
Chapter 2
The Evolution of the Problem of Sex

Stephanie Meirmans

Abstract While numerous reviews on the problem of sex exist, the historical side
of the research in this field is often only loosely covered. Here, I provide a more
detailed historical overview by analyzing the contributions of four of the most
influential biologists: Charles Darwin, August Weismann, Ronald Fisher and John
Maynard Smith. More specifically, I discuss why these four biologists became inter-
ested in the significance of sex in the first place, describe their respective theories
on sexual reproduction and in which context those theories were developed. This
approach provides a general overview over the conceptually important changes in
the history of the research of sex. Most importantly, it shows that not only the
potential answers on the existence of sex have evolved, but also the question itself.

2.1 Introduction

Explaining the widespread occurrence of sexual reproduction in higher organisms is
often called the “queen of problems in evolutionary biology” (following Bell 1982),
with no consensus regarding the explanation as of today. While numerous reviews of
the topic exist (e.g. Barton and Charlesworth 1998; Otto and Lenormand 2002), the
historical side of the research on sexual reproduction is usually only loosely covered
(see Ghiselin 1988; Mooney 1993, 1995 for exceptions). Traditionally, it is stated
that Weismann (1889) first proposed a theory for sex, which was then put into popu-
lation genetic terms by Fisher and Muller in the 1930s. This “Fisher-Muller” theory
was the accepted view until the 1960s and 1970s, when it became clear that certain
severe costs were connected to sexual reproduction. The recognition of these costs
made the existence of sex so paradoxical that it became the “queen of problems”
in the 1980s. Subsequently, numerous other theories were proposed to solve this
problem. These theories can be classified into two different types: the “mutational”
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theories (sex helps to get rid of deleterious mutations) and the “ecological” theories
(sex creates good traits).

Though such an overview of the research on sex might be roughly correct, it is
clear from its obvious gaps that it does not provide an exhaustive historical repre-
sentation. For example, one might ask why Weismann or Fisher were interested in
sexual reproduction in the first place, given the fact that the idea of a “paradox of
sex” did not exist until the 1970s. Was sex problematic for them at all, and if yes,
was it for similar or for different reasons than today? In the latter case, can their
theories be easily used in modern times, either as single theories or in a pluralistic
approach? Furthermore, it might be interesting to know why the problem of sex was
not recognized prior to the 1970s.

Here, I address these questions and provide a more detailed historical overview
by analyzing the contributions to the topic of sexual reproduction of four of the most
influential biologists in the field of the evolution of sex: Charles Darwin, August
Weismann, Ronald Fisher and John Maynard Smith. More specifically, I will discuss
why these four biologists became interested in the significance of sex in the first
place, describe their respective theories on sexual reproduction and in which context
those theories were developed. This approach provides a general overview over the
conceptually important changes in the history of the research of sex since it presents
the development of the theories in steps of roughly 30 years. I will end my historical
overview with the publication of Maynard Smith’s book on the evolution of sex in
1978, because his book provides much of the current conceptual background for
the problem of sex. The remaining development of the ideas on sex, including the
“mutational” versus “ecological” theories, will be discussed elsewhere in the present
book (see Chapters 5, 6 and 7).

2.2 Darwin: The Effects of Cross-Fertilization

Already Charles Darwin (see Box 2.1) was interested in finding out why sexual
reproduction exists (see also Gishelin 1988; Mooney 1995). Darwin’s thoughts
on sex were, however, quite diverse and changed over time. More specifically,
he successively investigated three different aspects that he found relevant to sex-
ual reproduction: (1) sex provides variation, (2) sex unites a species, and (3) sex
provides vigorous and fertile offspring.

Box 2.1: Charles Darwin (1809–1882) was a remarkable and careful observer
of nature (both biological and geological). Since his early youth, he wanted
to explain whatever he observed through general laws (Darwin 1958). Nearly
everybody is familiar with his long voyage on the “Beagle”, during which he
observed and collected field data, and with his subsequent development of the
theory of evolution by natural selection.

Darwin was also influenced by his immediate surroundings. In his own
family and also the wider English society, it was widespread to practice animal
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breeding and horticulture (Moore 2005). This influence makes itself appar-
ent throughout his books. “On the origin of species” (Darwin 1859) started
with a couple of chapters that described the presence of variations in both
domesticated and wild organisms. These chapters were followed by a sugges-
tion for how to explain these observations: breeding and artificial selection
for domesticated organisms and evolution through natural selection for wild
organisms.

Darwin had extensive contacts with other scientists, and developed his
ideas and theories continuously, both by collecting more data as well as
by performing experiments. Throughout his life, he published an immense
number of scientific articles and several books. It is also important to men-
tion that he was suffering from illness, and that also his ten children were
subjects to a variety of diseases. It was custom in the Darwin family to
marry among cousins. Also Charles Darwin married a first cousin, Emma
Wedgewood. Darwin suspected that close inbreeding in his family might have
been the major cause for the health problems of his children, and this suspicion
reinforced his research on inbreeding (Moore 2005).

2.2.1 The Early Notebooks: Becoming Interested in the
Significance of Sex

After disembarking from the “Beagle” in 1836, Darwin spent more than twenty
years to develop and refine his theory of evolution before publishing “On the origin
of species” in 1859. It is widely known that he pondered much about variation in
natural and domestic species during those years. It is perhaps less known that in
connection with this, he also thought about the significance of sexual reproduction
(Darwin 1958, p. 119).

In fact, Darwin started his investigations into the transmutation of species with
considerations on sexual reproduction (published posthumously; Darwin 1960,
pp. 41, 42). His thinking about sexual reproduction was thus one of the concep-
tual fundaments of his theory of evolution. More specifically, in his first notebook
on the transmutation of species, he cited his grandfather, Erasmus Darwin, on this
topic. His grandfather had noted that sexual species get variable offspring while
asexual species produce identical offspring (Darwin 1796). Charles Darwin (1960,
pp. 41, 42) now considered that the variation provided by sex might be a means to
adapt to a changing world. Interestingly, he had (at this point) not yet developed a
mechanism for how this should work. Furthermore, he asked himself whether such
varieties wouldn’t be endless. How and why can we recognize species? Darwin sug-
gested that the “beautiful law of intermarriages”, i.e. sex, could also be important as
a means to maintain species.

In order to understand how Darwin further developed his early ideas on the sig-
nificance of sexual reproduction, it is important to realize what he actually knew
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of the physiological processes happening during sex. Darwin’s grandfather was
a physician. He had proposed that in sexual species, the male provides a “living
filament”, while the female provides nourishment and oxygenation to the devel-
oping embryo. In his eyes, this influence from the female on the embryo could
explain the variation resulting from sex. It is doubtful, however, whether Darwin
shared his grandfather’s opinion on how sex generates variable offspring. After all,
in Charles Darwin’s lifetime, more details about fertilization were available than
had been for his grandfather. Most importantly, it had by then been observed that
sperm penetrates the egg. Darwin himself thought that both mother and father pro-
vide hereditary material for the offspring (Darwin 1876, p. 353). He also thought
that up to several sperm can fertilize an egg and that the exact quantity influences
the specifics of heredity (ibid, pp. 355–357; see also Darwin 1862a, p. 355 for a
similar view on fertilization in plants).

It was common among scholars to assume that the hereditary material includes
the germs from all the earlier ancestors. After all, it was known that during fertiliza-
tion, sperm-cell(s) and germ-cell fuse, and so, they concluded, does the hereditary
material (Darwin 1876, p. 457). Offspring generally show traits that are intermedi-
ate between parents, so it was further assumed that the hereditary material blended
(blending inheritance). It was also acknowledged that offspring could either be
more like the father, or more like the mother – so it was thought that the ances-
tral germs could be transmitted in different quantities, or be differently expressed in
the offspring (ibid, pp. 382, 413).

2.2.2 Sex and Variation

In his early notebooks, dating from 1837, Darwin had considered sexual reproduc-
tion as being one of the fundaments of evolution because it provides the variation
that can ultimately result in adaptation (Darwin 1960, pp. 41, 42). However, in his
actual publications he dismissed this role of sexual reproduction. At that point, he
had gathered crucial information on the nature of domestic variations from breeders
and horticulturists, and made two important observations. First, some forms of asex-
ual reproduction (budding) can result in variations. Second, domesticated species
are generally more variable than natural species are (discussed in his essay in 1842,
see Darwin 1909, pp. 1, 4). Darwin concluded from those observations that sexual
reproduction per se cannot be the ultimate source of variation since also asexual
organisms can vary. Instead, he proposed that external conditions cause variations.
He deduced this explanation first and foremost from the observation that external
conditions are generally more variable for domesticated than for natural species.

Despite denying sexual reproduction as the ultimate source for variation, Darwin
(1875, pp. 353, 354) nevertheless stressed that sexually produced offspring are gen-
erally more liable to vary than asexual ones. He proposed that this feature could
be explained because the environment primarily induces variations in the reproduc-
tive organs (e.g. Darwin 1859, pp. 131, 132). Darwin had gathered evidence from
several different sources that crossing is a very delicate and fragile process, and that
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it can be easily disturbed by the influence of the environment. For example, breeders
had observed that breeding under confinement can be extremely difficult, and that
the resulting offspring are often infertile. Darwin concluded that in particular the
substance residing in the reproductive organs, the “sexual elements”, could change.
These modifications in the sexual elements again would lead to huge changes in
the resulting offspring because they would be affected so early in development.
In Darwin’s eyes, the connection between sex and variation was thus the result
of physiological/developmental processes rather than genetic processes (see also
Ghiselin 1969). It is, however, less clear to which degree the later Darwin regarded
the variation resulting from sex as a necessary condition for evolution.

2.2.3 Sex Unites a Species

Already in his notebooks, Darwin had proposed that sexual reproduction might act
as a means to unite a species, and he developed this thinking further in his actual
publications. His train of thought is not difficult to comprehend when considering
that Darwin assumed blending inheritance: While on an individual level, blend-
ing inheritance meant that the characteristics of the parents are combined in the
offspring (Darwin 1960, pp. 41–42), its consequence on a population level is that
varieties occurring in the parental generation are swamped out in the offspring. To
Darwin, “intercrossing plays a very important part in nature in keeping the individ-
uals of the same species, or of the same variety, true and uniform in character”
(Darwin 1859, p. 103). In short, sex solved for Darwin the problem of endless
variations with no species boundaries.

Of course, the swamping effect of sexual reproduction can also be seen as a
problem for the evolutionary theory. It makes the inheritance, and thus selection, of
favorable varieties difficult. This was one of the main problems of Darwin’s theory,
and his critics were quick to point that out. From early on, Darwin was aware of this
problem but apparently was not too troubled by it (see also Ghiselin 1969). After
all, domestic breeding showed that the selection of varieties is possible, despite the
presumed effects of blending inheritance. In addition, Darwin suggested that several
factors can influence and potentially reduce the swamping effect: for example dis-
persal, rate and frequency of crossings, and isolation (Darwin 1859, pp. 102, 103).
Later in life, Darwin doubted whether the unification of species could explain the
origin of sexual reproduction (Darwin 1875, p. 355). At that point, he suggested a
different explanation for the widespread occurrence of sex (see below).

2.2.4 Cross-Fertilization: A Law of Nature

Already in the first edition of the “Origin of species”, Darwin claimed that all
organisms cross-fertilize, and he called this a law of nature. While it was obvi-
ous that crossing is a necessity for bisexual organisms, Darwin was convinced that
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also hermaphrodites occasionally or habitually cross-fertilize. He thought that con-
tinuous selfing is deleterious (e.g. Darwin 1859, pp. 96, 97). Darwin derived this
law from earlier studies, in which he recognized certain adaptations as ensuring
crossing between individual organisms. Originally, he became interested in this
topic because he was for a long time convinced that sex was important to keep a
species uniform (Darwin 1958, p. 127). More specifically, he investigated flowers
as adaptations for cross-fertilization by insects (Darwin 1862a). He detected that
some hermaphrodite plant species show flower polymorphisms in order to reduce
self-fertilization (Darwin 1958, pp. 128, 129).

It is crucial to understand that with “cross-fertilization”, Darwin generally meant
crossings between individual organisms, or sex. Darwin was unaware of the exis-
tence of homo- and heterozygosity. To him, the effects of self-fertilization, and
to a lesser degree, inbreeding, were similar to those of parthenogenesis. Darwin
knew about the existence of parthenogenesis since at least 1850 (Darwin, letter to
R. Owen, 23 March 1850).

Darwin’s early studies on plants did, however, not show why cross-fertilization
generally has such an importance. In fact, he was aware that self-fertilization should
be advantageous because it ensures reproductive assurance (Darwin 1862a, p. 359).
He even noted that in sexual species males are produced, which cannot by them-
selves produce any offspring (Darwin 1876, p. 461). In 1862, he thus stated that
“We do not even in the least know the final cause of sexuality; why new beings
should be produced by the union of the two sexual elements, instead of by a process
of parthenogenesis” (Darwin 1862b). In his later publications, Darwin specified that
selfing species have descended from cross-fertilizing species and that they occur tax-
onomically isolated. He concluded that selfing represents only a temporary state that
can evolve under certain circumstances. More specifically, he deduced that it could
be an adaptation to avoid species extinction in cases of limited mating opportunities
(Darwin 1877, pp. 290–292).

2.2.5 Sex and Hybrid Vigor

Darwin already early guessed that sex and cross-fertilization might be important for
species because it results in vigorous offspring. In animal breeding, it was common
knowledge that offspring derived from cross-fertilizations generally are very healthy
while inbred progeny often are sickly. The breeders commonly called this feature
“hybrid vigor” (Darwin 1859, p. 96). In Darwin’s family, there was a tradition of
breeding animals, and at this point in time, Darwin had begun to be interested and
practice animal breeding. Furthermore, he was interested in inbreeding due to per-
sonal interests: his own (inbred) family was sickly, and his favorite daughter died in
1851 (Moore 2005).

Darwin initiated a correlative and experimental study that would last for 11 years,
in which he showed the deleterious effects of self-fertilization and investigated its
causes (finally published in Darwin 1876). The study corroborated “hybrid vigor”;
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however, this effect was restricted to cases where the parents (or other ancestors) had
been subject to different conditions or had spontaneously varied. Darwin believed
that in both cases, the ancestor’s “sexual elements have been in some degree dif-
ferentiated” (ibid, p. 443). As explained earlier, Darwin assumed that external
conditions could produce variations in particular in the reproductive system of an
organism (ibid, p. 446). Darwin further believed that a differentiated male element
would, during and after fertilization, provide a form of different environment for the
female germ. In his eyes, this process would ultimately lead to great benefits.

Rather than thinking of more modern benefits of sex such as producing variation,
Darwin had benefits from immediate physiological processes during fertilization in
mind: he argued that differentiation between the sexual elements can either enhance
or interfere with the union of the sexual elements, resulting in partial or whole
sterility (ibid, pp. 446, 447). More specifically, Darwin thought that changes in the
sexual elements can change the (physiological) way in which pollen and stigma
interact with each other, as well as how the contents of pollen and ovules interact
(ibid, p. 456). His observations on plants showed that sterility generally appeared
in two situations: First, to prevent self-fertilization, and second, to prevent crossing
between species. In the first case (self-fertilization), differentiation of the respective
sexual elements was too small to allow union. In the second case (crossing between
species), differentiation had proceeded too far (ibid, 456). Most fertile were the
crosses when differentiation was intermediate, i.e. crossing between distinct vari-
eties from the same species. Darwin compared this process to observations made in
chemistry that different molecules show the highest affinity to each other if slightly
different (ibid, pp. 456, 457).

Concerning the significance of sexual reproduction, Darwin deduced from his
studies that its benefit lies in the advantageous fusion of differentiated individ-
ual organisms, which only sexuality makes possible (ibid, pp. 461, 462). Darwin
thought that this advantage, resulting in “hybrid vigor”, would be “amply sufficient
to account for the development of the sexual elements, that is, for the genesis of the
two sexes.” (ibid, p. 462).

In summary, in his early private notebooks, Darwin considered sex to be advanta-
geous due to its effects on variation and its power to unify species. In fact, these ideas
were important to the development of his evolutionary theory as a whole. However,
further investigations led him to discard these aspects of sex as reasons for why
sexual reproduction exists. Instead, he proposed that sex exists due to physiological
advantages during fertilization – resulting in vigorous offspring.

2.3 Weismann: The Significance of Sexual Reproduction
in the Theory of Natural Selection

Even though Darwin proposed a reason for why sex exists, Weismann (see Box
2.2) is usually referred to as the biologist who formed the first theory for why sex
is advantageous (Burt 2000). This is probably due to the fact that Weismann was
the first biologist who was convinced that sex is advantageous because it provides
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Box 2.2: August Weismann (1834–1914) was one of the first proponents of
the evolutionary theory in Germany. He himself claimed to have been the
third German to publish in the Darwinian spirit, after Fritz Müller and Ernst
Häckel. Even though he was interested in nature since his early childhood,
Weismann first became a physician and also practiced several years as such.
Later, he turned to zoology and finally became a professor at the university in
Freiburg. During his early career, he made a number of important biological
discoveries, many of them as a result of cytological studies. However, he had
trouble with his eyes and could during long periods of his working life not use
the microscope. Instead, his wife and students did most of the observational
work, while Weismann himself focused on theoretical work (Conklin 1915;
Petrunkevitch 1964).

In 1861, during the first of several periods of illness, Weismann read
Darwin’s “Origin of species” and immediately became a convinced
Darwinian. All his later work was an effort to implement and strengthen the
evolutionary theory that was still quite controversial at that time. More specif-
ically, he aimed at unifying aspects from development, evolutionary biology
and his own theory, the constancy of the germ line. As a renowned profes-
sor, Weismann had access to newly obtained knowledge from many different
sources across Europe, a fact that helped him to achieve his goal (Gaupp
1917).

variable offspring (Weismann 1889, 1892). This idea forms the basis for most mod-
ern theories for the significance of sex (Burt 2000). In accordance with Darwin,
Weismann argued that variability establishes the basis for adaptation. Thus, the
difference between Darwin and Weismann is that Weismann believed sex to exist
because it provides variation while Darwin himself had discarded this mechanism
as the reason why sex exists.

2.3.1 The Principles of Heredity

Between 1882–1890, Strassburger, Roux, Beneden, Weismann, Boveri and others
established the cytological mechanisms of fertilization and meiosis, and deter-
mined that the hereditary material was situated on the chromosomes in the cell
nucleus. Weismann stimulated the cytological research with his theoretical efforts
to elucidate the genetic meaning of the discoveries that emerged in this area.

Most famously, he developed the theory of a “continuous germ plasm”, rep-
resenting the idea that the hereditary material (called germ plasm) is inherited
unchanged. Expressed in modern terms, Weismann distinguished soma and germ
line, and declared that while the soma can change over the lifetime of an organism,
the germ does not (proposed in 1885; see Weismann 1893). This concept of “hard
heredity” is today one of the fundaments of modern genetics, even though modern
genetics accepts the infrequent occurrence of mutations.
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2.3.2 Heredity, Variability and Sex

Weismann created problems for himself by advocating both the idea of a constant
germ line and the theory of evolution. After all, evolutionary change depends on the
occurrence of continuous variations while Weismann refused the notion of acquired
inherited changes. Darwin had thought that acquired changes could be inherited, and
thus result in variation. At a meeting in 1885, Weismann attempted to reconcile his
theory of the constancy of the germ line with evolutionary theory: he proposed that
sexual reproduction could be the source of the continuous variations that ultimately
fuel evolutionary change (Weismann 1889, Preface).

Weismann also developed a theory on the origin of variability. According to this
theory, variability arose in simple unicellular organisms via acquired characters. He
knew that some unicellular organisms do not have a distinct nucleus, and from this
he deduced also no clear germ/ soma distinction in these organisms. Ultimately,
this led him to think that in these simpler unicellular organisms acquired characters
could indeed be transmitted to the offspring via fission. In all their (multicellular)
descendants, this variability is combined and/or redistributed exclusively through
sex (Weismann 1889, pp. 277, 278, 1892, pp. 190–195). Weismann continuously
developed his ideas on the significance of sex (see also Winther 2001), following his
insights into the processes happening during meiosis. Here, I will present two of his
essays (originally dating from 1886 and 1891) because they show Weismann’s initial
idea for sex, and its later conceptual changes. In addition, I will give an overview of
Weismann’s explanations for the existence of parthenogenesis.

2.3.3 The Significance of Sex, 1886

In 1886, Weismann published a long essay, written in German (English translation
published in 1889). In this essay, he proposed for the first time that sexual reproduc-
tion is the source for the existence of individual hereditary differences. Parts of this
essay are quite modern. However, in particular his ideas on the mechanisms of how
variations are produced, were quite different from our current views.

At this point in time, the reduction division of the germ plasm had not been
observed, nor was it known that the hereditary material was situated in the chro-
mosomes. Weismann accordingly believed that during fertilization, the germ plasm
inherited from the parents was simply fusing together, thus accumulating in quan-
tity. He actually believed that in the tenth generation, a single germ would contain
1024 different germ plasms (Weismann 1889, p. 276; note that he made an error
in this calculation as the correct number should have been 512, since he started his
example with two germplasms in the second generation). He was therefore aston-
ished by the apparent age of the embalmed bodies of some Egyptian animals, and
noted that “. . .the growth of the germ-plasm of the Egyptian ibis or crocodile must
have been stupendous” (ibid, p. 271).

Weismann thus assumed blending inheritance, and simultaneously did not pro-
mote the inheritance of acquired characters. Most of Darwin’s critics had pointed
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out that under blending inheritance, variation should decrease due to sex. However,
Weismann suggested the exact opposite, namely that variation in a population
should generally increase due to sex. His reasoning for this rather “startling” propo-
sition (as he himself called it) was rather complex. First, he argued that two different
types of variation exist, which differ in their reactions to the process of sex (ibid, pp.
272, 273): (1) large deviations from the species norm, and (2) variations that are of
small effect. Weismann thought that sex would indeed decrease the variation that is
due to large deviations. These deviations, he thought, occur only rarely and would
quickly disappear by blending with the large number of “normal” individuals. Small
variations, however, would not decrease, as they would be present in extremely high
numbers in large populations. This would make complete inter-crossing between
individuals, and thus complete blending of variations, impossible (ibid, pp. 272,
273; see also Darwin 1859, pp. 102, 103 for a similar idea). Importantly, Weismann
thought that this latter type of variation would lead to the sort of evolutionary change
that he thought to be important: change in small and gradual steps (Weismann 1889,
p. 264).

Second, Weismann (1889) proposed that sexual reproduction should instead
result in the production of new variations. In every generation, the hereditary mate-
rial from the parents is merged, and he argued that this merging would result in ever
new combinations of the hereditary material. Such combinations of germs could
gradually change the hereditary material in the required direction, and ultimately
result in new species through the creation of new characters (ibid, pp. 272, 275)
In fact, Weismann imagined that the number of different combinations provided
through sex could even be enhanced: he assumed that sometimes the hereditary
material from the father could be more expressed in the offspring, sometimes from
the mother, and sometimes even from other ancestors (ibid, p. 276). It was necessary
for Weismann to make this assumption because he realized that under his theory for
sex full siblings, although obviously never exactly identical, would receive the same
hereditary material.

2.3.4 The Significance of Sex, 1891

Already in 1891 (original German essay; English translation published in 1892),
only 5 years after the publication of his first essay on sex, Weismann had sig-
nificantly changed his ideas. This change was due to a number of cytological
discoveries that were made in the meantime (Weismann 1892, Preface). Most impor-
tantly, chromosomes were thought to be the bearers of the hereditary material.
Chromosomes were then also known to exist in equal numbers in the male and
female reproductive cells (ibid, p. 112). It was furthermore discovered that two
reduction divisions happen during meiosis. One division followed an initial duplica-
tion of the hereditary material, while the other resulted in an ultimate halving of the
hereditary material in the mature germ cells. The latter process solved for Weismann
his previous puzzle that the germ plasm would be endlessly accumulating over the
generations.
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Fig. 2.1 Processes happening during meiosis, according to Weismann in 1891 (see text for details)

According to the cytological observations, Weismann envisioned the nature of
the hereditary material differently than only 5 years earlier. Now, he thought that
the ancestral germ plasms (called “ids”) are lined up linearly on the chromosomes
(called “idants”) (Fig. 2.1). Weismann believed that each “id” contains the whole
hereditary information necessary to build up an organism (Weismann 1892, p. 130).
An “id” would be equivalent to our modern concept of a “genome”. Information
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contained herein would be present manifold in each organism. The “ids”, occasion-
ally, break up and mix, but usually they were thought to stay fixed in their order on
the chromosome (ibid, pp. 130, 131).

As in his previous theory for sex, Weismann reasoned that combinations increase
during sex primarily because different individuals combine their germ plasms.
However, Weismann now had a sort of “reshuffling” process in mind rather than
a simple addition of germ plasm. This change came partly due to the fact that
halving of the hereditary material during meiosis had been observed. Furthermore,
Weismann deduced that the observed doubling and subsequent reduction of “idants”
(chromosomes) during the second reduction division acted to increase the number of
possible combinations of chromosomes inherited (see Fig. 2.1 for details; Weismann
1892, p. 133). Weismann, with the help of a mathematician, showed that the result-
ing potential number of combinations in a species would generally be so high that
no individual would be like another, not even its full sibling. The ultimate signifi-
cance of such variety was then to provide the “material for the operation of natural
selection” (ibid, pp. 134, 135).

2.3.5 Cyclical and Obligate Parthenogenesis

Weismann knew the phenomenon of parthenogenesis quite well from his extensive
work on daphnids and ostracods (Weismann 1889, pp. 294, 325, 1892, pp. 161ff).
He had noticed that parthenogenetic females could quickly produce immense num-
bers of descendants, and that indeed “the number of egg-producing individuals in all
the previous sexual generations would be doubled” (Weismann 1889, p. 290). This
wording reminds strongly of the “two-fold cost of sex” as we know today. However,
in one case, Weismann argued that the embryos in the thinner-shelled partheno-
genetic eggs develop more quickly and hatch earlier than those in sexual eggs (ibid,
p. 324). In another case, he probably implied that all parthenogenetically produced
eggs could hatch since they do not depend on insemination (Weismann 1889, p. 324,
1892, pp. 216–220).

Weismann concluded that parthenogenetic species have a clear short-term advan-
tage because of their rapid way of reproduction. However, he argued that such
species would fail on the long term. His reasoning for such failure changed in
accordance with changing insights into the processes of meiosis. Around 1886,
when Weismann assumed that only sex could provide variation in metazoa, he con-
tented that parthenogenetic species would ultimately fail since they could never
produce any novel characters (Weismann 1889, pp. 273–275). Some years later,
observations showed that parthenogenetic species also undergo a doubling of chro-
mosomes with subsequent reduction. Weismann concluded from this that a form
of mixis also happens in parthenogenetic species (Weismann 1892, pp. 155, 156).
However, he thought this type of mixis to result in limited variation when com-
pared to the variation resulting from sex (ibid, p. 161). More specifically, he argued
that there would be an inherent trend in obligate parthenogenetic species towards
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uniformity of the germ line. This process would occur because parthenogenetic
species would lose variants over time, and because this variation could never be
re-established (ibid, p. 158). Weismann argued that his theoretical thinking on these
issues was empirically corroborated through the rare occurrence of parthenogenesis
(Weismann 1892, p. 199). More specifically, he knew that parthenogenesis occurs
taxonomically patchy and isolated (Weismann 1889, pp. 290, 291).

Weismann further thought that obligate parthenogenetic species (such as ostra-
cods) could have derived from species reproducing via cyclical parthenogenesis
(ibid, pp. 323, 324). Cyclical parthenogenesis, Weismann (1889, p. 289) argued,
is an adaptation of the species. Under certain circumstances, it can be vital to repro-
duce rapidly for a certain amount of time, and thus to reproduce parthenogenetically.
In those species, more parthenogenetic offspring ultimately also means more sexu-
ally reproducing offspring. Weismann suggested that this advantage could outweigh
detrimental effects of temporal parthenogenetic reproduction.

In summary, Weismann presented a theory for sex primarily because he
attempted to reconcile his own theory of a constant germ line with the Darwinian
theory (see also Mooney 1993). According to Weismann, sexual reproduction
serves to provide individual variations. These variations form the basis for evolu-
tionary change and ultimately speciation. Weismann’s theory on the significance
of sex changed during his career, along with cytological discoveries on meiosis.
Around 1886, he believed that the hereditary material is simply merged during
sex, thus accumulating in quantity. This process would ultimately result in vari-
ation since each individual receives a unique combination of ancestral hereditary
material. Later, around 1891, Weismann argued that variation would be estab-
lished through redistribution of hereditary material. More specifically, he suggested
that new combinations could be provided through the mixis of chromosomes.
Individual chromosomes, according to Weismann, are made up of a series of
ancestral genomes. Ultimately, “genome-packages” would get mixed during sex.

2.4 Fisher: The Contrast Between Sexual and Asexual
Reproduction

While Weismann did not incorporate mutations in his theory for sex and actually
developed this theory to be able to avoid the acceptance of changes in the hereditary
material, Fisher (see Box 2.3) explicitly incorporated mutations in his theory for sex
(Fisher 1922,1930). Due to the differing assumptions, the overlap between Fisher’s
and Weismann’s theory for sex is shallow, even though it has often been stated that
they basically comprised the same idea (see also Mooney 1995). For Fisher, the
ultimate importance of sex was that sexual organisms can both take better advantage
of beneficial mutations and get rid of the ones that are deleterious. He presented
his idea on the significance of sex in his book on natural selection (1930), but, as
Bennett (1983) noted, he outlined the main argument already in 1922, in a short
paper on the “Darwinian evolution by mutations”.
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Box 2.3: Ronald Fisher (1890–1962) excelled at school in mathematics,
physics and biology. He gained a scholarship in mathematics, reasoning that
choosing biology might have been too chancy. However, he often chose biol-
ogy books as award prizes gained in mathematics. He thus came into the
possession of the complete works of Charles Darwin (Bennett 1983). Fisher
went on to study mathematics and physics (including statistics) at Cambridge
(Mahalanobis 1964). Cambridge was one of the few universities in England
that held a chair for genetics. Teaching at this department was mostly influ-
enced by the geneticist Bateson, who had left the university only a couple
of years before Fisher entered (Richmond 2006). Bateson believed that the
new genetics, based on Mendelism and mutations, had given a deathblow to
Darwinism. Fisher also became interested in Mendelism, but instead believed
that it provided the grounds for a mathematical treatment of evolutionary
theory (Mahalanobis 1964).

Already during those years, Fisher started to write a series of articles that
lead up to his later famous book “The genetical theory of natural selection”,
published in 1930. According to Fisher himself (1930, Preface), mathematics
could give a new look on biological problems since it is concerned not only
with the actual (as a practical biologist would be), but also with a system of
possibilities that is much wider than the actual. Thus, he explained, if you
would want to know why two sexes exist, a mathematician would ask what
the consequences are to have three or more sexes. Fisher succeeded in putting
the Darwinian theory into a quantitative form; he developed a mathematical
theory of evolution. Only later was he recognized as one of the architects of
the Modern Synthesis (which combined Darwinism and Mendelism), together
with J. B. S. Haldane and S. Wright.

Fisher had been an ardent eugenicist all his life. In 1933, he took over the
chair in Eugenics at the London University, as well as the editorial charge of
the “Annals of Eugenics”. According to Mahalanobis (1964), Fisher devel-
oped his new mathematical/statistical theory for evolution in order to “supply
a sound basis for eugenics, the science of man”.

2.4.1 Mendelism and Darwinism

From 1900 onward, a number of important discoveries changed the way biologists
understood heritability. First and foremost, Mendel’s laws were rediscovered, and,
as Fisher (1922) himself described, the new flowering study of genetics emphasized
differences due to single heritable factors. Furthermore, Thomas Hunt Morgan and
his group found mutations that they showed to be inherited in a Mendelian man-
ner and linked to a material basis on chromosomes. At first, mendelism seemed
to be in disagreement with Darwin’s ideas of cumulative, gradual change in small
steps. Many paleontologists, who observed just such cumulative changes, therefore
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opposed themselves to the geneticists. Instead, they believed in the inheritance of
acquired characters. Furthermore, some breeders, who had observed pure lines,
rejected mutations (Fisher 1922). The consequence of all these discoveries and
their reactions was that Darwinism seemed to be dead during those years, and that
alternative explanations to evolutionary change abounded (Bennett 1983).

Fisher (1922, 1930) then showed that Mendelism and Darwinism are not opposed
but instead can actually reinforce each other. Fisher was an ardent follower of
Darwinism, partly due to ideological reasons. He acknowledged that Darwin had
wrongly assumed that inheritance is blending. According to Fisher, Darwin had
deduced from this form of inheritance that newly appearing variations must be
high in order to keep overall variability constant (Fisher 1922, 1930, Chapter 1).
However, Hardy and Weinberg had both shown in 1908 that the new form of inher-
itance, the Mendelian system, instead itself acts to keep the variation constant.
Likewise, Fisher (1922) emphasized that most of the variation seen in nature is due
to new arrangements of old variation. Only chance and, in particular, selection, can
reduce variation, and this is where Fisher (1922) saw the importance of infrequent
mutations coming into the picture – first and foremost to restore lost variability.

As is widely known, Fisher used mathematical methods to illustrate how genetics
can reinforce Darwinism. More specifically, he described the fate of new muta-
tions supposing a Mendelian system of inheritance, and could show that it can
indeed result in Darwinian evolution. It was equally important for Fisher to show
that Darwinism results in Mendelism; or, put differently, that a sexual (Mendelian)
system should evolve. He thought it likely that asexuality has been the ancestral,
“primitive” state, with sexuality having evolved subsequently (Fisher 1930). In fact,
he did not believe that any group of organisms today would be entirely asexual.
Under asexuality, he understood everything from individual growth to vegetative
reproduction by budding.

2.4.2 The Adaptive Significance of Sex

Already in 1922, Fisher argued that a sexual Mendelian system of inheritance
should be favored over asexuality. Empirical observations in Fisher’s time had
shown that mutations, the ultimate source for variability, are largely detrimental.
However, already Darwin had established that variation is the essential driving
force of evolution. According to Fisher (1922), under this picture, a hereditary
system should have evolved that keeps variability high with a minimum rate of
(deleterious) mutations. Mendelian inheritance due to sex does, according to Fisher,
indeed provide such a system: not only does the Mendelian system allow mutation
rates to be kept low because variability is kept high through particulate inheritance,
but it also enables every new mutation to be tested in thousands of different genetic
backgrounds. Even mutations with only slight effects can thus increase or decrease
in frequency, according to whether they are on average beneficial or deleterious.
With sex, this process is independent of the specific genetic backgrounds in which
these mutations originally arose.
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Later, Fisher (1930) chose to turn the argument around, describing instead why
being asexual should be disadvantageous. The problem of an asexual group, Fisher
argued, is that it cannot always maintain all beneficial mutations that might arise.
The problem is that asexual lines can never mix their genes, so that at some point in
the future, all individuals will be the descendents of a single individual. However,
the probability that a new mutation occurs exactly in this common ancestor is very
small. Consequently, an asexual group cannot take advantage of all mutations that
are occurring. It should be noted that Muller (1932) independently suggested a
similar idea. Muller focused in particular on advantages of sex due to its effect
of combining beneficial mutations (for more details on the theories’ similarities
and differences, see Mooney 1995). This specific theory for sex is therefore often
referred to as the “Fisher-Muller theory”.

Fisher also argued that the disadvantage of an asexual group is dependent on
the mutation rate: if that rate is so low that the normal condition of the group is
uniformity, every mutation goes to fixation before the next one occurs. In that case,
asexually reproducing organisms can take advantage of all mutations, and there is
no disadvantage to asexual reproduction. On the other hand, the low mutation rate
means that there is no genetic variation in the group, so that “evolutionary progress
will necessarily be almost at a standstill” (Fisher 1930, p. 122). Fisher argued that
there should be an optimal mutation rate. However, he failed in calculating this rate,
and later referred to this problem as the one problem in the book that puzzled him
the most (letter to L. Darwin, 16 July 1930).

But even in the case of optimal mutability, Fisher argued, the rate of progress
in asexuals “would still be very inferior to that of a sexual organism placed in the
same circumstances” (Fisher 1930, p. 123). He proposed that its relative success,
when compared to asexuals, depends on the number of different loci that are freely
interchangeable. In his opinion, even a sexual organism with only two loci could
thus respond to natural selection at a double rate (ibid, p. 123).

2.4.3 Sex, Time and Levels of Selection

Even though Fisher never published anything else on the significance of sex, it
seems clear that he judged the disadvantage of asexuals to increase over time. More
specifically, in a letter to another biologist, C. S. Stock, (dating from 24 October
1932) he argued that asexuals would be less and less able to adapt to changed con-
ditions. I take this to mean that an asexual population would be less and less able to
make efficient use of mutations. This inefficiency would be due to the fact that an ini-
tially diverse asexual population diminishes in diversity over time, due to selection.
Thus, mutations could be tested out against less and less genetic backgrounds. Fisher
(1922) had previously proposed that sex should be advantageous especially in cases
when “complex adaptations have to be made to a slowly changing environment”.
This statement is in agreement with my interpretation. It is also interesting to note
that Fisher (in the letter to Stock; see above) argued that in particular the efficient
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purging of deleterious mutations would be the ultimate cause for the occurrence of
continuous sexual reproduction.

In 1958, Fisher published a second edition of his 1930 book, in which he did not
change his arguments for the evolution of sex. However, he had in the meantime
thought about the (im)probability of group selection, as can be seen in his letter to
K. Mather (16 February 1942) and A. G. Lowndes (23 June 1945). In his second edi-
tion, he added a note stating that group selection generally is improbable (in Fisher
1999, pp. 279, 280). He argued that in general, individual selection is stronger than
inter-group selection because competition between related groups or species is less
strong due to their lower number and longer duration. However, he apparently also
acknowledged that his treatment of the evolution of sex involved group selection.
Without further explanation, he proposed that sex might have been the only trait
that did evolve through group selection.

In summary, Fisher equated sexual reproduction first and foremost with the newly
discovered form of Mendelian inheritance. His goal was to modify and strengthen
Darwin’s ideas on evolution by exploring the consequences of this form of inheri-
tance on evolutionary change. It was equally important for Fisher to show that the
sexual Mendelian system is the result of evolution. He argued that sex should evolve
because under a Mendelian system, variability can be kept high with a low rate of
mutations. This is especially the case because new mutations can be tried out in a
variety of different genetic backgrounds. A low rate of mutations is advantageous
because most mutations had been shown to be detrimental. Sex provides the oppor-
tunity to make the most efficient use of mutations because the fate of each mutation
does not crucially depend on the initial placement of the new mutation in a specific
genome (see also Mooney 1995).

2.5 Maynard Smith: The Cost of Sex

Contrary to Fisher, Maynard Smith (see Box 2.4) did not present a clear-cut theory
that he thought would explain the predominance of sex. Instead, Maynard Smith
demonstrated that the Fisher-Muller theory for sex is probably not working. More
specifically, he detected problems with the theory connected to newer evidence
on the molecular nature of mutations, as well as problems due to the time scale
at which the Fisher-Muller theory works. Understanding the adaptive significance
of sex turned out to be highly problematic after acknowledging those considera-
tions. Maynard Smith’s later work aimed at exploring how to address this “problem
of sex”.

Box 2.4: John Maynard Smith (1920–2004) was a naturalist since his child-
hood (Szathmary and Hammerstein 2004). However, he actually studied and
worked as an engineer for aircrafts several years before entering into the field
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of evolutionary biology. Maynard Smith was so impressed by J. B. S. Haldane
(one of the founders of the Modern Synthesis, along with R. Fisher and
S. Wright), that later, at age 27, he went to study evolutionary biology with
Haldane as his mentor (Charlesworth 2004). In the beginning of his career as
a biologist, Maynard Smith worked experimentally on the genetics of inbreed-
ing and ageing, using Drosophila subobscura as a model organism. Only later
did he start to approach biological questions in a similar way than Haldane
had done, meaning with the help of relatively simple mathematical models
(Nee 2004).

Maynard Smith explored a wide variety of issues in evolutionary biology,
among which perhaps the most famous are game theory and the evolution
of sex. One common thread in his investigations was to take up evolu-
tionary questions that seemed to contradict mainstream Darwinism, and to
subject them to rigorous evolutionary analysis (Szathmary and Hammerstein
2004). For a large part, that meant that he was interested in questions that
seemed to make sense as a good-for-the-species argument, but seemed to defy
adaptations on the individual level (Nee 2004).

2.5.1 The Evolutionary Synthesis and Appearing Complexities

After the 1930s and 1940s, the evolutionary synthesis, the combination of
Mendelism and Darwinism, became widely accepted among biologists. Newer evi-
dence on the molecular basis of genes and mutations mostly confirmed the synthesis.
However, it also became clear that certain assumptions of classical genetics, such as
low genetic diversity and the predominance of additive genetic effects, were too sim-
plistic (Lewontin 1974). With regard to sex, Crow and Kimura (1965) showed that
under the Fisher-Muller model, sexual reproduction would be advantageous only
under certain conditions such as large population sizes and relatively frequent occur-
rence of mutations. Furthermore, Crow and Kimura showed that certain genetic
complexities, such as gene interactions and linkage, could change the outcome of
the Fisher-Muller model for sex. Perhaps most importantly, they demonstrated that
in the case of co-adapted gene complexes, sex and recombination could actually be
disadvantageous. This has later become known as the “cost of recombination”.

In ecology, another general evolutionary problem became apparent, namely the
level of selection. This debate was initiated in the early 1960s, when the ecologist
Wynne-Edwards (1962) published a book in which he proposed good-for-the-
species arguments. Many biologists, including Maynard Smith (1964), reacted to
such propositions of group selection. To them, individual selection would generally
be more powerful than selection on the group level.
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2.5.2 Group Selection and Sex

Around the early 1960s, most population geneticists accepted the Fisher-Muller
model for sex. As outlined above, Fisher had stated in 1958 that sex might have
been the only trait that evolved via group selection. In connection with the more
general debate around group selection, Maynard Smith realized in 1964 that one
cannot reject Wynne-Edwards (1962) arguments for group selection and at the same
time accept a group selection argument for sex (Maynard Smith 1978, p. 2). Thus,
Maynard Smith’s first work on sex was to investigate whether the Fisher-Muller
model is valid (see details below).

It is important to note, however, that Maynard Smith (1976) later specified that
he did not per se reject a group selection argument for sex. More specifically, he
argued that at least theoretically, genes could exist, which decrease individual fit-
ness but increase group fitness. However, it is not certain that these genes will be of
high evolutionary importance. According to Maynard Smith, the question on group
selection is a quantitative one. For sex, the group selection argument would only
then be plausible if “the origin of new ameiotically parthenogenetic strains is a suf-
ficiently rare event to be balanced by the extinction of such a strain” (Maynard
Smith 1976). In that case, models describing long-term advantages of sex, such as
the Fisher-Muller model, can explain the evolution of sex. Maynard Smith was ini-
tially suspicious that such conditions could apply in nature, while he later was less
opposed to such a scenario.

I identified three different stages during which Maynard Smith contributed
to an understanding of the significance of sex: First, he explored the validity
of the Fisher-Muller model, second he recognized the problem of the cost of
reproducing sexually, and finally he proposed a clear conceptual framework for
how one can theoretically and empirically approach the adaptive significance
of sex.

2.5.3 The Fisher-Muller Model and a Changing Environment

Maynard Smith’s first theoretical work on the evolution of sex aimed at exploring
the validity of the Fisher-Muller model for sex. More specifically, Maynard Smith
(1968) showed that sex is not advantageous under the Fisher-Muller model if the
assumption of mutations being unique events is dropped. He pointed out that empir-
ical observations had shown that many mutations are base substitutions that should
not be unique in large populations. However, frequent (unique) mutations and large
populations were exactly the conditions that Crow and Kimura (1965) found to be
preferable for the adventage of sex. Maynard Smith (1968) suggested that sexual
reproduction could instead be advantageous in a changing environment if the genetic
variance would be created by the selection for different genotypes in different
environments.



40 S. Meirmans

2.5.4 The Problem of the Cost of Sex

In 1971, Maynard Smith made obvious that one of the biggest problems is to explain
how sexual reproduction is maintained once it has evolved. More specifically,
Maynard Smith (1971) detected a severe disadvantage of sex, which has later been
called the “cost of males”. Compared to sexuals, parthenogenetic organisms can
avoid the costly production of males, because usually only females are required for
this type of reproduction. In fact, parthenogenetic females arising via mutation from
a sexual source population should reproduce twice as many female offspring than
sexual females would, resulting in an ultimate “two-fold cost of sex”. Since only
females contribute directly to the growth rate of a population, a sexually reproducing
source population would be quickly outcompeted by parthenogenetic conspecifics
if no other mechanisms balance this process. Maynard Smith (1971) suggested that
this latter mechanism must be, in some way or another, a long-term advantage to
sex, and that “the rarity of parthenogenetic varieties of animals suggests that this
long-term selection acts, not by eliminating parthenogenetic varieties when they
arise, but by favoring genetic and developmental mechanisms which cannot readily
mutate to give a parthenogenetic variety”.

Maynard Smith probably became aware of the cost of males because he did ear-
lier experimental studies with parthenogenetic Drosophila. During those studies,
he noted that parthenogenetic females can lay the same overall number of eggs
in their lifetime as sexual females (Maynard Smith 1958). Maynard Smith’s 1971
paper strongly influenced another biologist, George Williams. For Williams (1966),
group selection in general was a serious threat to evolutionary biology, and he also
found group selection models for sex problematic. Maynard Smith’s recognition of
a cost of sex on the individual level made the widespread occurrence of sex truly
paradoxical in Williams’ eyes (Williams 1975).

2.5.5 Conceptual Framework

Maynard Smith was in turn inspired by Williams’ (1975) treatment of the paradox of
sex, and in 1978 he wrote a book on the problem of sex. This book was simply titled
“The evolution of sex”. Rather than providing any ultimate answers for the problem
of sex, Maynard Smith (1978) established in this book a clear framework showing
what kind of issues are at stake. In the preface to this book, he stated that he hoped
to encourage empirical research directed towards finding an adaptive significance of
sex. This conceptual framework laid much of the grounds for the present research
on the question of sex. In this section, I will present this framework, but do not
intent to go more deeply into the variety of different models for sex that Maynard
Smith presented and discussed in his book. Many of these models will be described
elsewhere in this book (see, for example, Chapter 5).

In the first chapter of his book, Maynard Smith (1978, p. 6–9) introduced a num-
ber of important conceptual distinctions: First, he distinguished between the origin
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of sex and the maintenance of sex, because he argued that the two processes might
not necessarily involve the same mechanisms. He proposed to direct investigations
towards the maintenance of sex rather than the origin, because the investigations on
its origin would necessarily be speculative whereas the maintenance of sex might be
testable. Second, he distinguished between the evolution of sex and the evolution of
recombination. He argued that while it is not yet clear whether the evolution of sex is
maintained by group selection or by individual selection processes, any explanation
for the evolution of recombination needs to involve individual selection processes.
More specifically, Maynard Smith (1978) reviewed evidence that there is genetic
variation within populations for the frequency and location of chiasmata. He then
pointed out that this variation provides the grounds for natural selection to reduce
crossing-over, and that it therefore indicates that there must be a short-term advan-
tage to recombination. For sex, the evidence is less clear, leaving the possibilities of
group selection open.

In his book, Maynard Smith first presented the problem of the cost of sex, similar
to his 1971 paper. After that, he discussed some of the long-term consequences of
sex. More specifically, he reviewed the Fisher-Muller model and other long-term
models for sex that had been suggested, and summarized under which circumstances
they would operate. He concluded that generally the models lead to accelerated
evolution due to sex if they incorporate the possibility of chance events in finite
populations (ibid, pp. 31, 32).

Next, Maynard Smith (1978, pp. 37–71) discussed whether sex could be main-
tained by group selection. Like in his paper from 1976, his strategy was to
evaluate whether group selection in this specific case is quantitatively plausi-
ble. He assessed the available empirical evidence and found that it could be
plausible: Parthenogenetic lineages are generally found to be evolutionary dead
ends, while new parthenogenetic lineages arise rarely. Therefore, parthenogenetic
lineages eventually seem to go extinct while sexual species speciate. This pro-
cess would keep the ultimate number of sexual species constant, and could be
counted as maintaining sex through group selection. In this case, most species
would, at any given time, be sexual. Finally, Maynard Smith reviewed a variety
of models that suggested possible short-term advantages for the maintenance
of sex and recombination. Many of those models, however, seemed to suf-
fer from severe shortcomings as general models for the maintenance of sex
(ibid, p. 123).

In summary, Maynard Smith became interested in the problem of sex because
the leading explanation for sex, the Fisher-Muller model, involved group selection
mechanisms, and he rejected the idea that such mechanisms play an important role
in evolution. Later, he demonstrated that sexual reproduction might in addition be
extremely costly over the short term: He showed a “cost of males”, in which case the
maintenance of sex appears highly problematic. Maynard Smith finally established
a clear framework demonstrating the issues at stake, and what kind of empirical
evidence is needed to solve the problem.
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2.6 Discussion

Clearly, not only the potential answers on the existence of sex have evolved, but also
the question itself. Understanding sex has not been one single “persistent problem”:
Darwin, Weismann, Fisher and Maynard Smith had different backgrounds and as a
result, were interested in the existence of sex for very different reasons (Table 2.1).
Prior to developing his theory of evolution, Darwin was interested in sex because
his grandfather had suggested that sex results in variable offspring, and Darwin had
a general interest in the causes and consequences of variation. Later, he wanted to
understand the reasons of inbreeding depression (which he believed were the cause
for his own and his family’s illnesses), and he thought selfing and parthenogenesis to
be related phenomena. Weismann, on the other hand, initially became interested in
the adaptive significance of sex because it provided an opportunity to save his theory
of a constant germ line from being anti-Darwinian. Later, he wanted to unravel the
meaning of the meiotic processes.

Fisher’s main concern was to re-adjust the Darwinian theory according to newer
observations on the immediate effects of sex – namely the occurrence of particulate
(Mendelian) inheritance. Exploring the advantages of sex (the Mendelian system)
itself was thus an obvious task for Fisher. Finally, Maynard Smith became interested
in sex as he was skeptical of group selection, and the widely accepted Fisher-Muller
theory for sex seemed to presuppose group selection. Only later, Maynard Smith
became aware that sex itself could be quite costly. Williams subsequently sug-
gested that the widespread occurrence of sex is paradoxical. In essence, Darwin,
Weismann, Fisher, and initially Maynard Smith were not interested in the signif-
icance of sex due to the recognition of a paradox of sex, but rather because they
explored other evolutionary themes.

The ideas on sex presented by the four biologists are fundamentally different
because they deeply reflect the knowledge status of their respective times. More
specifically, they crucially depended on the empirical observations and assumptions
made in their times (Table 2.1). For example, Darwin operated with the assumption
of blending inheritance, while Weismann argued for chromosome rather than gene-
assortment during sex. It is therefore not evident that older theories can be easily
used today. If done so, they need to be re-evaluated against newer observations,
methods and assumptions. In the case of Weismann, a re-interpretation has often
unconsciously been done (e.g. Burt 2000). After all, nobody would take Weismann’s
full theory for sex seriously today, including either its merging of germ plasm or its
mixis of “idants”.

Sex was not seen as a paradox by Darwin, Weismann or Fisher. This was partly
due to what they regarded to be the opposite of sex. The paradox arises most clearly
when sexual organisms are compared with parthenogenetic ones that are equally
fecund, and less clearly if a sexual strategy is more generally compared to asexual
reproduction, such as budding. Furthermore, an understanding of what the terms
“asexuality” and “parthenogenesis” entail has changed over time, together with the
changing knowledge on details concerning those phenomena (in my text, I have
used the terminology consistent with the terminology used by the four scientists).
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For example, Darwin recognized that sex is disadvantageous because males do not
produce offspring by themselves. However, since he never did experiments with
parthenogenetic organisms himself, he probably was not aware of the much higher
growth rate of parthenogens and thus did not realize the extent of the problem.
Furthermore, he found cross-fertilization to have an immediate positive effect on the
vigor of offspring. As he thought selfing and parthenogenesis to have similar effects,
he took this vigor to be a sufficient advantage to counterbalance the disadvantage of
producing males.

In contrast to Darwin, Weismann did extensive experiments and observations on
parthenogenetic species and recognized that these species can reproduce at double
speed. However, he probably did not realize how quickly sexual species would go
extinct under such a scenario since he had limited mathematical skills. Instead, his
knowledge of taxonomy suggested to him that parthenogenetic species eventually
go extinct. Consequently, their higher growth rate solved for Weismann the problem
of how parthenogenetic organisms can exist at all, rather than making him realize
the serious problems concerning the existence of sexual reproduction. It is possi-
bly the most astonishing that Fisher did not recognize a paradox of sex. He had
the necessary mathematical skills, and eventually also realized that his explanation
for sex seemed to presuppose group selection. However, Fisher compared sexual
groups to hypothetical asexual groups. He thought asexuality to be the ancestral,
“primitive”, state, and that any entirely asexual groups no longer existed. Under
“asexual”, he understood phenomena such as growth and budding. Finally, Maynard
Smith did recognize the paradox of sex due to three simultaneously occurring cir-
cumstances: First, there was an extensive debate on the levels of selection around
this time. Second, he had done experiments where he had noticed the fecundity of
parthenogenetic organisms, and third, he had the necessary mathematical skills to
recognize the problem.

Despite the tremendous differences between the respective ideas on sex devel-
oped by the four biologists presented here as well as their initial interest in sex, there
is an important common theme: In all four cases, thinking about the significance of
sexual reproduction helped exploring and understanding wider issues in evolution-
ary biology. In Darwin’s case, it even resulted in the development of the evolutionary
theory itself. This is perhaps not surprising since all four biologists considered sex
to influence variability, even though the understanding of exactly how sex influences
this variability differed between them. Already Darwin had established variability to
be one of the major ingredients of evolutionary theory. Therefore, it is not surprising
that “understanding the evolution of sex requires the synthesis of every important
process in evolutionary biology” (Otto and Lenormand 2002). Acknowledging that
our understanding of sex has so many aspects allows us to recognize why the ques-
tion of sex is generally deemed so important in evolutionary biology – and why it
simultaneously is so complex.
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