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CHAPTER

Sex and Reproductive Success

I

Mating ritual. Male satin
bowerbirds (Ptilonorhynchus violaceus) in eastern Australia build
elaborate bowers on the rain forest
floor and decorate them with blue
objects (such as blue feathers). The
duller, green-plumaged females
“inspect” the bowers and their
builders while males engage in
elaborate courtship displays to
induce a female to enter the bower
and mate. Once mated, the female
builds a nest and raises young
without the male’s help. (Photo
© Lloyd Nielsen/OSF/Photolibrary.com.)

n the previous chapter, we treated those
components of fitness, age-specific schedules of survival, and female reproduction
that affect the increase or decrease in numbers of individual organisms with different
genotypes, and indeed of populations.
Changes in the relative numbers of variant
alleles, however, stem not only from those
fitness components but from many others. The most obvious of these is variation in male mating success, or sexual
selection. Why are there males, anyway? There are plenty of all-female populations. For that matter, many species do
not have separate sexes, but consist of hermaphroditic, or cosexual, members. Why
should some species have separate sexes?
Organisms vary greatly in what is sometimes called their GENETIC SYSTEM: whether
they reproduce sexually or asexually, selffertilize or outcross, are hermaphroditic or have separate sexes. Discovering
why and how each of these characters evolved poses some of the most challenging problems in evolutionary biology and is the subject of some of the
most creative contemporary research on evolution.
The genetic system affects genetic variation, which of course is necessary
for the long-term survival of species. This fact has been cited for more than a
century as the reason for the existence of recombination and sexual reproduction. But, as we have seen, arguments that invoke benefits to the species
are suspect because they rely on group selection, which is ordinarily a weak
agent of evolution. The question, then, is whether or not natural selection
within populations can account for features of the genetic system.
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The Evolution of Mutation Rates
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If group selection and the long-term survival of a species do not account for genetic systems, how does natural selection do so? We can first address this question by thinking
about the evolution of mutation rates. Two hypotheses have been proposed: either the
mutation rate has evolved to some optimal level, or it has evolved to the minimal possible level. Variation in factors such as the efficacy of DNA repair provides potential genetic variation in the genomic mutation rate. According to the hypothesis of optimal mutation rate, selection has favored somewhat inefficient repair enzymes. According to the
hypothesis of minimal mutation rate, mutation exists only because the repair system is as
efficient as it can be, or because selection is not strong enough to favor investment of energy in a more efficient repair system. According to this hypothesis, the process of mutation
is not an adaptation.
An optimal (greater than zero) mutation rate could be favored because populations, or
lineages within populations, that experience beneficial mutations—and thus adapt faster
to changing environments—might persist longer than populations or lineages that do not
experience mutation. We do not know how fast this process of long-term selection would
occur, because the faster the environment changes, the higher the mutation rate must be
to avert extinction (Lynch and Lande 1993).
Alternatively, we can ask how evolution within populations affects the mutation rate,
by postulating a “mutator locus” that affects the mutation rate of other genes. Let us
assume that mutator alleles that increase the mutation rate affect the fitness of their bearers only indirectly, via the mutations they cause. It turns out that the fate of such a mutator allele depends on the level of recombination. In an asexual population, the mutator
allele is likely to decline in frequency because copies of the allele are permanently associFigure 15.1 A mutator allele that
increases the mutation rate throughated with the mutations they cause, and far more mutations reduce than increase fitness.
out the genome increased in freBut occasionally, a mutator allele causes a beneficial mutation. It will then increase in frequency (solid line) and eventually
quency by hitchhiking with the mutation it has caused.
became fixed in an experimental
In a sexual population, however, recombination will soon separate the mutator allele
population of Escherichia coli by
from a beneficial mutation it has caused, so it will not hitchhike to high frequency.
hitchhiking with one or more adBecause deleterious mutations occur at so many loci, the mutator will usually be associvantageous mutations. Samples of
ated with one or another of them at first, and will therefore decline in frequency.
clones carrying the mutator allele
Therefore, natural selection in sexual populations will tend to eliminate any allele that increas(red circles) showed an increase in
es mutation rates, and mutation rates should evolve toward the minimal achievable level—even
fitness over time, whereas the fitness
though mutation is necessary for the long-term survival of a species. Consequently, most
of clones that lacked the allele
evolutionary biologists believe that the existence of mutation is not an adaptation in most
(green circles) did not change. A
mutator allele would not be expectorganisms, but rather is a by-product of imperfect DNA replication that either cannot be
ed to increase in frequency in a seximproved or can be improved only at too great a cost in fitness (Leigh 1973; Sniegowski
ual population. (After Shaver et al.
et al. 2000). Greater fidelity of replication does seem to be costly, since
2002.)
genetic changes in an RNA virus that reduced the mutation rate also
reduced the rate of virus proliferation (Elena and Sanjuán 2007).
By ”hitchhiking,” mutator alleles
sometimes increase to fixation
Mutator alleles actually occur at considerable frequencies in some natin experimental populations of
ural populations of the bacterium Escherichia coli. Because E. coli reproasexual organisms.
duces mostly asexually, it is understandable that mutator alleles sometimes increase to fixation in experimental populations (Figure 15.1). It has
1
1.8
been shown that these increases are caused by hitchhiking with new ben0.9
1.7
Mutator allele present
eficial mutations (Shaver et al. 2002).
0.8
Mutator
allele
absent
1.6

Sexual and Asexual Reproduction
Sex usually refers to the union (SYNGAMY) of two genomes, usually carried
by gametes, followed at some later time by REDUCTION, ordinarily by the
process of meiosis and gametogenesis. Sex often, but not always, involves
outcrossing between two individuals, but it can occur by self-fertilization
in some organisms. Sex almost always includes SEGREGATION of alleles and
RECOMBINATION among loci, although the extent of recombination varies
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greatly. Most sexually reproducing species have distinct female and male sexes, which are
defined by a difference in the size of their gametes (ANISOGAMY). In ISOGAMOUS organisms,
such as Chlamydomonas and many other algae, the uniting cells are the same size; such
species have MATING TYPES but not distinct sexes. Species in which individuals are either
female or male, such as willow trees and mammals, are termed dioecious or GONOCHORISTIC; species such as roses and earthworms, in which an individual can produce both
kinds of gametes, are hermaphroditic or COSEXUAL.
Asexual reproduction may be carried out by vegetative propagation, in which an offspring arises from a group of cells, as in plants that spread by runners or stolons, or by
parthenogenesis, in which the offspring develops from a single cell. The most common
kind of parthenogenesis is apomixis, whereby meiosis is suppressed and an offspring
develops from an unfertilized egg. The offspring is genetically identical to its mother,
except for whatever new mutations may have arisen in the cell lineage from which the
egg arose. A lineage of asexually produced, and thus genetically nearly identical, individuals may be called a CLONE.
In some taxa, recombination and the mode of reproduction can evolve rather rapidly.
Using artificial selection in laboratory populations of Drosophila, investigators have altered
the rate of crossing over between particular pairs of loci, and have even developed
parthenogenetic strains from sexual ancestors (Carson 1967; Brooks 1988). Asexual populations are known in many otherwise sexual species of plants and animals, such as crustaceans and insects. However, many of the features required for sexual reproduction seem
to degenerate rapidly in populations that have evolved asexual reproduction, so reversal
from asexual to sexual reproduction becomes very unlikely (Normark et al. 2003).

The Paradox of Sex
Parthenogenesis versus the cost of sex
The traditional explanation of the existence of recombination and sex is that they increase
the rate of adaptive evolution of a species, either in a constant or a changing environment,
and thereby reduce the risk of extinction. That there is indeed a long-term advantage of
sex is indicated by phylogenetic evidence that most asexual lineages of eukaryotes have
arisen quite recently from sexual ancestors, and by the observation that such lineages often
retain structures that once had a sexual function. A typical example is the dandelion
Taraxacum officinale, which is completely apomictic but is very similar to sexual species of
Taraxacum, retaining nonfunctional stamens and the brightly colored petal-like structures
that in its sexual relatives serve to attract cross-pollinating insects (Figure 15.2A). If a
parthenogenetic lineage were able to persist for many millions of years, it should have

(A)

(B)

Figure 15.2 (A) The dandelion Taraxacum officinale reproduces entirely asexually, by apomixis. The brightly colored
flower, which evolved for attracting pollinating insects, suggests that asexual
reproduction in this species has evolved
recently. In fact, some species of this
genus reproduce sexually. (B) Scanning
electron micrograph of a bdelloid rotifer,
Rotaria tardigrada. This group of rotifers
is unusual among metazoans because it
has apparently been parthenogenetic
for a very long time. (A photo © Tiax/
ShutterStock; B from Diego et al. 2007.)
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Figure 15.3 Selection against an allele (r) that promotes recombination, if allele combinations Ab and aB have lower fitnesses than AB and
ab. The parental generation has two copies of R and two copies of r.
Allele R, which suppresses sex and recombination, increases in frequency because of its association with the favored genotypes AB and
ab. The organism may be one that, like some algae, is haploid in the
dominant part of the life cycle. Asexual genotypes (R) compete with
sexual genotypes (r) in which a diploid zygote undergoes meiosis. The
same principle holds for organisms in which the diploid phase of the
life cycle is dominant.

Allele R suppresses
recombination

Allele r promotes
recombination

Parents

Progeny

RAB

RAB
RAB

Rab

Rab
Rab

rAB
rab

Alleles R and r begin
with equal frequency…

Figure 15.4 The cost of sex. The
disadvantage of an allele S, which
codes for sexual reproduction, compared with an allele s, coding for
asexual reproduction. Circles represent females, squares males. Each of
two females in the same population
produces four equally fit offspring,
but the frequency of the S allele
drops rapidly from two-thirds in
the first generation to one-third by
the third generation because of the
production of males. However, the
S allele would increase if the environment were to change so that a
recombinant genotype such as aabb
had a much higher survival rate
than other genotypes.

rAB
rab
Zygote

rAB
rAb
raB
rab

…but the frequency of r
declines if it results in
some unfit recombinant
progeny.

diverged greatly from its sexual relatives and given rise to a morphologically and ecologically diverse clade. Such diversity, betokening persistence since an ancient origin of asexuality, exists in only a few eukaryote groups, such as the bdelloid rotifers (Figure 15.2B;
Normark et al. 2003). Most asexual lineages that arose a very long time ago must have
become extinct, since there are so few ancient asexual forms.
The recency of most parthenogenetic lineages suggests that sex reduces the risk of
extinction. If this were the reason for its prevalence, sex might be one of the few characteristics of organisms that has evolved by group selection. But recombination and sex also
have serious disadvantages. One is that recombination destroys adaptive combinations of genes.
For example, recall that in the primrose Primula vulgaris, plants with a short style and long
stamens carry a chromosome with the gene combination GA, whereas those with a long
style and short stamens are homozygous for the combination ga (see Figure 9.19). These
are adaptive combinations because each can successfully cross with the other; but recombination produces combinations such as Ga, which has both short stamens and a short
style, and is less successful in pollination. In general, asexual reproduction preserves adaptive combinations of genes, whereas sexual reproduction breaks them down and reduces
linkage disequilibrium between them. An allele that promotes recombination, perhaps by
increasing the rate of crossing over, may decline in frequency if it is associated with gene
combinations that reduce fitness (Figure 15.3).
Sexual reproduction has a second disadvantage that is great enough to make its existence one of the most difficult puzzles in biology. This disadvantage is the cost of sex.
Imagine two genotypes of females with equal fecundity, one sexual and one asexual. In
many sexual species, only half of all offspring are female. However, all the offspring of an
asexual female are female (because they inherit their mother’s sex-determining genes). If
sexual and asexual females have the same fecundity, then a sexual female will have only
half as many grandchildren as an asexual female (Figure 15.4). Therefore, the rate of
increase of an asexual genotype is approximately twice as great as that of a sexual genotype (all else being equal), so an asexual mutant allele would very rapidly be fixed if it
occurred in a sexual population. In the long term, of course, the evolution of asexuality

Asexual reproduction (s allele)
ssAABb

ssAABb

Sexual reproduction (S allele)
SSAaBb

SSAaBB

SSAABB, SSAaBB,
SSaabb, etc.
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might doom a population to extinction, but given this twofold advantage
of asexuality, it is doubtful that extinction occurs frequently enough to prevent the replacement of sexual with apomictic genotypes within populations. The problem, therefore, is to discover whether there are any short-term
advantages of sex that can overcome its short-term disadvantages (Maynard
Smith 1978; Charlesworth 1989; Kondrashov 1993). One can envision, for
example, that sexual lineages within a population might evolve higher fitness than the asexual lineages in the same population, and replace them
if the difference in fitness offset the cost of sex.

Advantageous allele
Disadvantageous allele

Hexagon size is proportional
to the frequency of the gene
combination in a population.

Direction of selection

Figure 15.5 How linkage disequilibrium affects the response to selection.
On the left, there is negative LD between favored alleles (green bars), and most
of the genetic variation is aligned at right angles to the direction of selection, so
adaptive evolution is slow. On the right, positive LD maximizes the genetic
variation along the direction of selection. A possible outcome is rapid fixation of
the advantageous two-locus genotype. (After Poon and Chao 2004.)

391

Negative linkage
disequilibrium of
favored alleles.
Adaptive evolution
is slow.

Positive linkage
disequilibrium of
favored alleles.
Variation along the
direction of selection
is maximized.

Hypotheses for the advantage of sex and recombination
Of the many explanations for the prevalence of recombination and sex that have been proposed (Kondrashov 1993), several are generally considered most likely. A common theme
is that the variance in fitness is small if deleterious mutations are in different asexual
genomes: they are in negative linkage disequilibrium. Recombination breaks down linkage disequilibrium, so that combinations of deleterious alleles on the one hand, and of
advantageous alleles on the other, arise and thus increase the variance in fitness, so that
selection can increase fitness more effectively (Figure 15.5).
PREVENTING MUTATIONAL DETERIORATION. Herman Muller (1964), who won a Nobel Prize
for his role in discovering the mutagenic effect of radiation, proposed a hypothesis that has
been named MULLER’S RATCHET (Figure 15.6). In an asexual population, deleterious mutations at various loci create a spectrum of genotypes carrying 0, 1, 2, … m mutations.
Individuals can carry more mutations than their ancestors did (because of new mutations),
but not fewer. Thus the zero-mutation class declines over time because its members experience new deleterious mutations. Moreover, because of genetic drift in a finite population,
the zero class may be lost by chance, despite its superior fitness. (The smaller the population, the more likely this is to happen.) Thus all remaining genotypes have at least one
deleterious mutation. Sooner or later, by the same process of drift, the one-mutation class
is lost, and all remaining individuals carry at least two mutations. The accidental loss of
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Figure 15.6 Muller’s ratchet. The frequency of individuals with different numbers of deleterious mutations (0–10) is shown for an asexual population at three successive times. The class with the lowest mutation load
(0 in top graph, 1 in middle graph) is lost over time, both by genetic drift
and by its acquisition of new mutations. In a sexual population, class 0
can be reconstituted, since recombination between genomes in class 1 that
bear different mutations can generate progeny with none. (After Maynard
Smith 1988.)
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superior genotypes continues, and is an irreversible process—a ratchet. This reduction of
fitness is likely to lower population size, and this, in turn, increases the rate at which the
least mutation-laden genotypes are lost by genetic drift. Thus there may be an accelerated
decline of fitness—a “mutational meltdown”—leading to extinction (Lynch et al. 1993). In
contrast, recombination in a sexual population reconstitutes the least mutation-laden classes of
genotypes by generating progeny with new combinations of favorable alleles.
Nancy Moran (1996) has suggested that Muller’s ratchet explains several features of
the genome of the endosymbiotic bacteria (Buchnera) of aphids, such as accelerated rates
of nonsynonymous mutations, but not synonymous mutations, compared with freeliving relatives. Whether or not the advantage of sex under this hypothesis can counterbalance the twofold cost of sex is uncertain, but the reality of mutational degeneration
is undeniable.
A hypothesis related to Muller’s ratchet was proposed by Alexey Kondrashov (1988),
who pointed out that deleterious mutations at multiple loci will be eliminated from a sexual population more rapidly than from an asexual population because recombination in
the sexual population brings them together, and so eliminates them simultaneously.
Recent theoretical work has shown that the resulting increase in fitness can more than balance the cost of sex (Keightley and Otto 2006).

Figure 15.7 Evidence that selection by a parasitic trematode may
favor sexual reproduction in a
freshwater snail species that has
both sexual and asexual genotypes.
(A) The proportion of sexual genotypes was greater in local populations that were exposed to a high
incidence of the parasite, as shown
by the decreased proportion of
females in such populations. (B)
When snails of different asexual
genotypes were exposed to trematodes, individuals with a rare genotype were less likely to become
infected than were those with four
common genotypes. (A after Jokela
and Lively 1995; B after Lively and
Dybdahl 2000.)
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ADAPTATION TO FLUCTUATING ENVIRONMENTS. Suppose a polygenic character is subject to
stabilizing selection, but the optimal character state fluctuates because of a fluctuating
environment (Maynard Smith 1980). Let us assume that alleles A, B, C, D … additively
increase a trait such as body size, and alleles a, b, c, d … decrease it. Stabilizing selection
for intermediate size reduces the variance and creates negative linkage disequilibrium, so
that combinations such as AbCd and aBcD are present in excess (see Chapter 13). If selection changes so that larger size is favored, combinations such as ABCD may not exist in
an asexual population, but they can arise rapidly in a sexual population. This capacity can
provide not only a long-term advantage for sex (a higher rate of adaptation of the population) but a short-term advantage as well, because sexual parents are likely to leave
more surviving offspring than asexual parents. For this hypothesis to work, the selection
regime must fluctuate rather frequently, and some factor must maintain genetic variation,
because a long-term regime of stabilizing selection for a constant optimal phenotype
would fix a homozygous genotype (such as AABBccdd; see Chapter 13).
One popular possibility is that genetic variation is maintained, and sex is favored, by parasites. As a resistant host genotype (e.g., ABCD) increases in frequency, a parasite might
evolve to attack it. Parasite genotypes that can attack less common host genotypes (such as
abCD) would then become rare, so the uncommon host genotypes would acquire higher fitness and increase in frequency. Continuing cycles of coevolution between host and parasite
might select for sex, which would continually regenerate rare combinations of alleles.
Curtis Lively and collaborators have provided support for this hypothesis (Jokela and Lively 1995; Lively
and Dybdahl 2000). The sexual form of the freshwater
snail Potamopyrgus antipodarum is more abundant than
(B) Asexual genotypes
the asexual form in sites where a trematode parasite is
abundant (Figure 15.7A), and common asexual geno1.0
types are more heavily infected by sympatric trematodes than rare clones are, as the hypothesis predicts
0.8
(Figure 15.7B). But this hypothesis for the advantage of
0.6
sex may require very strong selection and may not provide a general explanation (Otto and Nuismer 2004).
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The most apparent advantage of sex is that it enhances
the rate of adaptation to new environmental conditions
by combining new mutations or rare alleles (Figure
15.8). In an asexual population, beneficial mutations A
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and B would be combined only when a second mutation (B) occurs in a growing lineage that has already experienced mutation A (or vice versa). Furthermore, a clone with
one advantageous mutation might begin to increase but then dwindle when a slightly
more advantageous mutation arises in a different clone, as illustrated by the genotypes
AC and AB in Population 1 in Figure 15.8. This process of CLONAL INTERFERENCE (Gerrish
and Lenski 1998) has been described in experimental populations of viruses and bacteria
(e.g., Miralles et al. 1999). In a sexual population, in contrast, mutations that have occurred
in different lineages can be combined more rapidly (see Figure 15.8). However, this difference in evolutionary rate depends on population size. In small populations, mutations
are so few that the first (A) is likely to be fixed by selection before the second (B) arises,
whether the population is asexual or sexual.
This hypothesis has been experimentally confirmed. For example, sexual populations
of the unicellular green alga Chlamydomonas reinhardtii evolved higher fitness in the laboratory more rapidly than asexual populations, and as predicted, this effect was seen in
large, but not in small, populations (Colegrave 2002). Slower adaptation by asexual populations is likely to be a major reason for their high rate of extinction, as documented by
the recent origin of most asexual eukaryotes. But it is unlikely that directional selection is
frequent enough to counter the cost of sex.
It has been difficult to demonstrate that any single hypothesis accounts for the prevalence of sex, and it might well be that a combination of factors is usually at play (West
et al. 1999 and associated commentaries). Why sex is so widespread remains an open
question.

A

AB

Figure 15.8 Effects of recombination on the rate of evolution. A,
B, and C are new mutations that
are advantageous in concert. In
asexual populations (1 and 3),
combination AB (or ABC) is not
formed until a second mutation
(such as B) occurs in a lineage
that already bears the first mutation (A). In a large sexual population (2), independent mutations
can be brought together in a lineage more rapidly by recombination, so adaptation is more rapidly achieved. In a small sexual
population (4), however, the interval between the occurrence of
favorable mutations is so long
that the population does not
adapt more rapidly than an asexual population. (After Crow and
Kimura 1965.)

Sex Ratios and Sex Allocation
We turn now to the question of why some species are hermaphroditic and others are dioecious, and what accounts for variation in sex ratio among dioecious species. The theory
of sex allocation has been developed to explain such variation (Charnov 1982; Frank 1990).
The sex ratio is defined as the proportion of males. As in Chapter 12, we distinguish
the sex ratio in a population (the POPULATION SEX RATIO) from that in the progeny of an individual female (an INDIVIDUAL SEX RATIO). In Chapter 12, we saw that in a large, randomly
mating population, a genotype with a male-biased individual sex ratio has an advantage
if the population sex ratio is female-biased, and vice versa, because each individual of the
minority sex has a higher number of offspring than each individual of the majority sex.
A genotype with an individual sex ratio of 0.5 is an ESS (evolutionarily stable strategy)
because it has, per capita, the greatest number of grandchildren (see Figure 12.17).
In many species, however, mating occurs not randomly among members of a large
population, but within small local groups descended from one or a few founders. After
one or a few generations, progeny emerge into the population at large, then colonize
patches of habitat and repeat the cycle. In many species of parasitoid wasps, for example,
the progeny of one or a few females emerge from a single host and almost immediately
This material cannot be copied, disseminated, or used in any way without
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From a genetically variable pool,
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Figure 15.9 A model of the evolution of a female-biased sex ratio
in a population that is structured
into local groups, but periodically
forms a single pool of dispersers.
The frequency of A1, an allele that
biases the individual sex ratio
toward daughters, is indicated by
the dark portion of each circle. The
size of each circle represents the
size of a group or population. From
a genetically variable pool, groups
are established by one or a few
founders. The frequency of A1
varies among groups by chance.
Although A1 declines in frequency
within each group over the course
of several generations, the growth
in group size is greater the higher
the frequency of A1 (because of the
greater production of daughters).
When individuals emerge from the
groups, they form a pool of dispersers, in which A1 has increased
in frequency since the previous dispersal episode. (After Wilson and
Colwell 1981.)

A1A1
A1A2
A2A2
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< 1/2 sons
1/
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Within each group, A1 declines
in frequency, and the group
evolves toward a 1:1 sex ratio.

A1 has increased in the gene pool
because groups with higher frequency
of A1 are more productive.

mate with each other; the daughters then disperse in search of new hosts. Such species
often have female-biased sex ratios.
William Hamilton (1967) explained such “extraordinary sex ratios” by what he termed
LOCAL MATE COMPETITION (Antolin 1993). Whereas in a large population a female’s sons
compete for mates with many other females’ sons, they compete only with one another
in a local group founded by their mother. Thus the founding female’s genes can be propagated most prolifically by producing mostly daughters, with only enough sons to inseminate all of them. Additional sons would be redundant, since they all carry their mother’s
genes. Another way of viewing this situation is to recognize that groups founded by genotypes whose individual sex ratio is biased in favor of females contribute more individuals (and genes) to the population as a whole than groups founded by unbiased genotypes.
The difference among local groups in their production of females increases the frequency, in the population as a whole, of female-biasing alleles (Figure 15.9; Wilson and Colwell
1981). The greater the number of founders of a group, the more nearly even the optimal
sex ratio will be.
Some of the best evidence for this theory is provided by the adaptive plasticity of the
sex ratio in parasitoid wasps such as Nasonia vitripennis. The progeny of one or more
females develop in a fly pupa and mate with each other immediately after emerging.
Based on the theory described above, we would expect females to produce more daughters than sons, but we would expect the sex ratio to increase with the number of families
developing in a host. Moreover, if the second wasp that lays eggs in a host can detect previous parasitization, we would expect her to adjust her individual sex ratio to a higher
value than that of the first female. John Werren (1980) calculated the theoretically optimal
individual sex ratio of a second female, then measured the individual sex ratios of second
females by exposing fly pupae successively to strains of Nasonia that were distinguishable by an eye-color mutation. On the whole, his data fit the theoretical prediction very
well (Figure 15.10).
The theory of sex allocation, which explains why some species are cosexual and others dioecious, builds on the same principle as the explanation of even (0.5) sex ratio, namely that fitness through female and male functions must be equal. Assume that there is a
trade-off in how a potentially hermaphroditic individual allocates energy and resources
to female functions (e.g., eggs, seeds) and to male functions (e.g., sperm, pollen, mateseeking). In dioecious species, individuals allocate all of their reproductive energy to one
sexual function or the other. The reproductive success that individuals achieve might be
a linear function of their proportional allocation to, say, male function (curve 2 in Figure
15.11A); it might be an accelerating function (curve 3); or it might decelerate, showing
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Figure 15.10 Adaptive adjustment of individual sex ratio by a parasitoid wasp in which females usually mate with males that emerge from
the same host. The points show the relationship between the proportion
of sons among the offspring of a “second” female (i.e., one that lays eggs
in a fly pupa in which another female has already laid eggs) and the proportion of her offspring in the host. The curved line is the theoretically
predicted individual sex ratio in second females’ broods, as a function of
the sex ratio in the first female’s brood and the relative number of the
two females’ offspring. If the second female’s offspring make up only a
small fraction of the total, that female’s optimal “strategy” should be to
produce mostly sons, which could potentially inseminate many female
offspring of the first female. As predicted, the fewer the progeny of the
second female, the more of them are sons. (After Werren 1980.)
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diminishing returns (curve 1). It can be shown that in the last case, the theoretically optimal strategy is a hermaphroditic one (Figure 15.11B), whereas it is optimal to be one sex
or the other if reproductive success accelerates with increasing allocation. One factor
that may affect the shape of the trade-off curve in Figure 15.11B is the cost of developing the structures required for the two sexual functions. If most structures associated
with reproduction enhance both male and female function (e.g., petals), hermaphroditism may be favored, because with relatively little extra expenditure the individual
can produce offspring via both sexual functions. If male and female functions require
different structures, however, a pure male or female incurs the cost of developing only
one set of structures, whereas a hermaphrodite incurs both costs and thus is likely to
have lower fitness.

Inbreeding and Outcrossing

Figure 15.11 The theory of sex allocation. (A) The reproductive success of an individual
as a function of the fraction of resources allocated to one sexual function (say, female) rather
than the other. Increasing allocation to that sexual function may yield decelerating (1), linear
(2), or accelerating (3) gains in reproductive success. (B) Reproductive success gained through
female function plotted against that gained through male function. Because resources are allocated between these functions, there is a trade-off between the reproductive success an individual achieves through either sexual function. This trade-off is linear, and the sum of female
reproductive success and male reproductive success equals 1.0 at each point on the trade-off
curve, if reproductive success is linearly related to allocation (curve 2 in A). If the gain in
reproductive success is a decelerating function of allocation to one sex or the other (curve 1 in
A), then the fitness of a hermaphrodite exceeds that of a unisexual individual (with reproductive success = 1.0 for one sexual function and 0 for the other). If reproductive success is an
accelerating function of allocation (curve 3 in A), then the trade-off curve is concave, and
dioecy (separate sexes) is stable—that is, a hermaphrodite’s fitness is lower than that of either
dioecious type. (After Thomson and Brunet 1990.)
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Self-fertilization (selfing), which results in inbreeding, occurs in some hermaphroditic
animals (such as certain snails) and in a great many plants. Many plants can both selffertilize and export pollen to the stigmas of other plants (outcrossing). Characteristics
that promote outcrossing include dioecy (separate sexes), asynchronous male and female
function (maturation and dispersal of pollen either before or after the stigma of the same
flower is receptive), and several kinds of self-incompatibility (Matton et al. 1994). DNA
sequences of self-incompatibility alleles, which prevent pollen from fertilizing plants
that carry the pollen’s allele, show that these polymorphisms are stable and very old,
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Figure 15.12 The mean number of
flowers produced by Eichhornia paniculata
plants from (A) a naturally outcrossing
Brazilian population and (B) a naturally
inbred Jamaican population in the first outcross generation (O1), in five generations
of selfing (S1–S5), and in outcrosses
between selfed plants after five generations
(O5). The naturally outcrossing Brazilian
population displayed inbreeding depression (compare O1 through S5) and heterosis in outcrossed plants (O5), but the naturally inbred Jamaican population did not.
(After Barrett and Charlesworth 1991;
photo courtesy of S. C. H Barrett.)

and have been maintained by balancing selection (see Figure 12.27A). In contrast,
many plants, such as wheat, have evolved a strong tendency toward self-fertilization within flowers. Many such species produce only a little pollen and have
small, inconspicuous flowers that lack the scent and markings to which pollinators are attracted. In some cases, flowers remain budlike and do not open at all.
In animals, the major factors that may reduce inbreeding are prereproductive
dispersal and INCEST AVOIDANCE: avoidance of mating with relatives (Thornhill
1993), which inevitably brings to mind the well-known “incest taboo,” often codified in religious and civil law, in human societies. This is a highly controversial
topic with respect to both the actual incidence of inbreeding (“incest”) and the
interpretation of the social taboo. Societies vary as to which kin matings are prohibited (Ralls et al. 1986). Moreover, the incidence of closely incestuous sexual
activity is evidently far higher than society has generally been ready to recognize,
especially in the form of sexual attention forced upon young women by fathers
and uncles. These observations raise doubt about whether a strong, genetically
based aversion to incest has evolved in our species (at least in males). Some
anthropologists hold that outbreeding is a social device (not an evolved genetic
trait) to establish coalitions between families or larger groups in order to reap economic and other benefits of cooperation.
Inbreeding increases homozygosity, and it is often accompanied by inbreeding
depression (see Chapter 9). Inbreeding depression usually seems to be caused by
homozygosity for deleterious recessive (or nearly recessive) alleles, but it may
occasionally be caused by homozygosity at overdominant loci, at which heterozygotes have highest fitness (Uyenoyama et al. 1993). If inbreeding depression is
caused by homozygous recessive alleles, selection may be expected to “purge”
the population of those alleles as inbreeding continues, so genetic variation should
decline and mean fitness should increase. The mean fitness of a long-inbred population might therefore equal or even exceed that of the initial outbreeding population (Lande and Schemske 1985).
Spencer Barrett and Deborah Charlesworth (1991) provided some evidence for
this hypothesis, using a highly outcrossing Brazilian population and an almost
exclusively self-fertilizing Jamaican population of the aquatic plant Eichhornia paniculata. For five generations, Barrett and Charlesworth self-pollinated plants in
each population, then cross-pollinated the inbred lines. In the naturally outcrossing Brazilian lines, flower number declined as inbreeding proceeded (Figure
15.12A), but it increased dramatically in crosses between the inbred lines. In contrast, the naturally selfing Jamaican lines conformed to the purging theory: they
showed neither inbreeding depression nor heterosis when crossed with each other
(Figure 15.12B).
The most important advantage of characteristics such as self-incompatibility
is thought to be avoidance of inbreeding depression (Charlesworth and
Charlesworth 1978; Lloyd 1992). The evolution of obligate or predominant selffertilization would have to overcome two obstacles: inbreeding depression and
the loss of reproductive success through outcross pollen. Several possible advantages of selfing might outweigh these disadvantages. First, exclusive selfers may
save energy and resources because they usually have small flowers and produce
little pollen. However, a slight initial reduction of flower size seems unlikely to
offset the severe disadvantages of selfing (Jarne and Charlesworth 1993).
Second, even if selfing is disadvantageous on average, it may occasionally produce a highly fit homozygous genotype that sweeps to fixation, carrying with it
the alleles that increase the selfing rate (Holsinger 1991). A related possibility is
that selfing may “protect” locally adapted genotypes from OUTBREEDING DEPRESSION as a result of gene flow and recombination. For example, Nikolas Waser and
Mary Price (1989) crossed scarlet gilia (Ipomopsis aggregata) plants separated by
various geographic distances, planted the seeds under uniform conditions, and
measured fitness-related characteristics in the progeny. Fitness was greatest in
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the progeny of moderately distant plants; it was lower in the progeny of plants situated
close together (presumably an example of inbreeding depression) and in the progeny of
distant plants (outbreeding depression). Waser and Price postulated that distant populations have different coadapted gene combinations, perhaps adapted to different environmental conditions, and that recombination between such gene combinations would
be prevented by selfing.
Third, and perhaps most important, is REPRODUCTIVE ASSURANCE: a plant is almost certain to produce some seeds by selfing, even if scarcity of pollinators, low population density, or other adverse environmental conditions prevent cross-pollination. There is abundant support for this hypothesis (Wyatt 1988; Jarne and Charlesworth 1993). For example,
adaptations for self-fertilization are especially common in plants that grow in harsh environments, where insect visitation is low or unpredictable, and on islands, where populations are sparse for some time after colonization.

The Concept of Sexual Selection
Mating success is a major component of fitness in sexually reproducing species (see Figure
12.3). Darwin introduced the concept of sexual selection to describe differences among
individuals of a sex in the number or reproductive capacity of mates they obtain, although
it may be extended to mean competition among individuals for access to the gametes of
the opposite sex (Andersson 1994; Kokko et al. 2006). Variation in reproductive success
among males may depend on the number of their mates, the fecundity of their mates, and
the proportion of the females’ eggs that they fertilize when they mate. Sexual selection
was Darwin’s solution to the problem of why conspicuous traits such as the bright colors, horns, and displays of males of many species have evolved. He proposed two forms
of sexual selection: contests between males for access to females and female choice (or
“preference”) of some male phenotypes over others. Several other bases for sexual selection, including sperm competition, have been recognized (Table 15.1).
Sexual selection exists because females produce relatively few, large gametes (eggs)
and males produce many small gametes (sperm). This difference creates an automatic conflict between the reproductive strategies of the sexes: a male can mate with many females,
and often suffers little reduction in fitness if he mates with an inappropriate female,

Table 15.1 Mechanisms of competition for mates and characters likely
to be favored
Mechanism

Characters favored

Same-sex contests

Traits improving success in confrontation (e.g., large size, strength,
weapons, threat signals); avoidance of contests with superior rivals

Mate preference
by opposite sex

Attractive and stimulatory features; offering of food, territory,
or other resources that improve mate’s reproductive success

Scrambles

Early search and rapid location of mates; well-developed sensory
and locomotory organs

Endurance rivalry

Ability to remain reproductively active during much of season

Sperm competition

Ability to displace rival sperm; production of abundant sperm;
mate guarding or other ways of preventing rivals from copulating
with mate

Coercion

Adaptations for forced copulation and other coercive behavior

Infanticide

Similar traits as for same-sex contests

Antagonistic
coevolution

Ability to counteract the other sex’s resistance to mating (by, e.g.,
hyperstimulation); egg’s resistance to sperm entry

Source: After Andersson 1994; Andersson and Iwasa 1996.
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Figure 15.13 Among elephant seals, a few dominant males defend
harems of females against other males (see Figure 10.5). A plot of the
number of offspring produced by each of 140 elephant seals over the
course of several breeding seasons shows much greater variation in reproductive success among males than among females. (After Gould and
Gould 1989, based on data of B. J. LeBoeuf and J. Reiter.)
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Furthermore, the OPERATIONAL SEX RATIO, the relative numbers of males
140 seals ranked in order of success
and females in the mating pool at any time, is often male-biased
because males mate more frequently and because the cost of breeding is greater for females, which may have little opportunity to mate and reproduce
repeatedly during a breeding season because of energetic and time constraints (Kokko et
al. 2006). Commonly, then, females are a limiting resource for males, which compete for mates,
but males are not a limiting resource for females. Thus variation in mating success is generally greater among males than among females (Figure 15.13), and indeed, is a measure of the
intensity of sexual selection (Wade and Arnold 1980). Likewise, eggs are a limiting
resource for sperm, engendering competition among sperm of different males, or among
pollen from different plants. In some species, however, the tables are turned. In cases of
so-called SEX ROLE REVERSAL, as in phalaropes and sea horses (Figure 15.14), males care for
the young and can tend fewer offspring than a female can produce. In such instances,
females may compete for males.
Females

Contests between Males and between Sperm
Male animals often compete for mating opportunities through visual displays of bright
colors or other ornaments, many of which make a male look larger. The males of some
species fight outright and possess weapons, such as horns or tusks, that can inflict injury
(Figure 15.15; Emlen 2008). Plumage patterns and songs are used to establish dominance
by many birds, such as the red-winged blackbird (Agelaius phoeniceus), males of which
have a bright red shoulder patch (Andersson 1994). Male blackbirds that were experimentally silenced were likely to lose their territories to intruders; however, intruders were
deterred by tape recordings of male song. When territorial males were removed and
replaced with stuffed and mounted specimens whose shoulder patches had been paint(A)

(B)

Figure 15.14 Sex role reversal.
(A) Two female red phalaropes
(Phalaropus fulicarius) fight over the
smaller, duller plumaged male on
their breeding grounds in Alaskan
tundra. In contrast to most birds,
female phalaropes court males,
which care for the eggs and young.
(B) A male Australian sea horse
(Hippocampus breviceps) giving birth.
Males of this species carry and nurture developing young in their
pouch. (A © Roy Mangersnes/
Naturepl.com; B © Paul A.
Zahl/Photo Researchers, Inc.)
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ed over to varying extents, the specimens with the largest red patches were avoided by
potential trespassers.
In sexual selection by male contest, directional selection for greater size, weaponry, or
display features can cause an “arms race” that results in evolution of ever more extreme
traits. Such “escalation” becomes limited by opposing ecological selection (i.e., selection
imposed by ecological factors) if the cost of larger size or weaponry becomes sufficiently
great (West-Eberhard 1983). The equilibrium value of the trait is likely to be greater than
it would be if only ecological selection were operating. As Darwin noted, the duller coloration and lack of exaggerated display features in females and nonbreeding males of
many species imply that these features of breeding males are ecologically disadvantageous. Among antelopes and their relatives (Bovidae), the size of males’ horns is greater
in species that experience stronger sexual selection as indicated by the number of females
in the “harem” of a socially dominant male, and thus the more male-biased the operational sex ratio is (Bro-Jorgensen 2007).
Closely related to contests among males for mating opportunities are the numerous
ways in which males reduce the likelihood that other males’ sperm will fertilize a female’s
eggs (Thornhill and Alcock 1983; Birkhead and Møller 1992; Simmons 2001). Males of
many species of birds defend territories, keeping other males away from their mates
(although studies of DNA markers show that females of many such species nevertheless
engage in high rates of extra-pair copulation). The males of many frogs, crustaceans, and
insects clasp the female, guarding her against other males for as long as she produces fertilizable eggs. In some species of Drosophila, snakes, and other animals with internal fertilization, the seminal fluid of a mating male reduces the sexual attractiveness of the
female to other males, reduces her receptivity to further mating, or forms a copulatory
plug in the vagina (Partridge and Hurst 1998; see the discussion below on chase-away
sexual selection).
Sexual competition between males may continue during and after copulation. In many
damselflies, the male’s genitalia are adapted to remove the sperm of previous mates from
the female’s reproductive tract (Figure 15.16). In many animals, sperm competition occurs
when the sperm of two or more males have the opportunity to fertilize a female’s eggs
(Parker 1970; Birkhead 2000). In some such cases, a male can achieve greater reproductive
success than other males simply by producing more sperm. This explains why polygamous
species of primates tend to have larger testes than monogamous species (see Figure 11.22).
SPERM PRECEDENCE, whereby most of a female’s eggs are fertilized by the sperm of only one
of the males with which she has mated, occurs in many insects and other species. In
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Figure 15.15 Hornlike structures have evolved independently
in the males of diverse animals,
which use them to compete for
access to females. Such structures
are illustrated here for 13 species,
including several that are extinct
(marked with an asterisk). 1, narwhal (Monodon monoceros); 2,
chameleon (Chamaeleo [Trioceros]
montium); 3, trilobite (Morocconites
malladoides*); 4, unicorn fish (Naso
annulatus); 5, ceratopsid dinosaur
(Styracosaurus albertensis*); 6,
horned pig (Kubanochoerus gigas*);
7, protoceratid ungulate (Synthetoceras sp.*); 8, dung beetle (Onthophagus raffrayi); 9, brontothere (Brontops robustus*); 10, rhinoceros beetle
(Allomyrina [Trypoxylus] dichotomus);
11, isopod (Ceratocephalus grayanus);
12, horned rodent (Epigaulus sp.*);
13, giant rhinoceros (Elasmotherium
sibiricum*). (Illustration courtesy of
Douglas Emlen.)
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Figure 15.16 An elaborate mechanism for improving
a male’s likelihood of paternity: a structure near the end
of the penis of the black-winged damselfly Calopteryx,
showing spinelike hairs and a clump of a rival’s sperm.
(Courtesy of J. Waage.)

Drosophila melanogaster, the degree of sperm precedence is affected by genetic variation
among females and by genetic variation among males in the ability of their sperm to displace other males’ sperm and to resist displacement (Clark et al. 1994; Clark and Begun
1998). Competition among sperm may explain variation among species in sperm morphology, such as giant sperm in some insects, such as Drosophila hydei, in which the 23-millimeter-long sperm are ten times the length of the body (Pitnick and Markow 1994).

Sexual Selection by Mate Choice
In many species of animals, individuals of one sex (usually the male) compete to be chosen by the other. The evolution of sexually selected traits by mate choice presents some
of the most intriguing problems in evolutionary biology and is the subject of intense
research (Andersson 1994; Johnstone 1995; Andersson and Simmons 2006).
Females of many species of animals mate preferentially with males that have larger,
more intense, or more exaggerated characters such as color patterns, ornaments, vocalizations, or display behaviors. For example, female peafowl, widowbirds, barn swallows, and
other birds prefer males with longer back or tail feathers (see Figure 11.9). The preferred
male characters are often ecologically disadvantageous. For example, males of the cricket Teleogryllus oceanicus strike their wings together to produce a calling song that attracts
females, followed by a courtship song that is essential for inducing the female to mate. On
the Hawaiian island Kauai, an introduced fly (Ormia ochracea) uses the cricket’s calling song
to find its prey. Marlene Zuk and colleagues (2006) have found that over the course of fewer
than 20 generations, the cricket population has become almost entirely silent: most males
have modified wings, probably based on a single mutation, that do not produce sound
(Figure 15.17). These males gather near the few remaining calling males and mate with
approaching females, which have evolved to accept males without hearing the courtship
song. Perhaps it is not surprising that phylogenetic studies have revealed many examples
in which sexually selected ornaments have been lost in evolution (Wiens 2001).
Subject to limits imposed by ecological selection, male traits will obviously evolve to
exaggerated states if they enhance mating success. But why should females have a preference for these traits, especially for features that seem so arbitrary—and even dangerous
for the males that bear them? The several hypotheses that have been proposed include (1)
direct and (2) indirect benefits to choosy females, (3) sensory bias, and closely related to sensory bias, (4) antagonistic coevolution. The category of indirect benefits includes two principal hypotheses.
Direct benefits of mate choice
The least controversial hypothesis applies to species in which the male provides a direct
benefit to the female or her offspring, such as nutrition, a superior territory with resources
for rearing offspring, or parental care. Under these circumstances there is selection presThis material cannot be copied, disseminated, or used in any way without
the express written permission of the publisher.
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Figure 15.17 The forewing of
(A) normal and (B) silent male
crickets, Teleogryllus oceanicus. The
normal wing has a file, a modification of a wing vein with many
teeth, that is rubbed against a
scraper on the opposite wing to
produce sound. The file is greatly
reduced and relocated in the silent
phenotype, and cannot be used to
produce sound. The frequency of
the silent phenotype has increased
in the presence of a parasitic fly.
(From Zuk et al., 2006.)

(A)

500 µm

(B)

500 µm

sure on females to recognize males that are superior providers by some feature that is correlated with their ability to provide. Once this capacity has evolved in females, their preference selects for males with the distinctive, correlated character. For example, the males
of many insects provide “nuptial gifts” to females, often in the form of nutrients and
diverse chemical compounds that they transfer to females, together with sperm (Gwynne
2008). In the moth Utetheisa ornatrix, these compounds include alkaloids that the insect
sequestered from its food plant as a larva, and that are toxic and repellant to predators
(but not to the moth). Females provide their eggs both with alkaloids that they themselves
sequestered and that they acquired by mating. Females prefer to mate with males that
release more of a sex pheromone that the male produces from metabolized plant alkaloids, and larger males release more of this pheromone. Vikram Iyengar and Thomas
Eisner (1999) demonstrated experimentally that females preferred larger males when
given a choice, and that fewer of the eggs from matings with preferred males were eaten
by ladybird beetles than eggs from “forced” matings with nonpreferred males, presumably because they contained more alkaloids (Figure 15.18A).
Male investment in nuptial gifts can sometimes become so great that males become a
limiting resource for females, and sexual selection becomes reversed. The male Mormon
cricket (Anabrus simplex), like other male katydids (family Tettigoniidae), produces a spermatophore, a mass of proteins and other compounds that may account for a fifth of his
weight, that he transfers to his mate. The female eats the spermatophore (Figure 15.18B),
resulting in an increase in the number and size of her eggs. Darryl Gwynne (1984, 1993)
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Figure 15.18 Males that provide
direct benefits to females. (A) The
male tiger moth Utetheisa ornatrix
transfers pyrrholizidine alkaloids to
the female during mating. (B) This
female Mormon cricket (Anabrus
simplex) will eat the large white
spermatophore her mate has placed
in her genital opening as a “nuptial
gift.” (A © Thomas R. Fletcher/
Alamy; B courtesy of John Alcock.)

(A)

(B)

showed that where food is abundant and all males can make spermatophores, males compete for females, which often reject males, as is common in many species of animals. But
in a high-density population in which the crickets compete for food, many males lack
spermatophores because they produce them at a low rate, so the operational sex ratio is
female-biased, females compete aggressively for males and vary in the number of matings (and nutritious spermatophores) they obtain, and males mate preferentially with larger females.
Indirect benefits of mate choice
The most difficult problem in accounting for the evolution of female preferences is presented by species in which the male provides no direct benefit to either the female or her
offspring, but contributes only his genes. In this case, alleles affecting female mate choice
increase or decrease in frequency depending on the fitness of the females’ offspring. Thus
females may benefit indirectly from their choice of mates (Kirkpatrick and Barton 1997;
Kokko et al. 2002).
The two prevalent models of such indirect benefits are RUNAWAY SEXUAL SELECTION
(sometimes called the “sexy son” hypothesis), in which the sons of females that choose a
male trait have improved mating success because they inherit the trait that made their
fathers appealing to their mothers, and GOOD GENES MODELS, or INDICATOR MODELS, in which
the preferred male trait indicates high viability, which is inherited by the offspring of
females who choose such males. Good genes models are sometimes called “handicap
models” because the male trait indicates high viability despite the ecological handicap
that it poses to survival (Zahavi 1975). The runaway and good genes models are closely
related, since both depend on an association between alleles that affect female preference
and alleles that affect the fitness—whether viability or male mating success—of offspring.
RUNAWAY SEXUAL SELECTION. In runaway sexual selection, as proposed by R. A. Fisher
(1930), the evolution of a male trait and a female preference, once initiated, becomes a selfreinforcing, snowballing, or “runaway” process (Lande 1981; Kirkpatrick 1982; Pomiankowski and Iwasa 1998). This process is often referred to as the “Fisherian model” of sexual selection (even though Fisher discussed both kinds of indirect benefits). In the simplest
form of the model, haploid males of genotypes T1 and T2 have frequencies of t1 and t2,
respectively. T2 has a more exaggerated trait, such as a longer tail, that carries an ecological disadvantage, such as increasing the risk of predation. Females of genotype P2 (with
frequency p2) prefer males of type T2, whereas P1 females exhibit little preference (or prefer T1). It is assumed that alleles P1 and P2 do not affect survival or fecundity, and thus are
selectively neutral.
Although the expression of genes P and T is sex-limited, both sexes carry both genes
and transmit them to offspring. Because P2 females and T2 males tend to mate with each
other, linkage disequilibrium will develop: their offspring of both sexes tend to inherit
both the P2 and T2 alleles. The male trait and the female preference thus become genetiThis material cannot be copied, disseminated, or used in any way without
the express written permission of the publisher.
Copyright 2009 Sinauer Associates Inc.
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Daughters’ mating preference

Figure 15.19 A model of runaway sexual selection by female choice. T1 and T2 represent
male genotypes that differ in some trait, such as tail length. P1 and P2 females have different
preferences for T1 versus T2 males, as shown in the top graph. The resulting pattern of mating
creates a correlation in the next generation between the tail length of sons and the mate preference of daughters (middle graph). Thus a genetic correlation is established in the population, in
which alleles P2 and T2 are associated to some extent. Any change in the frequency (t2) of the
allele T2 thus causes a corresponding change in p2. In the bottom graph, each point in the space
represents a possible population with some pair of frequencies p2 and t2, and the vectors show
the direction of evolution. When p2 is low, t2 declines as a result of ecological selection, so p2
declines through hitchhiking. When p2 is high, sexual selection for T2 males outweighs ecological selection, so t2 increases, and p2 also increases through hitchhiking. Along the solid line,
allele frequencies are not changed by selection but may change by genetic drift.
(Bottom graph after Pomiankowski 1988.)
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cally correlated (see Chapter 13), so that any increase in the frequency of the
male trait is accompanied by an increase in the frequency of the female prefP1(for T1)
erence through hitchhiking (Figure 15.19).
Perhaps T2 males have a slight mating advantage over T1 because they are
both acceptable to P1 females and preferred by the still rare P2 females.
T1
T2
Whether for this or another reason, suppose t2 increases slightly. Because of
Son’s trait
the genetic correlation between the loci, an increase in t2 is accompanied by
an increase in p2. That is, T2 males have more progeny, and their daughters tend to inherit the P2 allele, so P2 also increases in frequency. As P2 increases, T2 males have a still
greater mating advantage because they are preferred by more females; thus the association of the P2 allele with the increasing T2 allele can increase P2 still further.
If both the male trait and the female preference are polygenically inherited, the same
1
principle holds, but new genetic variation resulting from mutation can enable indefinite
evolution of both characters, and if the genetic correlation between them is strong enough,
the evolutionary process “runs away” toward preference for an ever more exaggerated
male trait.
As we have seen, many exaggerated sexually selected traits carry ecological costs for
the males that bear them. Female choice may also carry an ecological cost; for instance,
rejecting a male in search of a more acceptable one may delay reproduction or entail other
risks. Such costs may prevent the runaway process from occurring, unless recurrent mutations tend to reduce the expression of the male trait. In that case, the cost of female choice
may be offset by having attractive, reproductively successful sons (Pomiankowski et al.
0
1
1991). Still, indirect selection may be weak, and capable of sustaining female choice only
Frequency of male ornament (t2)
if it carries a low cost.
If females have genetically variable responses to each of several or many male traits,
different traits or combinations of traits may evolve, depending on initial genetic conditions (Pomiankowski and Iwasa 1998). Thus runaway sexual selection can follow different paths in different populations, so that populations may diverge in mate choice and become
reproductively isolated. Sexual selection is therefore a powerful potential cause of speciation (see Chapter 18). Runaway sexual selection of this kind could explain the extraordinary variety of male ornaments among different species of hummingbirds and many
other kinds of animals.
Because females risk substantial losses of fitness if their
offspring do not survive or reproduce, an appealing hypothesis is that females should
evolve to choose males with high genetic quality, so that their offspring will inherit “good
genes” and so have a superior prospect of survival and reproduction. Any male trait that
is correlated with genetic quality—any INDICATOR of “good genes”—could be used by
females as a guide to advantageous matings, so selection would favor a genetic propensity in females to choose mates on this basis. Female preference for male indicator traits
should be most likely to evolve if the trait is a condition-dependent indicator of fitness—

INDICATORS OF GENETIC QUALITY.
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Figure 15.20 Benefits and costs
in sexual selection. (A) Evidence for
the “good genes” hypothesis of
female choice. The percentage of
young sticklebacks that became
infected when exposed to tapeworm larvae was inversely correlated with the coloration of their
fathers. (B) The survival of unmated female crickets (black curve)
was higher than that of mated
females, and the survival of females
mated to attractive males (red
curve) was lower than that of
females mated to unattractive
males (blue curve). A male’s attractiveness was scored by the responses of other females. (A after Barber
et al. 2001; B after Head et al. 2005.)

Offspring infected by tapeworm (%)

(A)

as many male display traits indeed are. In this case, males with allele T can develop the
indicator trait to a fuller extent if they are in good physiological condition because they
also carry “good genes”; say, allele B at another locus. Because females with a “preference
allele” (P) mate with males that carry both T and B, their offspring inherit all three alleles.
Thus linkage disequilibrium develops among the three loci, and both P and T increase in
frequency because of their association with the advantageous allele B. (Single-gene control
of the three traits is assumed here for simplicity, but any of the traits could be polygenic.)
In this model, as for the runaway process, costly female preference is unlikely to evolve
unless indirect selection, due to the association with good genes, is strong. The strength
of indirect selection on female preference is proportional to the genetic variance in fitness
in the population. However, natural selection should reduce variance in fitness. Several
authors have addressed the question of how genetic variance could be maintained and
therefore provide a foundation for female preference. For instance, it has been proposed
that continual change in the genetic composition of parasite populations may maintain
genetic variation in resistance traits in populations of their hosts, and that sexually selected male traits may be indicators of resistance to parasites (Hamilton and Zuk 1982).
A simpler hypothesis is that genetic variation for fitness components is replenished by
recurrent mutation. The mutational variance for fitness components is quite high, as we
saw in Chapter 13, and indeed, these traits are variable in natural populations. Locke Rowe
and David Houle (1996) developed a model of “capture” of genetic variance by conditiondependent sexually selected traits. In this model, a male’s condition, and thus the size of
the display ornament he can develop, is inversely proportional to the number of deleterious mutations he carries. The high mutational variance in condition will sustain genetic variance in the display trait and enable long-sustained evolution of both more extreme
ornaments and more extreme female preferences. The assumptions of this model are realistic. A high courtship rate in male dung beetles, for example, is a condition-dependent
trait that is preferred by females; both courtship rate and condition are
genetically variable, as the model predicts (Kotiaho et al. 2001).
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EVIDENCE FOR THE ROLE OF INDIRECT EFFECTS. There is considerable evidence for the good genes hypothesis (Møller and Alatalo 1999; Head et
al. 2005). For instance, Barber and colleagues (2001) studied a character
preferred by female sticklebacks (Gasterosteus aculeatus): the intensity of
red coloration of the male’s belly. They found that young sticklebacks
with bright red fathers were more resistant to infection by tapeworms
than their half-sibs who had dull red fathers (Figure 15.20A). The red
coloration is based on carotenoid pigments, which are obtained from
food and appear to enhance development of an effective immune system. In one of the most comprehensive studies, Megan Head and
coworkers (2005) confined female house crickets (Acheta domestica) with
males that had been scored as attractive or unattractive, based on the
responses of other females. The investigators scored the lifetime survival of these females, the lifetime survival and egg production of their
daughters, and the survival and mating success of their sons, and used
these data to estimate the intrinsic rate of increase of each female and
her descendants, a measure of overall fitness. They found that mating
with attractive males imposed a substantial cost to female survival
(Figure 15.20B), but that this was outweighed by the higher rate of
increase of descendants of attractive males, whose daughters were more
fecund and whose sons were more successful in attracting females. This
experiment provided evidence both for direct costs of mating with
attractive males, and for substantial indirect benefits.
There is evidence, too, for the Fisherian runaway process. For example, male sandflies (Lutzomyia longipalpis) aggregate in LEKS (areas
where males gather and compete for females that visit in order to
mate). Females typically reject several males before choosing one with
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whom to mate. T. M. Jones and coworkers (1998), using experimental groups of males,
determined which were most often, and which least often, chosen by females. Females
who mated with the most “attractive” versus the least “attractive” males did not differ in
survival or in the number of eggs they laid; that is, there was no evidence of a direct benefit of mating with attractive males. Nor was the father’s attractiveness correlated with
his offsprings’ survival or with his daughters’ fecundity; that is, there was no evidence
that attractive fathers transmitted good genes for survival or egg production (Figure
15.21A). However, when the investigators provided virgin females with trios of sons—
one from a highly attractive father, one from an “average” father, and one from an unattractive father—the sons of attractive fathers were by far the most successful in mating,
as predicted by the Fisherian “sexy son” hypothesis (Figure 15.21B).
Sensory bias
Phylogenetic studies have shown that female preferences sometimes evolve before the
preferred male trait (Figure 15.22A; Ryan 1998). Certain traits may be intrinsically stimulating and evoke a greater response simply because of the organization of the sensory
system. The occurrence of such sensory bias is well supported by studies of sensory
physiology and animal behavior. For instance, in some species of the fish genus
Xiphophorus (swordtails), part of the male’s tail is elongated into a “sword” (Figure
15.22B). Alexandra Basolo (1995, 1998) found that females preferred males fitted with
plastic swords not only in sword-bearing species of Xiphophorus, but also in a species of
Xiphophorus that lacks the sword and in the swordless genus Priapella, the sister group
of Xiphophorus. In fact, female Priapella had a stronger preference for swords than females

(A)

(B)
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P+/T +

Outgroup
P– /T –
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arises in
males
Female preference
(sensory bias
for trait)
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P– /T –

Figure 15.21 Evidence for Fisher’s “sexy son” hypothesis. (A) Survival is shown for the sons and for
both the reproducing and nonreproducing daughters of three classes of sandfly fathers that differed in
attractiveness to females. There is
no indication that attractive fathers
contribute “good genes” to their
offspring. (B) The sons of highly
attractive male sandflies, however,
show strikingly high mating success when females choose between
them and the sons of less attractive
fathers. Thus the indirect benefit to
females of mating with an attractive male is that her sons will enjoy
greater reproductive success. (After
Jones et al. 1998.)

Figure 15.22 Evidence supporting sexual
selection as a result of sensory bias in female
mate choice. (A) A hypothetical phylogeny
of three species that differ in presence (+) or
absence (–) of a male trait (T) and in female
preference (P) for that trait. Both T and P are
absent in the outgroup species, evidence that
their presence is derived. That P is present
in both species 1 and 2, whereas T is present
in 2 only, is evidence that a female preference, or sensory bias, for the trait T evolved
before the trait did. (B) Such evidence has
been found in poeciliid fishes that lack (top)
or possess (bottom) a swordlike tail ornament in the male. (A after Ryan 1998; B photos courtesy of Alexandra Basolo.)
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of a sword-bearing species of Xiphophorus. The female preference evidently evolved in
the common ancestor of these genera, and thus provided selection for a male sword
when the mutations for this feature arose.
Animals frequently show greater responses to SUPERNORMAL STIMULI that are outside
the usual range of stimulus intensity, and even artificial neural networks trained to recognize patterns show biases for exaggerated stimuli.
Antagonistic coevolution
Although the sexes must cooperate in order to produce offspring, conflict between the
sexes is also pervasive (Parker 1979; Arnqvist and Rowe 2005). For example, unless a
species is strictly monogamous, a male profits if he can cause a female to produce as many
of his offspring as possible, even if this reduces her subsequent ability to survive and
reproduce. Thus genes that govern male versus female characters may conflict, resulting
in antagonistic coevolution (Rice and Holland 1997; Holland and Rice 1998). Such evolution may consist of a protracted “arms race” in which change in a male character is parried or neutralized by evolution of a female character, which in turn selects for change in
the male character, and so on in a chain reaction.
Consider interactions between gametes in externally fertilizing species such as abalones
(large gastropods, Haliotis). Sperm compete to fertilize eggs, so selection on sperm always
favors a greater ability to penetrate eggs rapidly. But selection on eggs should favor features that slow sperm entry, or else POLYSPERMY (entry by multiple sperm) may result.
Polyspermy disrupts development, and eggs have elaborate mechanisms to prevent it.
The conflict between the interests of egg and sperm may result in continual antagonistic coevolution of greater penetration ability by sperm and countermeasures by eggs. Such
coevolution might be the cause of the extraordinarily rapid evolution of the amino acid
sequence of the sperm lysin protein of abalones, a protein released by sperm that bores a
hole through the vitelline envelope surrounding the egg. Nonsynonymous differences
between the lysin genes of different species of abalones have evolved much faster than
synonymous differences, a sure sign of natural selection (Vacquier 1998; see also Palumbi
1998 and Chapter 20).
Genetic conflict between the sexes has been studied in greatest detail in Drosophila
melanogaster, in which mating reduces female survival, both because females are harassed
by courting males and because the male seminal fluid contains toxic proteins (Chapman
et al. 1995). A study of genetic variation showed that males whose sperm best resist displacement by a second male’s sperm cause the greatest reduction of their mates’ life span:
a clear case of sexual conflict (Civetta and Clark 2000). In a series of clever experiments,
William Rice and Brett Holland have shown that male and female Drosophila are locked
in a coevolutionary “arms race” (Rice 1992, 1996; Holland and Rice 1999). In one experiment, Rice crossed flies for 29 generations so that genetically marked segments of two
autosomes were inherited only through females. Thus alleles in these chromosome regions
that enhanced female fitness could increase in frequency, irrespective of their possible
effect on males. Rice observed that the proportion of females among adult flies increased
in the course of the experiment, because of both improved survival of females and diminished survival of males—just as predicted by the antagonistic coevolution hypothesis.
In a second experiment, Rice constructed experimental populations of flies in which
males could evolve but females could not. (In each generation, the males were mated with
females from a separate, non-evolving stock with chromosome rearrangements that prevented recombination with the males’ chromosomes, and only sons were saved for the
next generation.) After 30 generations, the fitness of these males had increased, compared
with control populations, but females that mated with these males suffered greater mortality, perhaps because of enhanced semen toxicity (Figure 15.23). This experiment suggests that males and females are continually evolving, but in balance, so that we cannot
see the change unless evolution in one sex is prevented.
Semen toxicity is only one of many examples of harm that males inflict on their mates.
Forced copulation by groups of male mallard ducks has been known to drown females,
and female bedbugs suffer reduced survival and reproduction from repeated “traumatic
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Figure 15.23 Experimental evidence of genetic conflict between
the sexes. (A) Measures of fitness of
males from two experimental populations in which only males could
evolve, relative to that of males
from control populations. The
measures are net fitness (number of
sons per male), the rate at which
the males re-mated with previously
mated females, and sperm defense
(the ability of a male’s sperm to fertilize eggs of a female that was
given the opportunity to mate with
a second male). (B) When males
from these experimental populations were mated with females
from another stock, they caused
higher female mortality than did
males from four control populations. (After Rice 1996.)

insemination.” (The male bedbug pierces his mate’s abdominal wall with his genital structure, rather than inserting it into her genital opening; see Stutt and Siva-Jothy 2001.) Thus
females evolve resistance to males’ inducements to mate, and their resistance selects for
features that enable males to overcome the females’ reluctance—a dynamic that has been
termed CHASE-AWAY SEXUAL SELECTION (Holland and Rice 1998). Among species of water
striders, for example, in which males force females to copulate, the evolution of features
that enable males to grip females has been accompanied by changes that enable females
to break the males’ grip (Figure 15.24).
Under chase-away selection, males may evolve increasingly strong stimuli, such as
brighter colors or more elaborate song, to induce reluctant females to mate. In such cases,
more elaborate male traits evolve not because females evolve to prefer them, but because
females are selected to resist less elaborate traits. If this hypothesis is true, then males may
accumulate characteristics that were once sufficient to induce mating, but are sufficient
no longer. Recall, for example, the surprising observation that the swordtail’s sword stimulates conspecific females less than female Priapella, the swordless relative. This is just

(A)

(B) G. incognitus ç

(C) G. incognitus å

(D) G. thoracicus ç

(E) G. thoracicus å

Figure 15.24 Among water
striders (genus Gerris), which live
on the surface of water, males
forcibly copulate with females.
(A) A mated pair of G. lacustris.
(B,C) In G. incognitus, the abdomen
of the male has exaggerated grasping adaptations (extended, flattened genital segments), and that of
the female has features (prolonged,
erect abdominal spines; curved
abdomen tip) that obstruct the
male’s grip during premating
struggles. (D,E) The closely related
species G. thoracicus shows the
ancestral condition, in which these
adaptations have not evolved.
(A © Dave Bevan/Alamy; B–E from
Arnqvist and Rowe 2002.)
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Figure 15.25 A possible example of chase-away sexual selection.
(A) The male wolf spider Schizocosa
rovneri (top) lacks tufts of bristles
on the forelegs, whereas male S.
ocreata (bottom) possesses this
derived character. (B) Responses of
females of both species to video
clips of displaying males of both
species, including images of apparently tuft-bearing rovneri males.
Female S. rovneri responded more
to this image (bottom graph) than
did female S. ocreata (top graph),
suggesting that S. ocreata may have
evolved female resistance to this
display trait. (Photos courtesy of
George Uetz; B after McClintock
and Uetz 1996.)
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what we would expect if the ancestral attraction to swords, still evident in Priapella, had
been replaced by female resistance after the sword evolved. Similarly, tufts of leg bristles
in the wolf spider Schizocosa ocreata are a derived male character, relative to their absence
in a closely related species, S. rovneri (Figure 15.25A). Female spiders were presented with
video images manipulated to show courting males with added, enlarged, or removed tufts
(McClintock and Uetz 1996). These manipulations did not affect the mating receptiveness
of female S. ocreata, but adding tufts greatly enhanced the receptiveness of females of the
tuftless species (Figure 15.25B). These results are consistent with the hypothesis that male
tufts evolved in S. ocreata to stimulate females, but female resistance evolved thereafter.

Alternative Mating Strategies
Not only females, but also males are subject to costs of reproduction, which underlie some
interesting variations in male life histories such as ALTERNATIVE MATING STRATEGIES. In some
species, large males display and/or defend territories to attract females, whereas small
males do not, but rather “sneak” about, intercepting females and attempting to mate with
them. In some instances, “sneaker” males have lower reproductive success than display-
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Figure 15.26 A model for the evolution of sex
change in sequential hermaphrodites. (A) When
reproductive success increases equally with body
size in both sexes, there is no selection for sex
change. (B) A switch from female to male (protogyny) is optimal if male reproductive success increases more steeply with size than female reproductive
success. (C) The opposite relationship favors the
evolution of protandry, in which males become
females when they grow to a large size. (After
Warner 1984.)
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Figure 15.27 (A) A diagram of the two pathways by which terminal-phase males develop in the bluehead wrasse (Thalassoma
bifasciatum). (B) A terminal-phase male bluehead wrasse. The surrounding yellow fish may be female or initial-stage males, which
resemble females. (B © Frederick R. McConnaughey/Photo
Researchers, Inc.)

ing males, so their behavior is probably not an adaptation; they are probably making the
best of a bad situation, as they are unable to compete successfully. In other instances, however, the sneaker strategy appears to be an alternative adaptation, yielding the same fitness as the display strategy. For example, in the Pacific coho salmon (Oncorhynchus
kisutch), large, red “hooknose” males develop hooked jaws and enlarged teeth, and fight
over females, whereas “jack” males are smaller, resemble females, do not fight, and breed
when they are only about a third as old as the hooknose males. Based on data on survival
to breeding age and frequency of mating, the fitnesses of these two types of males appear
to be nearly equal (Gross 1984).
Some plants, annelid worms, fishes, and other organisms change sex over the course
of their life spans (SEQUENTIAL HERMAPHRODITISM). In species that grow in size throughout
reproductive life, a sex change can be advantageous if reproductive success increases with
size to a greater extent in one sex than in the other (Figure 15.26). In the bluehead wrasse
(Thalassoma bifasciatum), for instance, some individuals start life as females and later
become brightly colored “terminal-phase males” that defend territories. Other individuals begin as “initial-phase males,” which resemble females and spawn in groups (Figure
15.27). A female usually does not produce as many eggs as a large terminal-phase male
typically fertilizes. Both females and initial-phase males become terminal-phase males at
about the size at which this form achieves superior reproductive success (Warner 1984).

Summary

GO TO THE

1. Alleles that increase mutation rates are generally selected against because they are associated
with the deleterious mutations they cause. Therefore, we would expect mutation rates to evolve
to the minimal achievable level, even if this should reduce genetic variation and increase the
possibility of a species’ extinction.
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2. Asexual populations have a high extinction rate, so sex has a group-level advantage in the long
term. But this is unlikely to offset the short-term advantage of asexual reproduction.
3. In a constant environment, alleles that decrease the recombination rate are advantageous
because they lower the proportion of offspring with unfit recombinant genotypes. In addition,
asexual reproduction has approximately a twofold advantage over sexual reproduction because
only half of the offspring of sexuals (i.e., the females) contribute to population growth, whereas all of the (all-female) offspring of asexuals do so. Therefore, the prevalence of recombination
and sex requires explanation.
4. Among the several hypotheses for the short-term advantage of sex are: (a) in asexual populations, fitness declines because genotypes with few deleterious mutations, if lost by genetic drift,
cannot be reconstituted, as they are in populations with recombination (Muller’s ratchet); (b)
deleterious mutations can be more effectively purged by natural selection in sexual than in asexual populations, thus maintaining higher mean fitness; (c) recombination enables the mean of
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a polygenic character to evolve to new, changing optima in a fluctuating environment; (d) the
rate of adaptation, by fixing combinations of advantageous mutations, may be higher in sexual than asexual populations, if the populations are large.
5. In large, randomly mating populations, a 1:1 sex ratio is an evolutionarily stable strategy,
because if the population sex ratio deviates from 1:1, a genotype that produces a greater proportion of the minority sex has higher fitness. If, however, populations are characteristically
subdivided into small local groups whose offspring then colonize patches of habitat anew, a
female-biased sex ratio can evolve because female-biased groups contribute a greater proportion of offspring to the population as a whole.
6. The evolution of hermaphroditism versus dioecy (separate sexes) depends on how reproductive success via female or male function is related to the allocation of an individual’s energy or
resources. Dioecy is advantageous if the reproductive “payoff” from one or the other sexual
function increases disproportionately with allocation to that function.
7. Outcrossing can be advantageous because it prevents inbreeding depression in an individual’s
progeny. Conversely, self-fertilization may evolve if fewer resources need to be expended on reproduction, if an allele for selfing becomes associated with advantageous homozygous genotypes, or
if selfing ensures reproduction despite low population density or scarcity of pollinators.
8. Differences between the sexes in the size and number of gametes give rise to conflicts of reproductive interest and to sexual selection, in which individuals of one sex compete for mates (or
for opportunities to fertilize eggs). The several forms of sexual selection include direct competition between males, or between their sperm, and female choice among male phenotypes.
9. Females may prefer certain male phenotypes because of sensory bias, direct contributions of the
male to the fitness of the female or her offspring, or indirect contributions to female or offspring
fitness. Indirect benefits may include fathering offspring that are genetically superior with
respect to mating success (“runaway sexual selection”) or with respect to components of viability (“good genes models”). Sexually selected male features may also evolve by antagonistic
coevolution: selection on females to resist mating, and on males to overcome female resistance
with irresistible stimuli.
10. The evolution of reproductive effort by males is governed by similar principles as in females.
Delayed maturation may evolve if larger males are more successful in attracting or competing for mates. Similar principles explain phenomena such as sequential hermaphroditism (sex
change with age) and alternative mating strategies.
11. The evolution of features of genetic systems, such as rates of mutation and recombination, sexual versus asexual reproduction, and rates of inbreeding, can usually be understood best as
consequences of selection at the level of genes and individual organisms, rather than group
selection.

Terms and Concepts
antagonistic coevolution
apomixis
condition-dependent indicator
cost of sex
dioecious
hermaphroditic
outcrossing

parthenogenesis
sensory bias
sex
sex ratio
sexual selection
sperm competition
vegetative propagation

Suggestions for Further Reading
The Evolution of Sex, edited by R. E. Michod and B. R. Levin (Sinauer Associates, Sunderland, MA,
1988), and articles by P. Jarne and D. Charlesworth (1993), A. S. Kondrashov (1993), M. K.
Uyenoyama et al. (1993), and N. H. Barton and B. Charlesworth (1998) treat the evolution of
genetic systems. An informative and provocative book for a general audience by a prominent
evolutionary biologist is J. Roughgarden’s Evolution’s Rainbow: Diversity, Gender, and Sexuality
in Nature and People (University of California Press, Berkeley, 2004). The most comprehensive
review of sexual selection, although somewhat dated, is Sexual Selection by M. Andersson
(Princeton University Press, Princeton, NJ, 1994). Sexual Conflict by G. Arnqvist and L. Rowe
(Princeton University Press, Princeton, NJ, 2005) is a comprehensive analysis of that subject.
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Problems and Discussion Topics
1. Populations of some species of fish, insects, and crustaceans consist of both sexually and obligately asexually reproducing individuals. Would you expect such populations to become entirely asexual or sexual? What factors might maintain both reproductive modes? How might studies shed light on the factors that maintain sexual reproduction?
2. Some mites, scale insects, and gall midges display “paternal genome loss” (or pseudoarrhenotoky,
a fine word for parlor games). Males develop from diploid (fertilized) eggs, but the chromosomes inherited from the father become heterochromatinized and nonfunctional early in development, so that males are functionally haploid. How might this peculiar genetic system have
evolved?
3. Many parthenogenetic “species” of plants and animals are known to be genetically highly variable. Determine from the literature whether this genetic variation is due to mutation within asexual lineages or to multiple origins of asexual genotypes from a sexually reproducing ancestor.
4. The number of chromosome pairs in the genome ranges from one (in an ant species) to several
hundred (in some butterflies and ferns). In a single genus of butterflies (Lysandra), the haploid
number varies from 24 to about 220 (White 1978). Is it likely that chromosome number evolves
by natural selection? Is there evidence for or against this hypothesis?
5. Would you expect sexual selection to increase or decrease adaptation of a population to its environment? Might this depend on the form of sexual selection (e.g., male conflict, female mate
choice)? Do the several hypotheses for the evolution of female choice (e.g., runaway selection
versus good genes hypotheses) differ in their implications for adaptation to the environment?
6. In many socially monogamous species of parrots and other birds, both sexes are brilliantly colored or highly ornamented. Is sexual selection likely to be responsible for the coloration and
ornaments of both sexes? How can there be sexual selection in pair-bonding species with a 1:1
sex ratio, since every individual presumably obtains a mate? Which of the models of sexual
selection described in this chapter might account for these species’ characteristics? (See Jones
and Hunter 1999 for an experimental study of this topic.)
7. There is an enormous and very controversial literature on whether behavioral features in
humans have a genetic basis and have evolved for reasons postulated in evolutionary models, or whether they are culturally formed. Analyze reasons for and against the proposition that
men are more aggressive than women because of sexual selection for competitiveness. (See, for
example, Daly and Wilson 1983 versus Kitcher 1985.)
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