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Charles Darwin published his second book “Sexual selection and the descent of man” in 1871 150 years ago, to try to explain, amongst other things, the evolution of the peacock’s train, something that he famously thought was problematic for his theory of evolution by natural selection. He proposed that the peacock’s train had evolved because females preferred to mate with males with more elaborate trains. This idea was very controversial at the time and it wasn’t until 1991 that a manuscript testing Darwin’s hypothesis was published. The idea that a character could arise as a result of a female preference is still controversial. Some argue that there is no need to distinguish sexual from natural selection and that natural selection can adequately explain the evolution of extravagant characteristics that are characteristic of sexually selected species. Here, I outline the reasons why I think that this is not the case and that Darwin was right to distinguish sexual selection as a distinct process. I present a simple verbal and mathematical model to expound the view that sexual selection is profoundly different from natural selection because, uniquely, it can simultaneously promote and maintain the genetic variation which fuels evolutionary change. Viewed in this way, sexual selection can help resolve other evolutionary conundrums, such as the evolution of sexual reproduction, that are characterised by having impossibly large costs and no obvious immediate benefits and which have baffled evolutionary biologists for a very long time. If sexual selection does indeed facilitate rapid adaptation to a changing environment as I have outlined, then it is very important that we understand the fundamentals of adaptive mate choice and guard against any disruption to this natural process.
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INTRODUCTION

The reason that Darwin (1859) published a second book after the Origin of Species was revealed in a now famous comment in a letter to Asa Gray in 1860 just a year after the publication of the Origin: “the sight of a Peacock’s train whenever I gaze at it makes me sick” (Burkhardt et al., 1993). His crucial insight was that the existence of the peacock’s train could not be explained by his theory of evolution by natural selection. Darwin’s second book, published in 1871 (Darwin, 1871), outlined his theory of evolution by sexual selection. In this book Darwin suggested that the costly peacock’s train evolved because females prefer to mate with males that have fancy upper-tail coverts. This book was controversial at the time, and research on sexual selection only really started in earnest in the late 1970s (Hoquet, 2015). Sexual selection is still controversial (Charlesworth, 1988; Clutton-Brock, 2010; Hoquet, 2015), and the aim of this article is to ask whether Darwin was right to distinguish sexual from natural selection. Are the two processes fundamentally different, and, if so, in what way?



WHAT IS THE EVIDENCE FOR FEMALE CHOICE AND WHY DO FEMALES SHOW MATE PREFERENCES?

Tim Halliday and I provided some of the first evidence testing Darwin’s idea (Petrie et al., 1991) in peafowl. The main empirical support for active female choice comes from observations of marked females visiting a lek site. Females always approached more than one male before mating and the male chosen almost invariably had the highest number of eyespots in the train of those visited (see Table 1). Experimental removal of eyespots resulted in a reduction in mating success (Petrie and Halliday, 1994). These results have been replicated by others, although it must be said that not all peafowl researchers are unanimous in their views on the evolution of the peacock’s train (Yasmin and Yahya, 1996; Loyau et al., 2005, 2008; Takahashi et al., 2008; Dakin and Montgomerie, 2009, 2011; Harikrishnan et al., 2010).


TABLE 1. Males visited by marked individual peahens.
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However, this empirical support instantly raised the question; why do peahens prefer to mate with peacocks with fancy trains? Theories of female choice have proliferated but, broadly, females could either gain direct benefits from their choice, where males provide resources that directly help females successfully reproduce, or indirect genetic benefits (Kirkpatrick and Ryan, 1991), where mating with a particular displaying male results in higher offspring fitness. Female choice is a characteristic like any other, and to have evolved the benefits of choosing between males must outweigh the costs. In peafowl, there is a prima facie case for indirect genetic benefits or “good genes” driving the mating preferences of peahens, since peacocks classically provide no resources other than seminal fluid to aid female reproduction. They do not fertilise more eggs per female (Birkhead and Petrie, 1995), they do not courtship feed, they do not defend females from other males, they just stand displaying on the same small spot looking beautiful, and females are free to move between males (Petrie et al., 1991; Harikrishnan et al., 2010). This has led some to suggest that peahens incur few costs when choosing between males on leks and there is no need to evoke any benefits to mate choice; female choice is arbitrary and has no utilitarian function (Hoquet, 2015). However, this thinking ignores the fact that there is a huge inherent cost associated with choosing to mate with a displaying male that provides no paternal care for offspring (Petrie and Lipsitch, 1994). Moreover, given that there is marked variation in male mating success on peacock leks with most males achieving no copulations at all, it is very hard to understand how such a system could be evolutionarily stable for both males and females.



WHY DO FEMALES PREFER TO MATE WITH DISPLAYING MALES THAT PROVIDE NO PATERNAL CARE?

In 1994, using a game theoretical modelling approach, Mark Lipsitch and I considered why a mutant gene for caring does not invade a population of displaying males. Surely a mutation for caring which arose in an unsuccessful displaying male would spread through a population as females could increase their reproductive success with male help (Petrie and Lipsitch, 1994). We showed that the invasion and stability conditions for female choice for displaying males are satisfied only if the benefits of choice are greater than the cost of lost male care. If females are only gaining indirect genetic benefits, then these conditions are satisfied only when the amount of variation among males in genetic quality is large. However, this raises yet another serious problem for evolutionary theory as Fisher’s fundamental theorem states that there is always diminishing heritable variation in fitness-related traits, because strong directional selection would quickly remove any genetic variation (Fisher, 1930). Female choice for “good genes” can only evolve and be maintained if there are genetic quality differences between males. The main problem therefore is that even if males varied in genetic quality, strong directional selection would quickly remove it and all males should then be of similarly high quality. This is sometimes known as the lek paradox (Pomiankowski and Møller, 1995). There are a number of theories that have been proposed to explain the lek paradox and the most commonly cited is that there is variation in condition dependent traits which could potentially reflect variation in a large number of genes (Kotiaho et al., 2008).



COULD MUTATION PROVIDE THE GENETIC VARIATION REQUIRED TO MAINTAIN COSTLY FEMALE CHOICE?

Mutation is the ultimate source of all genetic variation, so could mutation provide the genetic variation required to maintain costly female choice? Mutations are mainly harmful, for every beneficial mutation with an increase in fitness there are very many more deleterious mutations which reduce fitness and some lethal mutations, so it is thought that natural selection will always act to keep the mutation rate as low as possible (Eyre-Walker and Keightley, 2007). And it is true that several DNA repair mechanisms have evolved to ensure fidelity in DNA replication.

The main problem of how genetic variation is maintained in the peacock’s train is even more acute when the empirical evidence from peafowl is considered. Not only do fancy peacocks have higher mating success (Petrie et al., 1991; Petrie and Halliday, 1994), they also have higher survivorship (Petrie, 1992; Jennions et al., 2001), their offspring survive better (Petrie, 1994; Hale et al., 2009), and females lay more eggs for males with fancy trains (Petrie and Williams, 1993; Loyau et al., 2007), so strong directional selection would remove any variation pretty quickly. But, observably it doesn’t (see photo Figure 1) and if one looks at the coefficient of additive genetic variance in sexually selected traits, we find that, in general, there is more and not less genetic variation in sexually selected characteristics (Pomiankowski and Møller, 1995; Pike et al., 2009). This fact alone demands a different sort of explanation where sexual selection promotes rather than depletes genetic variation.
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FIGURE 1. Photograph of two unmarked lek males sitting side-by-side on a fence at Whipsnade. The photograph whilst of quite poor quality clearly shows that there is marked variation in both the length and breadth (number of feathers) in the male’s trains (copyright M. Petrie).


So how could sexual selection promote genetic variation? In 1997, Tadeii et al. published a manuscript in Nature which described the action of a mutator gene, one that could control the rate of mutation, basically, a mutated DNA repair gene (Taddei et al., 1997). They argued that if an elevated mutation rate became associated with a beneficial mutation it could hitch-hike into a population and that this association could provide a continual source of genetic variation. However, the authors concluded that this would only be likely to be important in asexual prokaryotes because the recombination that occurs in sexually reproducing eukaryotes would quickly disrupt the genetic hitch-hiking and the mutated gene would be selected against (Taddei et al., 1997). It occurred to me that whilst this may be true in situations without sexual selection, if there is an element of female choice for males with beneficial mutations and rejection of any males with deleterious mutations, so that the level of fitness is revealed in some way by the degree of train elaboration, then maybe a higher mutation rate could be sustained in a sexually reproducing species (Petrie and Roberts, 2007).



CAN SEXUAL SELECTION MAINTAIN A HIGHER MUTATION RATE?

I visited Geoff Parker in Liverpool in 1997 to discuss this possibility and, although he had some doubts, he broadly thought it was an interesting idea and suggested I submitted a note to Nature. Unfortunately, it did not pass muster with the referees who were not convinced by a simple verbal model, and it took a further 10 years before the manuscript was finally published. Using a simulation modelling approach conducted by Gilbert Roberts, we showed that female choice of a male with higher fitness (higher offspring survival and mating success) was sufficient to raise the rate of mutation in a population of displaying males when compared to that sustained in a population where mating occurred at random (Petrie and Roberts, 2007). Moreover, female choice selecting the fittest of just two males was sufficient to double the rate of mutation over that seen under random mating. This process provides a self-sustaining solution to the lek paradox, as the more males females choose between, the higher the relative male fitness a female gains and, the greater mutation rate that can be sustained.

The greater the mutation rate sustained, the more it pays to choose between males and so on, thus resulting in a positive feedback loop between the level of genetic variation in the population and the level of female choice (Petrie and Roberts, 2007).

This idea is testable, and a few recent manuscripts have attempted to do this, the main predictions of the hypothesis are: -


1)Interspecific variation in the level of sexual selection will be positively related to genetic variability (Petrie et al., 1998).

2)There should be a higher mutation rate in species with more intense sexual selection (Møller and Cuervo, 2003; Ellegren, 2006; Anmarkrud et al., 2011; Baur and Berger, 2020).

3)Mutation rates should be higher in sexual as opposed to non-sexual traits (Møller and Cuervo, 2003).

4)There should be a higher rate of evolutionary change in sexually selected lineages (Lumley et al., 2015; Iglesias-Carrasco et al., 2019).



Of course, the actual tests of these predictions depend on the measures of both the degree of sexual selection and the genetic mechanism that controls the rate of mutation. Whilst I originally imagined a mutator gene as the disruption of a DNA repair gene there are several other possible mechanisms that can give rise to adaptive variation, such as that accompanying transposable elements or loss of function genes (Lynch et al., 2016; Charlesworth et al., 2017; Murray, 2020). Moreover, the different mechanisms are not necessarily always inevitably affected by recombination. There is now evidence for recombination low spots in the genome for example, classically there is very little recombination at the MHC (Nachman, 2002). There is also evidence for mutational hot spots, so any mechanism for generating mutation does not necessarily affect the whole genome (Lynch et al., 2016). Next generation sequencing opens up many possibilities for testing the idea at the genomic level. Hopefully, it will be possible to identify and distinguish the different signatures of sexual and natural selection.

I believe Evolution by sexual selection to be a fundamentally different process to Evolution by natural selection and that Darwin was right to distinguish the two processes. John Maynard Smith, who was my personal tutor when I was an undergraduate at Sussex University from 1972 to 1975, said amongst many other sensible things, “that if you can’t write it on the back of a matchbox you haven’t understood it”. So, I’m now going to summarise what I think I have said mathematically, which illustrates what I believe to be the main fundamental difference between natural and sexual selection.

Under natural selection the rate of evolutionary change (En) in a phenotypic character is proportional to the amount of genetic variation among individuals in a population in that character, the additive genetic variance (VA) and the strength of natural selection (Sn). Where the strength of selection (Sn) is the relative increase in the number of offspring surviving to reproduction with that character.

[image: image]

Under sexual selection the rate of evolutionary change in a character (Es) is also proportional to VA and the strength of selection. However, the strength of sexual selection is proportional to the relative increase in the number of offspring surviving to reproduction (Sn) and the relative number of mates a male (Nm) with that character obtains, since the number of gene copies in the next generation is also dependent upon relative mating success.

[image: image]

However, under sexual selection the amount of genetic variation is also proportional to the strength of selection on the rate of mutation (μ)

[image: image]

So, under Sexual selection and, substituting 3 in 2, gives,

[image: image]

The rate of evolutionary change is therefore much greater under sexual selection, where the strength of selection is potentially magnified by mating success and where sexual selection can promote the rate of mutation. These are, in my opinion, the fundamental differences between natural selection and sexual selection which warrant Darwin’s decision to treat the two processes separately.



DISCUSSION

Sexual selection is a much more powerful evolutionary force than natural selection because variation in mating success can magnify selection and simultaneously promote and maintain novel genetic variation among individuals, which ultimately fuels rapid evolutionary change.

Interestingly, if an unsuccessful male on a peacock lek with lower-than-average fitness (as a result of deleterious mutations) gains no mates at all (normally the majority of males on a lek), then the net rate of evolutionary change on a phenotypic character is zero. Only when the relative fitness of a male is greater-than-average (as a result of a beneficial mutation) will selection result in rapid adaptive change since only these males will gain mates. An increase in the rate of mutation via a mutator gene will therefore also only occur if the mutator gene is linked to a beneficial mutation which can hitch-hike into the population. The self-sustaining positive-feedback loop in the level of additive genetic variance that results from this process maintains the female preference for males that do nothing but show-off their good genes.

I don’t think that the precise form of the mate preference function used in the model is important. Females do need to choose males and unless there are genetic differences between males there is no basis for female choice. A non-linear preference function as well as a linear preference function in relation to male quality would in my opinion produce the same qualitative result. The number of mates obtained by any one male, however, will quantitatively affect the strength of selection for the genetic characteristics of that male.

Although the natural history underlying the model is based on inter-sexual selection or mate choice for males (epitomised by the lek mating system of peafowl) with a character that reveals their underlying genetic quality, there is no reason to believe that the fundamentals of this process cannot also be applied to intra-sexual selection, where the outcome of contests between individuals of the same sex determines mating success. Wherever there is variance in mating success which is ultimately determined by variation in genetic quality then there is the opportunity for very rapid evolutionary change.

Sexual selection when viewed in this way has the potential to explain other evolutionary problems (Sheratt and Wilkinson, 2009) that are characterised by having impossibly large costs and no obvious immediate benefits and that have baffled evolutionary biologists for a long time, such as the evolution of sexual reproduction and the existence of males (Smith, 1986; Agrawal, 2001; Siller, 2001; Whitlock and Agrawal, 2009; Roberts and Petrie, 2021). The problem with the evolution of sexual reproduction can be briefly summed up as the cost of producing males. The number of offspring produced by an asexual female is twice that produced by a sexual female (producing equal numbers of male and female offspring) since males cannot produce offspring by themselves. In order to overcome this large numerical cost a sexually produced offspring must be twice as fit as an asexually produced offspring.

Only if there are genetic differences between males in a population will it pay females to outbreed in order to exchange their male genes to increase the genetic quality of their offspring. Both Agrawal (2001) and Siller (2001), modelled the effect of sexual selection on the production of males and, concluded that the function of males in a sexually reproducing population was to remove bad genes or reduce the genetic load of a population (Whitlock and Agrawal, 2009). If sexual selection functions in the way I have described above, then sexual selection for good genes will provide a short-term advantage to produce males and rapidly facilitate the evolution of sexual reproduction (Roberts and Petrie, 2021).

If sexual selection does facilitate rapid adaptation to a changing environment then it is very important that we understand the fundamentals of adaptive mate choice and guard against any disruption to this process. This is especially true when thinking about the conservation of species facing rapid climate change (Gosling and Sutherland, 2000) or adaptation to the emergence of new zoonotic diseases (Zuk, 2002) such as Covid-19.

Any process that interferes with a female’s ability to discriminate between potential mates is a threat to the fitness of a population. The prevention of adaptive female choice in humans can be imposed politically or by religious doctrine and this can and does occur in human populations. Arranged marriages, forced matings and excessive control of female behaviour in societies can result in sub-optimal, maladaptive matings which in turn can adversely influence offspring health. The concomitant effect of these practices or of any environmental pollutants such as artificial chemicals and drugs on adaptive mate choice behaviour, is not routinely considered and, given the importance of gaining good genes for offspring survival to reproduction in all species, it strikes me that this is a major oversight.

We live in a rapidly changing world, I would argue that it is now imperative that in 2021, the 150th anniversary of the publication of Darwin’s theory of evolution by sexual selection (1871), we finally accept that sexual selection is a major force in adaptation and evolutionary change and needs to be taken much more seriously.
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7) F (141), H (153)
8) A (147), F (141), D (152), D (152), E (157)

9)H (153), D (152)
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0) G (141), F (141), D (152)

1) F (141), A (147), B (161), B (161)

The above was originally published in Animal Behaviour in 1991. It shows the
movements of 11 marked females between males on one lek site (flint pit paddock)
at Whipsnade from the time that they first visited males (A-H) until they mated
with the last male visited. The numbers in brackets are the numbers of eyespots in
the trains of the males visited. For example, female 2 visited three different males
before mating with the male E. These data provide clear evidence of active female
choice. Peahens always visit more than one male before mating and, in 10 out of
11 cases, females finally mated with the male with the highest eye-spot number of
those visited (best-of-n). This is good evidence that eye-spot number or something
closely related to it is important for female choice. Alan Grafen kindly analysed these
data to take account of the fact that several of the males appeared more than
once in the choice sets but, he concluded that it was very unlikely that this result
could have occurred by chance. Other models were tested, and Alan found that
the only other model that could potentially explain the pattern was that the female
mated with the male that had more eyespots than the last one visited. However,
this condition is satisfied earlier on in many of the choice sets and he concluded
that the best-of-n model provided the best fit to the data. See Petrie et al. (1991)
for further details.
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