-frogs giving us pleasure. On the other hand, sounds produced in order to strike terror 
into an enemy, would naturally be harsh or displeasing. (Darwin 1872, p. 91)
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Later in a paragraph on “Pleasure, joy, affection” Darwin comments the pleasure 
and satisfaction that animals experience by referring to an observation made by the 
French psychiatrist Duchenne:

Dr Duchenne—and I cannot quote a better authority—informs me that he kept a very tame 
monkey in his house for a year; and when he gave it during meal-times some choice deli-
cacy, he observed that the corners of its mouth were slightly raised; thus an expression of 
satisfaction, partaking of the nature of an incipient smile, and resembling that often seen on 
the face of man, could be plainly perceived in this animal. (Darwin 1872, p. 132)

More recently Bekoff (2007, p. 14) referred to the importance of emotions to 
understand animals’ life as follows:

Of course there are differences among species. We would expect variations based on social, 
ecological, and physical factors. However there are compelling similarities despite some-
times extreme differences…. The brain of mice, dogs, elephants, and human differ greatly 
in size, but all of these species display joy and empathy.

Communication and sending a signal can be considered as a means to manipulate 
the mental state of the receiver. Music is a good candidate for such a job in humans. 
Miller published an article, in 2000, reaffirming Darwin’s suggestion that human 
music is manipulative and was shaped by sexual selection to function as a courtship 
display:

The vocalizations and gestures do not appear to be telling another individual about the 
world in the same way as we refer to objects, events and ideas when talking to another indi-
vidual. Monkeys and apes probably simply do not appreciate that other individuals lack the 
knowledge and intentions that they themselves possess. Rather than being referential, theirs 
calls and gestures are manipulative: they are trying to generate some form of desired behav-
iour in other individual. The multimodal communication, the use of rhythm and melody, 
enhance synchronisation and the share of emotional state. (Miller 2000, p. 121)

Miller insisted that the function of such aesthetic selection criteria is to enhance 
selective mate preference in order to improve the outcome of sexual recombination 
that maintains genetic diversity, promotes speciation, and facilitates evolutionary 
search through optimal outbreeding.

Mithen (2006, p. 96) looking for “The origins of music in the singing Neander-
thals”, title of his book, went a step further in the understanding of the feeling of the 
receiver. Music affects emotion and mood:

Mood is slightly different from an emotion; the former is a prolonged feeling that lasts over 
minutes, hours or even days, while the latter may be a very short feeling. The success of 
music therapy further demonstrates how music can be used both to express and to arouse a 
wide range of emotions, and also lead to substantial improvements in mental and physical 
health.

The idea that music importantly modifies the inner state of the listener—receiv-
er has gained support over the past couple of decades since we now know a lot 
more about centres and circuitry, on one side, and social or behavioural situations 
implicating receiver’s satisfaction, on the other side.
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12.7  The Hedonic Receiver

12.7.1  Reward, Dopamine and the Mesocorticolimbic 
Circuitry

Olds and Milner (1954) introduced a seminal research by demonstrating that rats 
produced positive reinforcement until exhaustion by electrical stimulation of their 
septal area and other regions of their brain, especially their lateral hypothalamus 
(LH). Demonstration was also produced in humans that LH is a key centre of the 
brain reward function. Indeed Bishop et al. (1963) using intracranial self-stimu-
lation in man obtained results similar to those of the rat experiments. Electrode 
stimulation evoked desire to stimulate again and strong sexual arousal, while never 
producing orgasm. What it did was to make humans press the button more.

A considerable body of literature followed these discoveries on the neurobiology 
of reward, based largely on studies of addiction or substance abuse. The circuitry 
involved in addiction is most often described as the ‘dopamine mesocorticolimbic 
system’. Relevant circuitry in such studies has included dopamine cell bodies in the 
ventral tegmental area (VTA) that project to nucleus accumbens (NAcc, especially 
the core shell) that project via ventral pallidum to thalamus. There is a broad tha-
lamic projection to prefrontal and cingulate cortex. The cortex completes the loop 
by projecting to VTA. Moreover the VTA projects directly to cortex and amygdala 
in addition to the nucleus accumbens.

In spite of the fact that addictive drugs act on the brain reward systems, one 
may consider that the brain had evolved not simply to respond to drugs but to natu-
ral rewards, such as food and sex. Appropriate responses to natural rewards were 
evolutionary important for survival, reproduction, and fitness Kelley and Berridge 
(2002). Many studies have effectively demonstrated the close correlation between 
dopamine release and behaviours that are sustained by drive and motivation (as tak-
ing food, water search and looking for a sexual partner). Today authors are in accor-
dance when considering that neural circuits using dopamine confer to given stimuli 
particularities, which elicit them to be relevant to sensory, emotional or affective 
systems. Wise (2004) gave evidence of the role of such a system in learning. To-
day for many neuroscientists the primary role of the mesocorticolimbic dopamine 
circuitry in reward is to facilitate arousal, attention, motivation, memory consolida-
tion, goal directed behaviour, and decision making (Schultz 2006).

Whatever the species, the pleasure of the brain is a central theme in cognitive 
neurosciences. Animals and humans in order to make a decision, have to evaluate 
both the sensation and the goal directed action. For this a salient hedonic value has 
to be built by the brain circuitry (Dickinson and Balleine 2009). Thus the reward 
processes in humans and animals have led to comparative studies. For Berridge and 
Kringelbach (2008) a rewarding stimulus activates many brain systems at the same 
time. There are three types of reward components: (1) liking: the hedonic impact 
of reward; (2) wanting: the motivation to obtain a reward and (3) representation: 
the cognitive processes about the rewards. The hedonic brain mechanisms being 
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similar in humans and other animals, the way is open for a comparative “affective 
neuroscience of pleasure”.

Based on these considerations one may conclude that the decision of the ‘female 
beholder’ is as much related to the pleasure she experiences as to the characteristics 
of the signals she receives. Search of sensations that are pleasing for themselves 
is sufficient a motivation to trigger search behaviour in conjunction with pleasant 
stimuli, even in the absence of physiological needs. Animals are probably encour-
aged to simply looking for hedonic rewards. Objects and events that are able to 
provide such rewards have obviously an incentive value. During the evolution of 
cognition, pleasentness has allowed the construction of mental categories in which 
particular objects or events are regarded as being “good”. We are here quite close 
to the Darwinian idea, that the animal brain like the human brain has built a sense 
of beauty (Kreutzer 2012). Moreover studies on addiction have demonstrated that a 
“runaway process” can transform the search of satisfaction that was initially related 
to the pleasure provided by useful objects or events into a search of pleasure for 
pleasure. The receiver’s hedonism can drive to dependence.

12.7.2  Life, Social life and Pleasure

Berridge and Kringelbach (2008, p. 459) considerably enlarge the vision that re-
wards should only mediate sensory pleasure such as food and sex, mainly because:

… social interactions with conspecifics are important to propagation of genes in all social 
animals such as humans … (thus particular social activities) … are also likely to be part 
of the repertoire of fundamental pleasures. Social pleasures in animals other than humans 
might be conceived as essentially similar to basis sensory pleasures or conceivably even 
in some nonhuman species as something more abstract. Social pleasure includes sensory 
visual features such as faces, touch features of grooming and caress, as well as in humans 
more abstract and cognitive features of social rewards.

Several studies have clearly demonstrated the link between pleasure and social life, 
particularly in the context of play, singing, pair formation and attachment (Pank-
sepp1998 for a review; Panksepp 2005). A close association between opiates and 
play in juvenile rats was discovered by Ikemoto and Panksepp (1999). Low doses of 
morphine increased play, and opioids blockade with naloxone reduced play. From 
this one may conclude that opioids may enhance the pleasure and rewards associ-
ated with playing. Singing in songbirds, should be also a source of pleasure. Male 
zebra finches may use ‘directed songs’ for courtship and ‘undirected songs’ when 
singing alone. Hara et al. (2007), Huang and Hessler (2008) demonstrated that in 
VTA (ventral tegmental area) the neurons are more strongly activated during di-
rected songs (courtship) than during undirected songs. Thus social context provides 
modulation to forebrain rewards’ circuitry. Dopaminergic neurons of these birds 
work in a similar way as those of the mammalian (VTA) in the rewards circuitry. 
Moreover, such results support the idea that social encounters can trigger the same 
pathways as addictive drugs.
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Insel (2003) studied the prairie and pine voles who form partner preferences and 
pair bound after mating contrary to montane and meadow voles who generally do 
not form such preferences. The neurobiology for pair bound is correlated with the 
mesolimbic dopamine activation of a particular kind of receptors that are necessary 
and sufficient for the development of partner preference. The processes involved in 
social attachment are close to those observed in an addictive process. Aragona et al. 
(2003) also showed in prairie voles that the administration of haloperidol directly 
into the NAcc (Nucleus accumbens, core shell) blocked partner preferences induced 
by mating. But, on the contrary, administration of apomorphine into the NAcc in-
duced partner preference even in the absence of mating. These use of pharmacologi-
cal techniques thus manipulated both the dopaminergic circuitry and the pair bound 
formation with its correlated attachment.

These results suggest that widely distinct groups of animals may experience 
similar positive emotional states while undergoing different types of social interac-
tions. From this we can easily conceive that learning, displays, vocalisations, and 
partners’ perception are impossible to imagine without hedonic processes. There-
fore, animals should definitively be regarded as close to humans and not simply as 
complex mechanistic automatons. As Balcombe said (2006, p. 22):

Feeling good is a powerful motivator that steers animals towards behaviour that keep them 
alive and help them reproduce … survival and pleasure are mutually compatible.

12.7.3  Are Love and Beauty Abstractions or Rooted in Basic 
Brain Circuitry?

Animal studies and human imaging have contributed to the understanding of the 
psychobiology of attachment and social bounding. When comparing the neuronal 
circuitry of maternal love, romantic love, and long-term attachment, neurobiology 
(Stein 2009) shows that they both overlap and differ. In these circuits, molecules, 
which have been demonstrated to play a role in the psychobiology of attachment 
and social bounding, include dopamine, serotonin, opioids, and vasopressin. Rel-
evant circuitry has included the anterior cingulate, medial insula, striatum, and ven-
tral tegmental area (VTA). Both maternal and romantic loves involve: anterior cin-
gulate, medial insula, caudate nucleus, and the VTA. Thus sophisticated human be-
haviour is rooted in mammalian biology. Complicated concepts and processes such 
as love, reward, beauty, addiction, emotion or even rejection in love are, therefore, 
embodied in more basic and overlapping structures. During the course of evolution 
these functions were rooted in existing neuro circuitry and neurochemistry (Fisher 
2004; Fisher et al. 2005, 2010).

From Bartels and Zeki (2004) studies comparing maternal and romantic loves 
emerge three points: (1) both involve a unique and overlapping set of areas, as well 
as areas that are specific to each; (2) the activated regions belong to the reward 
system and are also known to contain a high density of receptors for oxytocin and 
vasopressin, suggesting that the neuro hormonal control of these strong forms of 



M. Kreutzer and V. Aebischer282

attachment observed in animals also applied to humans; (3) both forms of attach-
ment suppress activities in regions associated with negative emotions, as well as re-
gions associated with ‘minding’ and social judgments. This suggests that emotional  
ties to other persons inhibit not only negative emotions but also affect the network 
involved in making social judgements about a person. Attachment processes ac-
tivate a specific pathway of the reward system and at the same time deactivate 
circuits that are responsible for critical social assessment and for negative emotions.

12.8  Conclusion: What does it mean to Have  
an “Aesthetic Sense”?

Vallet and Kreutzer 1995; Draganoiu et al. 2002; Suthers et al. 2012 have amply 
tested the acoustic preferences of the female songbirds and confirmed such sensory 
bias, sensory trap and honest signalling theories. However, more is needed to 
understand the female’s attraction to a male’s songs. When evaluating the signals 
exhibited by the male, the choosing and choosy female experiences the hedonic 
impact of reward: that is, emotions, feelings and liking. These are greater when 
morphology and displays of the male are close to the prototype she has in her mind, 
and they are necessarily based on an ‘aesthetic judgement’ depending on her ‘sense 
of beauty’ or ‘taste for the beautiful’.

The position of Welsch (2004), a convinced advocate that animals, like humans, 
have an “aesthetic sense” could be summarised in the following way. While Darwin 
had advocated the existence of an aesthetic sense in some animals, most contem-
porary evolutionists have reduced aesthetics to mere survival value. They try to 
unmask aesthetic appreciation as a mere manifestation of fitness. From this (neo-
Darwinian and especially sociobiological) perspective, there is simply no space for 
an aesthetic attitude. Even if one assumes that beauty means fitness in a hidden way, 
and that this is ultimately the reason why the beautiful is esteemed, one cannot get 
round the fact that what the female appreciates in the first place is the beautiful as 
such. The proximate goal and the ultimate goal would not be reached if aesthetic 
appreciation had not taken place. The aesthetic momentum remains indispensable. 
But it can only be reached through the perception and estimation of the beauty of 
the beautiful.

As noted by Welsch (2004), Darwin, contrary to most of his evolutionist succes-
sors never used the term “aesthetics judgement” when referring to female choice. 
Most of the time he mentioned that they had a “taste for the beautiful” or a “sense of 
beauty”, and only rarely that they had an “aesthetic faculty”. The concept of “taste”, 
going back to eighteenth century philosophy, held the judgement of beauty to be 
immediate and disinterested. This means that the pleasure of beauty is not useful. 
Later, during the nineteenth century, the concept of “aesthetic” replaced the notion 
of “taste”. Darwin not being a philosopher referred to “aesthetic faculty”, “taste for 
the beautiful” and “sense of beauty” as synonyms, without giving a definition or a 
clear and constant meaning of these concepts.
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Today, when authors refer to these Darwinian concepts, they often use the ex-
pression “aesthetic judgement”. The meaning of “aesthetic judgment” is certainly 
different from the meaning of “taste”, because it implies some underlying general 
principles that have yet to be discovered. The immediacy and disinterestedness, 
which encompass the general sense of taste, fit better with “aesthetic attitude”, 
which refers to contemplation and to the work of nature for its own sake. It is also 
more in line with Darwin’s writings that underline the un-usefulness of the males’ 
traits selected by females.

However, “aesthetic attitude” is far from “aesthetics of the object”, the objects 
being the salient cues of the animal’s morphology and displays, which fit the psy-
chology of the receiver. In fact most of these authors never use the term aesthetic. 
It is certainly the concept of “aesthetic experience” that will best correspond to 
the “conspicuous indicators” that sociobiology and behavioural ecology present as 
adaptive and revealing the vigour or good genes of the males. Petts (2000) estab-
lishes a link between the objects and the feeling they raise, for humans he says:

Aesthetics experience is a natural felt response … adaptive … revealing value in the world. 
(Petts 2000, p. 70)

The aesthetic experience is not a response to having checked that things have worked 
according to plan; rather there is a feeling that things are just so. This feeling of harmony or 
rightness that come about in our experience of things is a feature basic to our aesthetically 
experiencing them. (Petts 2000, p. 65)

As we see, the authors depending on whether they take into account the honest emit-
ter, the hedonic receiver or the adaptive process, may use one or another definition. 
But, whatever the definition of aesthetic sense, of aesthetic faculty, of aesthetic 
judgment, of aesthetic attitude or aesthetic experience, they remain useful concepts 
to explore the continuity within the mind of the beholders, either human or animal.
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Abstract Aesthetics has three aspects, the cognitive aspect, the hedonic aspect, 
and creation. In this chapter I focus on the second and third aspects. In some cases, 
human art, in either the visual or the auditory dimension, has a reinforcing property 
for non-human animals, suggesting that human art has hedonic value for them. The 
process of art creation has its own reinforcing property, and artists create art for its 
own sake; in other words, art has functional autonomy. Observation of primates 
in the laboratory and bowerbirds and songbirds in nature suggests that their art-
like behaviour has functional autonomy, although this requires further experimen-
tal study. Their art-like products have, however, no reinforcing property for their 
conspecifics. Finally, I review evolutionary theories of aesthetics. Honest signals 
of the quality of the message sender and the physical constraints of materials must 
have played a role in the evolution of our aesthetics, but almost anything can be 
art if a considerable population of our species agree to accept it as an art. In other 
words, beauty is the verbal expression of our preferences.

Keywords Sensory reinforcement · Experimental aesthetics · Sexual selection · 
Animal art · Visual discrimination

13.1  Introduction

Beauty is a subjective experience or feeling, and aesthetics in the academic sense 
is a system of explanation of this feeling. Even though our subjective feeling is a 
private event and beauty is a phenomenon dependent upon the individual, we share 
this feeling with other persons. In this sense, beauty is based in inter-subjective un-
derstanding. Beauty in one society, however, may be different from that in another 
society. Also, beauty in one era differs from that in another era. In this sense, beauty 
is a socially constructed idea or institution. However, despite within-species differ-
ences in the sense of beauty, we have general preferences for certain types of beauty. 
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In fact, preference tests across ten countries revealed a common pictorial preference 
for landscapes with trees and open space (Wypijewski 1997). Thus, Homo sapiens 
may have “universal aesthetics” just as we have “universal grammar” or “universal 
moral.”

Aesthetics has several aspects. One is the cognitive aspect. The empirical study 
of beauty was initiated by Gustav Fechner (1876), the founder of experimental aes-
thetics. He proposed three empirical methods of experimental aesthetics: the meth-
od of choice, the method of production, and the method of use. In the first method, 
an application of his famous psychophysical measurement methods to the percep-
tion of beauty, subjects were asked to compare stimuli with respect to pleasantness. 
Specifically, he asked visitors to a Dresden museum to compare two version of 
Holbein’s “Madonna of Burgomaster Meyer”. For Fechner, beauty was perception 
(see Watanabe 2012, for more details on the cognitive aspect of beauty).

The second aspect of aesthetics is the hedonic aspect. We feel pleasure when we 
see a beautiful picture or listen to beautiful music. In the framework of behaviour-
ism, Berlyne (1971) proposed a new experimental aesthetics in which he introduced 
four methods of investigation: verbal judgment, psychophysics, statistical analysis, 
and measurement of exploratory behaviour. The last method is the most important. 
Because it measures behaviour, we can apply this method not only to humans but 
also to non-human animals. An organism explores one stimulus longer than another 
stimulus because the former is more reinforcing. According to Berlyne, beauty is 
sensory reinforcement; hence, aesthetics is the study of reinforcers. The first topic 
of this chapter is therefore “beauty as sensory reinforcement.”

The third aspect of aesthetics is creation or production. Sophisticated motor 
skills are required to produce art, but artistic behaviour must be maintained by 
self-reinforcement. Artists create art for its own sake, not only for money or so-
cial admiration. In other words, art has functional autonomy. Further, artists must 
know the “goal” of their productive behaviour; in other words, they know what 
their product should be. Therefore cognitive and reinforcing aspects, in addition 
to motor skills, are prerequisites for the creation of art. Do animals emit art-like 
behaviour without other reinforcement? Do they produce art spontaneously too? 
There are two approaches to the study of animal art. One is the experimental study 
of art-like behaviour in the laboratory, and the other is the exploration of human-
art-like behaviour by animals in nature. I will discuss these studies in the third 
and fourth sections.

One last topic matters: it is the origin of aesthetics. One extreme view is that 
aesthetics is a uniquely human trait. In this view, our aesthetics is the result of cul-
tural evolution rather than biological evolution. But if we look around the animal 
kingdom, we can find many “beautiful” animals and a variety of “beautiful” prod-
ucts by animals, for example, birdsong and the nests of many species, including 
invertebrates. If we accept that some animals also have their “aesthetics”, we can 
trace the phylogeny of aesthetics and examine phylogenetic contingency. Even 
though aesthetics is based on a human standard, we can find a lot of beauty in 
non-human animals. If beauty exists in non-human animals, beauty in the human 
sense should have evolutionary origins. One traditional evolutionary approach, 
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so-called evolutionary aesthetics (see Voland and Grammer 2003; Grammer et al. 
2003; Thornhill 1998), explains aesthetics as the result of such natural selection. 
According to this theory, the origin of human aesthetics is in part an innate affili-
ation to plant and animal habitats (Wilson 1983). Hence, a beautiful stimulus is 
beautiful because it signals a good environment for us. Our ancestors had to find 
protective and safe habitats, select suitable food, and avoid dangerous animals. 
This evolutionary history may have resulted in preferences for particular land-
scapes. Landscape preference tests have revealed that humans prefer a “savanna-
like” environment where our ancestors lived (Balling and Falk 1982). Aesthetic 
judgment is fast, just like moral judgment. Hence, Kaplan (1992) argued that 
quick, automatic decisions in environmental choice resulted in our environmental 
aesthetics.

Seeking high glucose and fat was adaptive for our ancestors, but such a ten-
dency results in obesity in modern humans. Cheesecake is delicious because 
eating glucose and fat was adaptive during human evolution; thus our taste for 
cheesecake is a by-product of natural selection in the past. Pinker has argued 
that pleasure caused by art is something like a pleasure caused by cheesecake 
(1997). He hypothesizes that music in particular is a by-product of language. As I 
described above, both humans and songbirds have complex auditory communica-
tion and also show a reinforcing property of music. Their preference for particular 
musical stimuli might be a by-product of the evolution of a complex vocal com-
munication system. This theory is interesting and plausible for understanding our 
preference for music, but it is difficult to identify the original adaptive value of 
visual beauty.

Another theory of beauty based on natural selection is the camouflage theory 
(Thayer 1909; Cott 1940). The theory tries to explain the beautiful appearance 
of animals by natural selection. The first scientist who proposed the camouflage 
theory was Wallace (1989). Darwin argued for sexual selection as an explanation 
of male decoration, but Wallace wished to explain their appearance only by natu-
ral selection. He examined the color patterns of butterflies and found that cryptic 
colors could be camouflage in some situations. According to Thayer (1909), who 
was a developer of military camouflage, every pattern and coloration in animals 
are camouflage to conceal them from predators or prey. Even male peacock feath-
ers, a well-known example of sexual selection, can be camouflage. The camou-
flage theory argued that one principle, camouflage, is sufficient to explain every 
aspect of the “beautiful” appearance of animals. The pink feathers of the flamingo 
are also camouflage at sunrise and sunset. Sometimes cryptic features of animals 
have the function of concealing. Disruptive camouflage, which is a rather cryptic 
feature, conceals the outline of the animal. Several principles of adaptive color-
ation were identified by Cott (1940).

In a Darwinian context, there is a concern for the adaptive value of beauty. This 
raises the problem of honest signalling and sensory bias (see Kreutzer and Aebi-
scher, this volume).
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13.2  Aesthetics as Sensory Reinforcement

13.2.1  Theory of Reinforcement

Reinforcement is the key concept of this chapter, so I will describe the history of 
reinforcement theory briefly. Animals behave to get pleasure and avoid pain or dis-
tress, and they modify their behaviour by their experience. We humans behave in a 
similar way. Jeremy Bentham (1789) described human nature as a slave with two 
masters, pleasure and pain. This utilitarianism was, however, a speculative theory, 
not an empirical theory. Spencer (1870) claimed that a correlation exists between 
the feeling of pleasure and adaptive action. This was the first biological theory of 
reinforcement, but it too was a speculative, rather than empirical, theory.

The first empirical theory of reinforcement or pleasure, the law of effect, was 
proposed by Edward Thorndike (1911). He placed a cat in a so-called puzzle box, a 
box with a latch. The animal tried to escape from the box and succeeded after sev-
eral trials and errors. With repetition of the test, the time to escape shortened; that 
is, the cat learned how to escape from the box. Thorndike noted that actions which 
accompany or are closely followed by satisfaction will be connected with the situ-
ation. Satisfaction was defined as a state which “the animal does nothing to avoid, 
often doing such things as attain and preserve it.” An essential part of Thorndike’s 
theory is the association between action and pleasure and his operational definition 
of satisfaction (pleasure).

Finally, B. F. Skinner (1950) provided an operational definition of reinforce-
ment. Any event can be a reinforcer when the frequency of the behaviour preceding 
the reinforcement is increased. In other words, a reinforcer can be identified only 
a posteriori, not a priori, but with this definition psychologists no longer needed to 
trouble themselves about the biological nature of reinforcement.

13.2.2  Sensory Reinforcement

According to Skinner’s theory, food, water, sex, and any other event can be a re-
inforcer. In fact, many studies have demonstrated that sensory stimulation has a 
reinforcing effect (Kish 1966). There are several ways to measure a reinforcing 
property. The simplest method is measuring the amount of consumption of the 
reinforcer, for example, measuring the amount of consumption of beer or wine to 
measure the reinforcing property of ethanol. Similarly, monkeys have been found 
to spend long periods of time manipulating complex puzzles without other re-
inforcement (Harlow 1950); therefore the puzzle has a reinforcing property for 
the monkeys. The method is simple and straightforward, but it has a problem in 
satiation of the reinforcer. One modification of this measurement method is the 
choice method, in which the subject has a choice between two or more events. 
For example, using a T-maze, Montgomery (1954) showed that rats chose an arm 
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connected with a checkerboard maze where they could explore. Bengalese finches 
in a cage with perches stayed longer at a perch in front of a mirror than at one in 
front of a frosted mirror (Watanabe 2002).

Measuring operant behaviour that results in presentation of a sensory reinforcer 
is a clear demonstration of the reinforcing property. The classic example is Ber-
lyne et al.’s (1964) experiment. A rat pressed a lever to light a lamp for 1 s while a 
yoked control rat that received the same amount of lighting with the same timing 
without lever pressing did not increase the number of lever presses. The increment 
of the operant clearly depended on the contingency between operant (lever press) 
and reinforcer (lighting). Monkeys also showed preference for particular fractal 
images over other fractal images as measured by choice and also by gazing time 
(Takebayashi and Funahashi 2009).

Complexity is an important aspect of sensory stimuli and constitutes a dimension 
of the intensity of the reinforcing value. Barnes and Baron (1961) compared three 
types of patterns, cross, circle, and rectangle, as well as a combination of the three, 
and found the cross and the combination caused a higher responding rate of bar-
pressing in mice. Rensch (1957, 1958) compared preference for visual patterns in 
several species and reported that Capuchin monkeys, meerkats, and crows preferred 
regular patterns to irregular ones. Later, Anderson et al. (2005) confirmed similar 
preferences in monkeys.

Behavioural theories of sensory reinforcement have skipped analyses of the 
subjective experience of “pleasure.” There is, however, some correlation between 
behavioural measures and verbal reports in humans. Berlyne (1972) showed line 
drawings to human subjects and performed a factor analysis of verbal reports and 
looking time. He found correlations of 0. 82 between scores on complexity-un-
certainty (curiosity) and looking time, and 0. 40 between scores on hedonic value 
and looking time. We are not able to obtain subjective reports from animals, but 
the staying time of animals should reflect the two aspects of curiosity and hedonic 
value.

13.2.3  Reinforcing Property of Aesthetics

Biologically relevant or natural visual stimuli have reinforcing value (for example, 
an image of a conspecific for a Java sparrow, Watanabe 2002, and for macaques, 
Fujita et al. 1995, and Schwartz et al. 1980). Several studies have demonstrated the 
reinforcing effect of non-biologically relevant visual stimuli in primates. Wilson 
and Goldman-Rakic (1994) measured the gaze of rhesus monkeys as they viewed 
faces, colored pictures obtained from magazines, and colored patterns, and found 
that the monkeys spent more time looking at the faces and the pictures. Humphrey 
(1972) trained monkeys to press a button to see a Walt Disney film and compared 
the reinforcing properties of a repeated display of the same film versus a continu-
ous display of a filmed story. The monkey preferred the continuous story to the 
looped film. There is, however, no experimental work on the reinforcing properties 
of paintings in animals.
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I measured the reinforcing property of paintings by Mondrian and Kandinsky 
(Watanabe 2013). Both artists are classified as abstract painters, but their styles are 
different. Mondrian is a minimalist who demonstrates elemental aspects of pictures, 
such as line or colour, whereas Kandinsky is an expressionist who conveys his inner 
images or consciousness. I selected 10 different Mondrian paintings and 10 differ-
ent paintings by Kandinsky and loaded them on two iPods. One iPod displayed 
Kandinsky and the other Mondrian in random series, and the two iPods were placed 
at the ends of two chambers of an apparatus. I examined staying time of mice. Only 
one of 22 mice showed a statistically significant preference for Kandinsky, but no 
others showed a consistently longer staying time at a particular artist. Thus, the 
reinforcing effect of paintings was very rare in mice.

Then I applied a pharmacological paradigm to analyze the discriminative stimu-
lus property of paintings for mice. First, preference between the two types of paint-
ings was measured by staying time at the paintings; then the mice were injected 
with morphine and restricted in a compartment with one particular type of painting, 
for example, Kandinsky’s. The next day, they were injected with saline and re-
stricted in another compartment with the other type of painting, Mondrian’s. After 
such pharmacological training (a conditioned place preference procedure), the mice 
stayed longer at the compartment with the paintings associated with the morphine 
injection. Therefore, they had the ability to discriminate Kandinsky from Mondrian 
but did not have a preference between them.

Mammals are originally nocturnal animals, and rodents are typical non-visual 
animals. As a diurnal species, humans are rather exceptional mammals. On the other 
hand, most birds are diurnal and have highly developed visual cognition. Ikkatai 
and Watanabe (2010) examined the reinforcing property of paintings in a songbird, 
the Java sparrow. The procedure was basically similar to the mice experiment de-
scribed above. In a long experimental chamber, two computer monitors displayed 
two of three different styles of paintings, Japanese, impressionist, or cubist, and an-
other monitor displayed grey scale patterns. We found considerable individual dif-
ferences, but 5 of 7 birds preferred cubists to impressionists, 3 preferred Japanese to 
cubists, 2 preferred cubists to Japanese and 6 did not show a differential preference 
between the impressionist and Japanese categories. This is an interesting observa-
tion, because Japanese paintings influenced the impressionists. This experiment did 
not clarify the mechanisms of reward, but did demonstrate differential behaviour 
directed at different styles of paintings.

The birds were also trained to discriminate Japanese paintings from impression-
ist paintings or cubists from impressionists by conventional operant discrimination 
with a food reward. To obtain food, the birds had to hop to one perch when a partic-
ular type of painting was displayed on a computer monitor but not hop to the perch 
when the other type of painting was displayed. Four of 5 birds successfully learned 
the task. Thus, both mice and songbirds demonstrated a discriminative stimulus 
property in their painting discrimination, but a reinforcing property was observed 
only in birds. Although procedural and stimulus differences must be considered, the 
two species nevertheless differed in preference.
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I have shown discrimination of painting styles in pigeons, in addition to mice 
and songbirds (Watanabe et al. 1995; Watanabe 2001), as well as discrimination in 
pigeons of good and bad paintings by children (Watanabe 2010). The pigeons used 
local cues to discriminate painting style but used global cues to discriminate their 
quality, good or bad (Watanabe 2011). Although available data are limited, these 
results suggest a reinforcing property of complex visual stimuli in animals with 
developed visual cognition. Figure 13.1 shows a summary of comparative studies 
of reinforcing and discriminative stimulus properties of paintings for non-human 
animals.

Hearing music often causes a pleasurable experience in humans (i. e., it has 
reinforcing properties for us). In other words, music is a sensory reinforcement. It 
is possible that the reinforcing property of music is human-specific (McDermott 
and Hauer 2004). Most published results have failed to demonstrate any reinforc-
ing effect of music in animals, even in primates (chimpanzees, Howell et al. 2003; 
gorillas, Wells et al. 2006; the common marmoset and the cotton-top, McDermott 
and Hauser 2004, 2007). But Sugimoto et al. (2010) trained an infant chimpanzee 
to pull a string to hear consonant and dissonant musical stimuli played on the piano 
or marimba, and the chimpanzee preferred the consonant version.

We trained rats on a choice of levers associated with different styles of music, 
Bach and Stravinsky (Otsuka et al. 2009), but the rats did not show a strong prefer-
ence for either style. There are few reports on musical reinforcement in birds. We 
applied the concurrent chain schedule procedure to pigeons to measure preference 
for Bach or Stravinsky (Watanabe et al. 2009) and found no clear reinforcing ef-
fects of music for pigeons. However, we demonstrated that Java sparrows show 
a preference for musical style, Bach, Vivaldi, to Schoenfeld and Carter, (Wata-
nabe and Nemoto 1998). Thus, a musical stimulus can have a reinforcing property 
for Java sparrows. Although a recent study reported that chicks showed a prefer-
ence for consonant music (Chiandetti and Vallortigara 2011), hens (McAdie et al. 

Fig. 13.1  Discriminative 
and reinforcing properties 
of paintings. 1: Ikkatai 
and Watanabe (2010), 
2: Watanabe et al. (1995)
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1993) and pigeons (Watanabe et al. 2009) showed no musical preference. Thus, it 
is reasonable to hypothesize that there are no reinforcing properties of music for 
non-songbirds. The reinforcing effects of music have not been thoroughly exam-
ined, and, at present, humans and songbirds (Java sparrows) are exceptional species 
in showing preferences for particular types of music (Gess 2007). We have discov-
ered that musical stimuli do not have a reinforcing property for goldfish, but the fish 
are able to discriminate them (Shinozuka et al. 2013). Figure 13.2 provides a sum-
mary of comparative studies of reinforcing and discriminative stimulus properties 
of music in non-human animals.

These results suggest that music has a reinforcing property for species with com-
plex vocal communication that must be learned through experience. It is likely that 
the reinforcing property of particular types of auditory stimuli promote their vocal 
learning.

Fig. 13.2  Discriminative and reinforcing properties of music. 1: Ostuka et al (2009), 2: Okaichi 
and Okaichi (2001), 3: McDermott and Hauser (2004, 2007), 4: Poli and Previde (1991), 5: Howell 
et al. (2003); Wells et al. (2006); Sugimoto et al. (2010), 6: Watanabe and Sato (1999); Watanabe 
et al. (2005), 7: Watanabe and Nemoto (1998), 8: Porter and Neuringer (1984), 9: Watanabe et 
al.(1995), 10: McAdie et al. (1993) but see Chiandetti and Vallortigara (2011), 11: Shinozuka et 
al. (2013), 12: Chase (2001)
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13.3  Art-Like Behaviour in the Laboratory

As I have already pointed out, some animals have a beautiful appearance, but these 
morphological features are the result of phylogenetic contingency and not the result 
of ontogenetic contingency or individual experience. Here we discuss the creation 
of art-like objects by animals with a particular focus on the role of reinforcement in 
art production. We first discuss art-like behaviour in the laboratory and then art-like 
behaviour in nature.

13.3.1  Motor Skills

Because art is a product of human behaviour or culture, the first approach is teach-
ing animals human art. Although there have been some studies of the drawing abil-
ity of non-human animals (see Zeller 2007), most animal paintings are made for 
exhibition rather than for scientific research. In fact, there have been many animal 
“artists” on web sites. The most popular animal art is paintings by chimpanzees (see 
Lenain 1997). The oldest reports of chimpanzee paintings are included in “The ape 
and the child” by Kellogg and Kellogg (1933) and “Infant ape and human child” 
by Kohts (1935). Morris (1962) documented 32 cases of drawings and paintings by 
primates. According to Morris, chimpanzee art has symmetrical coverage, rhythmi-
cal variations, and beautiful color contrasts. Thus, the pictures have a kind of style 
and are not random scribbling. Saito et al. (2010) compared chimpanzees’ paintings 
with those of human infants and concluded that chimpanzees did not imitate model 
drawings. They observed that the chimpanzees drew some marks that resembled the 
models but they did not complete partial facial outlines.

According to Morris (1962), Congo (a chimpanzee) had a criterion of drawing 
“completion”. If the paper was removed prematurely, he became angry, and after 
he reached his criterion it was difficult to make him continue. He stopped draw-
ing when he felt it was done and did not add to the drawing even if encouraged to 
continue. Another interesting observation was the collaboration of the female chim-
panzee Kuna with a professional painter (Lenain 1997). At times Kuna responded 
favorably to the paintings that the artist contributed, and at other times she rubbed 
out his figures and waited for him to add something. The behaviour suggests that 
the chimpanzee had a sense of what a completed painting should look like, and that 
completion is reinforcing.

Scribbling by animals looks like non-representational pictures, in some sense. In 
2005, paintings by the chimpanzee Congo came under the hammer at an art auction 
and were sold for £ 12000. According to Hussain (1965), paintings by chimpanzees 
have been mistaken for professional art. I once showed a painting by an elephant 
along with paintings by children to human subjects, and nobody realized that an 
animal had made one of the paintings. Noll (1966) reported that people judged 
computer-generated images to be paintings by Mondrian. But there may be special 
features in human-made non-representational paintings. Hawley-Dolan and Winner 
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(2011) presented pictures by professional artists, children, and animals to partici-
pants and asked their preference. The pictures were correctly or incorrectly labeled 
as “artist” or “child”. The participants preferred professional paintings even when 
the labels were incorrect. These results suggest that humans have a sense of human 
paintings even when the paintings are non-representational.

13.3.2  Representation

I once bought a painting by an elephant through an Internet auction: a picture of 
flowers. Later, I found quite similar elephant paintings on YouTube. The elephants 
show several fixed patterns of painting and mass-produce their art. Some paintings 
by elephants look like representational paintings: flowers, other elephants, etc. Rep-
resentational painting involves mapping or transcription of 3-dimensional objects 
onto a 2-dimensional canvas. It requires coordination of visual cognition and motor 
skills. The difficulty lies in deciding whether elephant paintings are really transcrip-
tions of external objects or are rather repertoires of painting behaviour induced by 
different stimuli. Through training, animals may learn to draw something when 
object A or a signal by a trainer is presented, while drawing a different something 
when object B or another signal by the trainer is presented. This type of training 
is called “conditional discrimination,” in which conditional stimulus A or B di-
rects that behaviour a or b should be done. For representational transcription, there 
should be a general correspondence between many objects and many paintings. In 
other words, animals have to learn the general rule of “representation” to create 
representational paintings of novel objects never used during training. Levy (1992) 
described dolphins who drew shapes with a brush (circles or Ts, etc.) that had also 
been drawn by a trainer on a different canvas; this demonstrates that they could tran-
scribe the drawing. Dolphins have the ability to mimic human movement without 
any particular reward (Herman 2002). Thus, dolphins’ transcription drawing may be 
explained in terms of their general mimicking ability.

We often ask children “What is this?” or “What you want to draw?” during their 
painting behaviour. A direct answer to the question of whether a drawing is repre-
sentational would be obtained by asking animals about their intention. A chimpan-
zee who had been taught sign language named one of her drawings “bird” in sign 
language (as described in Gucwa and Ehmann 1985). Unfortunately, this commu-
nicative approach using signing in a face-to-face situation might be contaminated 
with unconscious signaling by the experimenter.

13.3.3  Functional Autonomy

It is well documented that chimpanzees spontaneously paint without food rein-
forcement (Boysen et al. 1987; Tanaka et al. 2003). However, most of the painting 
experiments with primates have been carried out in face-to-face situations, and 
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thus it is impossible to exclude possible social reinforcement. Schiller (1951) 
described an episode in which his chimpanzee Alpha once tried to draw on a leaf 
when suitable paper was not available. Such an observation, although anecdotal, 
supports the notion of self-reinforcement in chimpanzee drawing. In self-rein-
forcement, behaviour itself, not outcomes of the behaviour, must be a reinforcer. 
Visual feedback might have reinforcing value, because it has been shown that 
drawing behaviour on a touch screen decreased when no trace of the drawing ap-
peared on the screen (Tanaka et al. 2003). Interestingly, Morris described how a 
food reward disturbed, rather than enhanced, painting behaviour of chimpanzees. 
According to Morris the ape quickly learnt to associate drawing with getting the 
reward but as soon as this condition had been established the animal took less 
and less interest in the lines it was drawing (Morris 1962). In other words, even 
though drawing has a reinforcing effect, a stronger reinforcer, the food, masks the 
effect. It was, however, also possible to train chimpanzees to trace model lines 
on a touch screen by food reinforcement (Iversen and Matsuzawa 1997). Tracing 
by itself may not have enough reinforcing effect, and the chimpanzees may have 
maintained the tracing only by a food reward.

Another possible explanation of drawing in captive animals is a by-product of 
captivity. Gucwa and Ehmann (1978) noted that Siri, an Asian elephant, created 
a lot of drawings, even though her trainer never trained her to do so or rewarded 
her for such behaviour. Elephants have good motor skills in using sticks or stones, 
and captive ones often scratch the floor or ground with these materials. That such 
behaviour occurs spontaneously without training suggests functional autonomy or 
self-reinforcement, but captive animals usually have a limited environment and of-
ten invent new behaviours. Thus, drawing may be a by-product of captivity.

13.3.4  Musical Performance

An interesting example of human-like animal art was observed in a dancing parrot 
named Snowball (Patel et al. 2009). Complex dance functions as a sexual display 
in many different species, ranging from insects to fish, birds, and mammals. But in 
Snowball’s case, the dance did not function as an innate sexual display; Snowball 
was dancing to human music. Patel et al. (2009) experimentally analyzed this par-
rot’s synchronization of his body movements to music. When the tempo changed, 
the bird spontaneously adjusted his rhythmic movements to fit the new rhythm. Such 
adjusting is observed in animals that have complex vocal learning skills, such as 
songbirds, cetaceans, and pinnipeds. Snowball’s exact musical history is unknown, 
but he started rhythmic bobbing movements to music soon after his owner obtained 
him. Hasegawa et al. (2011) trained budgerigars (relatives of parrots) to peck a 
key to synchronize with a rhythm given by metronome-like stimuli and found they 
could match a wide range of tempos. Thus, vocal-mimicking species may have the 
capability for rhythmic synchronization. Bonobos and chimpanzees do not seem to 
have such synchronization ability (Kugler and Savage-Rumbaugh 2002). Thus, the 
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ability to synchronize body movements to music seems to have evolved in several 
evolutionary lines independently.

There are reports of “musical tool” use in animals, just as in animal paint-
ing. In a traditional Japanese animal exhibition, four varied tits simultaneously 
played four different instruments: two different drums, strings, and a bell (Koya-
ma 1999). That type of animal exhibition disappeared around 100 years ago in 
Japan, but there were many other examples of tool use by tits at that time. These 
performances were surely the result of training with a food reward, not by self-
reinforcement.

13.3.5  Value of Animal Art for Other Animals

Humans not only create artistic products but also enjoy them. One essential point 
of human art is the reinforcing property of artistic products for other members or 
for society. On the other hand, non-human primates do not enjoy their products, be-
cause they often tear the paper after drawing on it, suggesting that the products have 
no reinforcing value for them. They do not keep them to enjoy them. This is a big 
difference between animals’ art creation behaviour and our own. As I pointed out 
earlier, human art is socially constructed. Society should reach a consensus about 
art; this consensus gives artistic products their value within the society. Therefore 
the products have a reinforcing property for members of the society. Figure 13.3 
summarizes the limits of animal art. Animals may be able to discriminate and prefer 

Fig. 13.3  Animal aesthetic. Some animal show discriminative property (cognition) and reinforcing 
property (pleasure) by art. They probably have self-reinforcement (functional autonomy) of 
creation of art-like product, but their products do not have reinforcing value to other members
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particular sensory stimuli, and they may have the motor skills to make “artistic” 
products and do so by self-reinforcement without conventional reinforcers such as 
food reward. They do not, however, enjoy the products.

13.4  Art-Like Behaviour in Nature

The animal art works described above are human-art-like behaviours of animals 
that take place in artificial settings. But some animals show art-like performance 
in nature.

13.4.1  Animal Music

The best-documented example of animal music is bird song, but other biologically 
distant species, including whales, gibbons, and also mice, sing complex songs. To 
humans, birdsong sounds like music (Rothenberg 2005). In fact, “zoomusicology” 
is the field of study of animal music from the viewpoint of aesthetics. Recently, 
musicologist Hollis Taylor and cognitive scientist Dominique Lestel (Taylor and 
Lestel 2011) analyzed songs of the pied butcherbird in the same way that Western 
music is analyzed. They found many common features between the songs and the 
music, for example, variation of theme, inversion, additive and divisive rhythms, 
accelerandos, crescendos, and decrescendos. Bird song researchers Marler and 
Peters (1981) also pointed out that birdsongs include improvisation, memorizing 
and replacing a theme, and systematic transformation. This suggests an appetite 
for novelty.

Darwin (1781) suggested that musical notes and rhythm was first acquired by 
the male or female progenitors of mankind for the sake of charming the opposite 
sex. The main function of birdsong is sexual display, but improvement of song dur-
ing acquisition is not directly maintained by sexual reinforcement but by a kind of 
self-reinforcement. Learning of song in songbirds consists of two phases, a sensory 
phase and a sensori-motor phase. Infants learn the template of songs mostly from 
their fathers (sensory phase), then young birds start singing a sub-song and gradu-
ally shape it into a final crystallized song by matching it to the template that they 
heard in the sensory phase (sensori-motor phase). The adults sing the finally estab-
lished (crystallized) song as a sexual display. If songbirds sing songs as a sexual 
display, male birds do not need to improve their singing after they have secured a 
mate; however, blackbirds and willow warblers develop their song musically long 
after mating, and Australian magpies continue to improve their song for a long time. 
This suggests that they sing for its own sake (Kaplan 2005, 2009). Adult male zebra 
finches sing crystallized songs for females, but they also sing different variants 
when they are alone (Stepanek and Doupe 2010). These observations may suggest 
that singing has functional autonomy in these species.
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Behaviours analogous to drumming or other instrumental music are quite rare 
in animals, the most prominent examples being palm cockatoos (which use sticks 
to drum on hollow trees, Wood 1984), many species of woodpecker (who seek out 
resonant trees for display drumming, Dodenhoff et al. 2001; Stark et al. 1998) and 
various desert rodent species who “drum” with their hind feet on the ground (Ran-
del 1997). Fitch (2005) reported that apes use percussion in nature. But it is not clear 
that they maintain this musical performance for its own sake.

13.4.2  Animal Architecture

Von Frisch displayed many beautiful products of animals in his interesting book, 
“Tiere als Baumeister” (“Animal architecture” 1974). These animal products are 
impressive because they are constructed in the environment. The best-known 
example is the bowerbird (see Hansell 2000, 2007; Rotheberg 2005). Male 
bowerbirds construct complex bowers and decorate them with many colourful 
materials to attract females (see Madden 2008). Within the bowerbird family, 17 
of 20 species build bowers (Frith and Frith 2004). One type is the “maypole”, 
which has a column with decorations, and another type is the “avenue”, which 
is a kind of decorated tunnel. Several ideas have been developed to explain the 
origin of the bowers. One is the transfer hypothesis, which argues that the origi-
nal bower was a simple court for a dance display, and eventually the court itself 
became a display (Gillard 1963). The second is the nest hypothesis, which claims 
that the bower derived from the nest (Collias and Collias 1984). But females 
in a tree build the nest, and the bower is constructed by males on the ground. 
The third is the threat reduction hypothesis (Borgia and Mueller 1992). The av-
enue and maypole provide the female a place of security when she observes the 
males violently displaying their dance. But decoration is not necessary to give the 
female a place for protection.

Birds in one population build and decorate their nests within a particular range 
of similarity in that population. For example, one group of spotted bowerbird uses 
solanum berries for decoration, but another group uses reddish pink glass and fruits. 
Their building is normative and collective. Although bower building has its ge-
netic basis, it is not a genetically fixed action pattern but is flexible in response to 
learning and experience. Age-dependent progress supports the role of learning, and 
young birds often visit adult bowers when the owners are absent. Madden (2008) 
argued that bower building of bowerbirds is considered to be “cultural behaviour” 
in the standard of primate culture. Furthermore, Lestel (2011) pointed out that the 
phylogenetic basis of western art lies in the practice of the distinctive features found 
in the species. There have been no empirical studies of originality of the bower and 
reproductive success, but individual differences in the bowers may suggest that 
distinctiveness creates attractiveness.
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If the decoration is removed experimentally, the chance of copulation is reduced 
(Borgia 1985); thus females choose males based on the quality of their bowers. 
Several hypotheses are based on the possibility that the bower is an honest signal. 
One is the healthy mate hypothesis. Doucet and Montgomery (2003) suggest that 
good bowers indicate fewer parasites or a good health condition. The second pos-
sibility is that the bower is a signal of motor skills (Miller 2000). Male great bow-
erbirds make courts with grey and white objects that increase in size with distance 
from the avenue entrance (Endler et al. 2010). This arrangement creates a false per-
ception of size and distance. When the experimenter disrupted their size-distance 
gradients, the males reconstructed their gradients again, and there was little differ-
ence from the original structure that had created a false visual perspective for the 
audience. This complicated construction requires highly developed motor skills 
and higher cognitive ability.

The third possibility is that the bower is a signal of social rank. The males steal 
decoration materials from each other; therefore more decoration means higher so-
cial ranking. The berries attract females but also invite rival males who may at-
tack and destroy the bower (Madden 2002), so when additional berries were placed 
experimentally close to the bower, the male birds removed the berries. Hence, the 
trade-off results in an optimal amount of ornament, the honest signal of the status 
of the owner.

The fourth possibility is that the bower acts as a signal of quality of the brain, 
because complicated behaviour requires much information processing. Madden 
(2001) took X-rays of the skulls of bowerbirds and reported that bowerbirds had 
larger brains in comparison to their relative species who do not build bowers. Thus, 
a complex bower indicates a big brain or sophisticated processing in the brain. Day 
et al. (2005) examined five brain regions from four species of bowerbirds and found 
a significant relation between the complexity and size of their cerebellums. Thus, 
the complexity of bower is a signal of the size of the cerebellum. But these data 
represent between-species comparisons, and no data about individual-level corre-
lations between the complexity of the bower and volume of the brain have been 
reported.

13.4.3  Functional Autonomy

As I have already pointed out, human art has functional autonomy, and some re-
searchers have argued that humans have the “desire” or “instinct” for art as a re-
sult of natural selection, including sexual selection (Miller 2000; Dutton 2009); 
others, Driscoll (2006) for example, have claimed that art is the result of cultural 
selection. Male bowerbirds arrange and rearrange the decorations in their bower 
(Rogers and Kaplan 2006). Although this suggests that the bowerbirds possess a 
kind of criterion or standard for their constructions, direct evidence demonstrating 
functional autonomy of art-like behaviour in nature is not available. However, both 
song learning and bower construction require much effort and time. Even though 
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the principal function of the song and the construction is sexual display, the long 
sequence of behaviour during song learning and bower construction may be main-
tained by self-reinforcement. It is difficult to assume that sexual reinforcement can 
maintain such long sequences of behaviour because of the long delay between the 
behaviour and the reinforcement. It is plausible to assume that each sequential be-
haviour is maintained by self-reinforcement, which may be the basis of higher func-
tional autonomy.

13.5  Conclusion

“Beauty” is an anthropocentric idea. Comparative studies suggest that we verbally 
describe something as beautiful when we prefer it. Non-human animals also have 
such preferences. Sometimes human preferences and animal preferences overlap; 
sometimes they do not. The overlap or convergence stems from common functions 
of beauty, such as complexity, signalling of health conditions, and common physical 
bias. Human art behaviour has functional autonomy, art for art’s sake. In animals’ 
art-like behaviour, both in the laboratory and in nature, functional autonomy can be 
observed at a quite basic level, as self-reinforcement. But the reinforcing value of 
outcomes of the art-like behaviour for conspecifics cannot be observed in animals 
except for sexual display. The reinforcing value of the art product should be the 
result of cultural evolution, not natural evolution, and this is a uniquely human 
characteristic.
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