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Introduction 

Sexual reproduction is predominant among eukaryotes (Kondrashov, 1988), and scientists 

have been particularly interested in their study. This interest likely stems from several sources. 

First, humans reproduce sexually and have a passion for understanding themselves. Second, a 

lot of species humans interact with are also sexually reproducing (such as those involved in 

animal breeding, crops, pests, pets etc.). Finally, evolutionary biologists see sexual selection as 

a powerful driver that generate great amounts of variation and may be involved in speciation 

processes. Evolutionary biologists have also realized that while sex is so pervasive among 

multicellular organisms, its occurrence throughout the tree of life represents a challenging 

enigma because its cost in terms of reproductive output seem to outweigh potential benefits. 

It is often observed in sexually reproducing species that males and females differ in their 

morphology and behavior. This raises the question of why there are two sexes and what is the 

cause of their differences. It also makes one wonder about the evolutionary consequence of 

such differences. In this essay, I will review the theoretical work describing the origin of the 

male and female sex, the evolution of anisogamy. I will then focus on the study of sex-specific 

patterns in mating strategies (i.e. are there consistent differences between the sexes and if so 

through which mechanisms) by exploring the diversity of mating systems. 

 

I. Biological sexes: Definition and evolution from isogamy 

Males and females 

Sexual reproduction does not necessarily imply the existence of males and females. Sexual 

reproduction can be achieved by a single individual (selfing) or by two individuals of any 

compatible mating types. Male and female describe two very specific mating types in an 

anisogamous system, i.e. mating types with distinct gametes. The female sex produces larger, 

fewer, and generally non-motile gametes, whereas the male sex produces smaller, numerous 

motile gametes (Schärer et al., 2012). This description is mostly applied to multicellular animals 

and plants, but mating types and anisogamy can also be found in multicellular fungi, as well as 

in unicellular organisms. In this text, I will focus on multicellular animals and the male and 

female mating types. It is not known whether it was mating types or anisogamy that evolved 

first, and multiple theories were developed starting from the 1970s until today (but see Kalmus 

1932 for an earlier hypothesis of anisogamy evolution based on group selection).  
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The evolution of anisogamy and mating types 

In this part, I will present different frameworks that have attempted to describe mechanisms for 

the evolution of anisogamy and mating types: (i) gamete competition models, (ii) gamete 

limitation models, and (iii) intracellular conflict models. The radically different point of view 

between the two first frameworks simply stems from the study of different types of organisms. 

Gamete competition models relate more to a context of internal fertilization, in which sperm is 

never limiting because it is deposited directly in the female genital tract. At the opposite, gamete 

limitation models are based on external fertilizing species, such as marine animals releasing 

gametes in their environment, a context in which sperm limitation is frequent (i.e. in a given 

population, not all the eggs produced will be fertilized ) (Lehtonen & Kokko, 2011). Even of at 

first glance they seem irreconcilable, gamete competition and gamete limitation models may be 

described in a single framework, see (iv).  

(i) Gamete competition models 

The first model describing the evolution of anisogamy in a gene-centric view (as opposed to 

earlier work based on group selection) was published by Parker et al. in 1972. In this model, 

the evolution of anisogamy is driven by energetic constraints on gamete production and a trade-

off between gamete size and number. Larger gametes have higher chances of survival but with 

limiting resources producing larger gametes limits the total number of gametes produced, 

therefore reducing the chances of gamete encounter and fertilization. In this model, 

reproductive success can be maximized by two opposite strategies, either by increasing gamete 

size or gamete number. In other words there is disruptive selection on gamete size: some 

individuals specialize into producing numerous small gametes (increasing the chances of 

fertilization), whereas others produce fewer large gametes (increasing survival chances of the 

zygote), resulting in anisogamy. The evolution of mating types would occur in this case after 

the evolution of anisogamy, as a consequence of it, because two small gametes cannot form a 

viable zygote (Parker, 1978). However this model does not account for the incompatibility 

between two larger gametes (Randerson & Hurst, 2001a). 

Maynard-Smith (Smith, 1982), later followed by Hoekstra (1987) and Bulmer (1994)suggested 

that the evolution of mating types, probably as a mechanism to avoid selfing, would be a 

necessary first step making the evolution of anisogamy possible. A more recent elaboration by 

Bulmer and Parker (2002) on the disruptive selection model this time based on pre-existing 

mating types, suggested that multicellularity may promote anisogamy. This is because 

multicellular organism require more energy for zygote survival, thereby imposing a heavier 
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constraint on one mating type to specialize into the production of fewer larger gametes (Bulmer 

& Parker 2002, Lehtonen and Kokko 2010). This hypothesis finds support in the observation 

that anisogamy is widespread in sexually reproducing multicellular organisms. An empirical 

relationship between the degree of complexity and anisogamy across several algal groups also 

support this view (Bell, 1982; Randerson & Hurst, 2001b). 

(ii) Gamete limitation models 

While the gamete limitation hypothesis, first formulated by Parker et al. (1972), relies on a 

trade-off between number of gametes and chances of survival, another body of theoretical work 

was built around the calculation of encounter rates between gametes. Schuster and Sigmund 

(1981) showed that in a Brownian motion model, i.e. random displacement of particles, the 

encounter rate would be maximized if the two mating types were of different sizes, both the 

number and the radius of gametes having an impact on the chances of a “hit”, i.e. encounter.  

Various theories based on encounter rate were then developed, relying on the pre-existence of 

mating types and differences in motility (anisomotility): Hoekstra et al. (1984a and b) suggested 

first that anisogamy could evolve in a population with pre-existing mating types of different 

motility, but this idea was highly criticized because it relied on the assumption that all gametes 

had the same thrust yet experienced a drag proportional to their size. Contradicting this last 

assumption, Dusenbery (2000) argued that the amount of energy allocated to movement should 

be proportional to size; this later model lead to the prediction of anisogamy with the smaller 

gamete being non-motile, a state that had never been observed empirically. Levitan (1998) 

suggested that anisogamy could have evolved in a sperm limitation context (i.e. there is not 

enough sperm to encounter and fertilize all the eggs), which is common in external fertilizers 

such as non-motile marine organisms. In this context, he showed empirically (Levitan, 1993, 

1996) that not only do larger gametes favor survival, but also favor chances of fertilization. 

Anisogamy may very well have been driven by disruptive selection on gamete size for increased 

chances of fertilization in both sexes. This hypothesis contrasts with the gamete competition 

framework described above, in which selection for small male gametes is driven by fertilization 

success, but selection for larger gametes in females is driven by increased survival chances 

only.  

A major drawback of the previously cited theories is the empirical evidence for isogamous 

species exhibiting anisomotility (Randerson and Hurst 2001a), which indicates that a situation 

with mating types and anisomotility does not necessary lead to anisogamy as predicted in this 

framework. 
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(iii) Intracellular conflict models 

Cosmides and Tooby (1981) were the first to suggest a model for the evolution of anisogamy 

based on intracellular conflict. Intracellular genomic conflict may occur because different 

subsets of the genome within a cell, such as nuclear genes and cytoplasmic genes, can maximize 

their fitness somewhat independently. For example, in eukaryotes the nuclear genome and the 

mitochondrial genome have different patterns of inheritance and therefore experience different 

selection pressures, setting the stage for intracellular conflict (Cosmides and Tooby 1981). 

During gamete fusion in contemporary isogamous species, a conflict between the cytoplasmic 

genetic materials of the two cells usually results in the destruction of the less abundant one. 

Consequently, there should be a selection pressure on cytoplasmic genes to increase gamete 

size, resulting in the apparition of “proto-eggs” (relatively larger gametes). Alternatively, a 

selection pressure on the nuclear genome to maximize fertilization success could result in the 

production of smaller but more numerous gametes able to fertilize many “proto-eggs” but at 

the loss of their cytoplasm. The different selection pressures experienced by cytoplasmic and 

nuclear genes may have led to anisogamy according to this scenario (Cosmides and Tooby 

1981). 

(iv) Towards a synthesis using the “Fisher condition” 

Queller (1997) emphasized that a large number of theoretical models of sex roles and parental 

care do not take into account what is called the “Fisher condition” (Houston & McNamara, 

2006): the straightforward fact that in a group of reproducing individuals, males and females 

share the same total reproductive success. By applying this condition to the gamete competition 

models Lehtonen and Kokko (2010) confirmed that organismal complexity does favor 

anisogamy as suggested by Bulmer & Parker (2002). They also showed that gamete 

competition models will lead to anisogamy only if the density of reproducing individuals is 

high (i.e. gamete competition is intense). In turn, they further showed that from the same 

starting conditions, gamete limitation can lead to anisogamy too: when the encounter rate of 

gametes is lowered (in a low density population) or when the energy allocated to gamete 

production is low. In this latter case, maximum number of surviving zygotes is achieved by one 

sex specializing in provisioning (maximizing survival) and the other specializing in the number 

of gametes (maximizing encounter rates). 

(v) Summary 

It seems that gamete competition and gamete limitation models of the evolution of anisogamy 

are not irreconcilable and may present two extremes of the same continuum in different types 
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of populations or environments. Whether it originates from gamete competition or gamete 

limitation, sexually reproducing multicellular organisms are almost exclusively of anisogamous 

type, allowing the definition of a male and a female sex. The fact that males and females 

produce different gametes, and therefore invest differently in reproduction, has the power to 

shape the way the two sexes experience selection, the way they interact and coevolve. In the 

next part I will try to give a historical perspective on the study of mating systems, as well as a 

summary of the current view on the ultimate causes of sex-specific patterns of behavior and 

morphology, and how it relates to anisogamy. 

 

II. The study of mating systems from an evolutionary perspective 

Sexual dimorphism and sexual selection. 

In multicellular animals, males and females usually differ by more than just the type of gametes 

they produce. Their reproductive organs differ, as well as an array of what is called secondary 

sexual characters, including morphological, life-history and behavioral traits; this 

differentiation is called sexual dimorphism (Andersson, 1994). Darwin (1871) also observed 

that this multidimensional sexual dimorphism presented some recurrent patterns. When 

studying birds for example, he could see that plumage elaboration in males was linked with 

courtship behavior. From those observations, Darwin built the concept of (pre-ejaculatory) 

sexual selection, a type of selection favoring individuals better able to ensure mating. This was 

an important part of Darwin’s theory, as it had the power to explain a great amount of diversity 

observed in sexually reproducing species (Andersson 1994). 

Darwin described competitive and showy males and choosy females, but also noted the 

occurrence of showy females and choosy males, later classified as reversed sex-roles (Ah-King 

& Ahnesjö, 2013). This conception, implemented in the early developments of evolutionary 

biology, led to the following question: does sexual dimorphism and sex roles tend to follow a 

general pattern, and if yes, is it a direct consequence of anisogamy? 

What are sex roles? 

(i) Emergence of the concept 

In 1966, George Williams (Williams, 1966) introduced the concept of sex syndromes, arrays of 

morphological and behavioral traits that are specific to a sex and supposedly result directly from 

anisogamy (described in Barlow 2005): given that males produce numerous cheap gametes, 
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they are selected to compete. The male sex therefore exhibits aggressive behavior, a large body 

size and elaborate courtship displays. In turn, as females produce few but costly eggs, they are 

selected for increased choosiness and minimizing costly activities related to sexual competition.  

Trivers (Trivers 1972) later described those groups of sex-specific traits as sex roles (as they 

include numerous behavioral traits) and proposed that they were initially caused by sex 

differences in parental investment (energy expenditure) into offspring. According to Trivers, 

reproductive rate is limited by the sex that invests most energy per offspring. This situation 

automatically triggers competition in the other sex for access to mating, resulting in the 

observed sexual dimorphism (this will be discussed in more details later).  

Even if the Darwinian sex roles presented as a general rule has been repeatedly challenged since 

the late 1970s (Ralls, 1976; Gowaty, 1981; Hrdy, 1986), the concept of sex roles is still widely 

used today (see Janicke et al. 2016 for a recent example), but under debate.  

(ii) Definition and use of the sex-role concept 

 In a relatively recent paper, Schärer et al. (2012) described sex roles as usually defined by “(i) 

the degree of within sex reproductive competition, (ii) how discriminant individuals are during 

pair formation and (iii) the extent to which they exhibit parental care after mating. A “typical” 

male sex role would be defined by high within sex reproductive competition for access to 

mating, low discrimination during pair formation, and low parental care after mating, whereas 

a “typical” female sex role would correspond to low within sex competition, high discrimination 

during pair formation and high level of parental care after mating (Schärer et al. 2012).    

The notion of “typical” or “classical” as opposed to “reversed” sex role implies the existence 

of a general pattern of sex-specific behaviors in competition and parental care, as well as in sex-

specific morphologies. Such a pattern is appealing to evolutionary biologists because it bears a 

tremendous explanatory power; more than just summarizing a vast number of sexually 

reproducing species into one concept, it also represents a strategic anchoring point in theorizing 

the evolutionary history of sex. Indeed, a general pattern of sex-roles could be both (i) the result 

of a common evolutionary history (if anisogamy drives the evolution of sex-roles) and (ii) the 

source of further common evolutionary change (in conventional sex role species, males 

experience stronger selection than females). However, I will in the next paragraph present that 

the sex-role concept can also be misleading. Additionally, in the last section we will review 

current theoretical evidence for the evolution of sex-roles from anisogamy. 
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(iii) What is sex-role reversal? 

It is easy to picture how the sex role concept can become misleading by looking at multiple 

examples of “sex-role reversal”. Are sex roles reversed when females are competing? In 

anemonefish the mating system is described as “sex-role reversed” because the largest dominant 

individual in a group is a female, but the mating system is a polyandrous one in which males 

compete (Barlow 2005). In the black coucal, females are aggressive and territorial and can 

potentially reproduce faster, yet males compete for matings and guard females. Males also 

provide care for the egg and young. In harem species, females may compete and be territorial, 

inside the harem of a male that competes with other males. Some readers may find it surprising 

that the examples given above would be described as “sex-role reversed”, but they were indeed 

and references to other similar examples can be found in Barlow (2005) and Ah-King and 

Ahnesjö (2013). 

From the previous paragraph we can see that the sex-role concept is context-dependent. For 

example, an evolutionary biologist working on passerine birds may imply female courtship 

when referring to sex-role reversal, whereas another one would mean male biased parental 

care. Moreover, a scientist working only with fish species could imply female biased parental 

care when mentioning sex-role reversal!  

Adding to this issue, the sex-role concept may also easily be related to gender stereotypes in 

human society; as facts about nature have commonly been used to fuel sociological debates at 

the scholar or popular levels (Haraway, 1989; Ah-King, 2009) all confusion with sexual 

selection research should preferably be avoided. 

In the next section, I will move forward from the mostly semantic sex-role argument, to a 

description of the metrics that are practically used to describe a mating system: Bateman 

gradient, parental investment (PI), potential reproductive rate (PRR), operational sex ratio 

(OSR) and intensity of sexual selection (I). 

 

The measures of a mating system: Bateman Gradient, PI, PRR, OSR, I. 

The measures used to quantify mating systems are quite different from one another. They 

describe different aspects of reproduction, sometimes at the individual level, sometimes at the 

population level, but they all share the same purpose: to describe the mating system (i.e. male-
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female interactions related to reproduction) and account for observed difference between the 

sexes.  

(i) Bateman gradient 

Bateman’s now renowned experiment with Drosophila melanogaster (1948) showed that the 

reproductive success of males increased more steeply with the number of matings than the 

reproductive success of females. From this observation, a first measure of a mating system was 

developed: The Bateman gradient (BG). This measure is the slope of the regression of 

reproductive success on the number of matings. This gradient can be calculated for each sex in 

a population; if the BG is positive, it indicates that increasing the number of matings will 

increase reproductive success, whereas a null or negative gradient shows that multiple matings 

are not beneficial or even harmful. Bateman also noted that the reproductive success among 

males was more variable than among females, with notably more males having a null 

reproductive success, and the highest reproductive success of a male being five times higher 

than the one of the most successful female (focal individuals were given five mates in this 

experiment). The variance in reproductive success is another measure that is important to the 

study of mating systems. Bateman’s explanation for the observed pattern was that males didn’t 

invest much energy in gamete production, and that therefore mating multiply was not as costly 

for this sex as it was for females (Jones, 2009). Bateman concluded that this principle should 

be applicable to all non-monogamous sexual species. The results of this experiment and 

subsequent generalization have been criticized (Sutherland, 1985; Tang-Martinez & Ryder, 

2005; Gowaty et al., 2012), but the BG nevertheless remains a meaningful measure to evaluate 

male and female mating strategies. 

(ii) Trivers’ parental investment theory 

In 1972, following Fisher’s (1958) ideas on sex ratio and “parental expenditure”, Trivers added 

a layer of complexity to Bateman’s scenario, stating that parental investment should be taken 

into account when measuring the costs and benefits of mating (whereas Bateman was only 

concerned with the energy spent on gamete production). Trivers (1972) defined parental 

investment as: “any investment by the parent in an individual offspring that increases the 

offspring’s chances of surviving at the cost of the parent’s ability to invest in other offspring”. 

We can see that this definition therefore also includes the initial energy investment in gamete 

production that was considered by Bateman as a main cause of sex-specific selection. Assuming 

an equal sex ratio, Trivers showed that the sex with the largest parental investment should 

automatically become limiting for reproduction, as males and females from the same population 
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share their reproductive success. This situation will in turn result in competition within the sex 

with the lowest level of parental investment. Trivers also used it as an argument to show that 

anisogamy should directly cause the evolution of sex roles: because the initial investment (the 

gamete energy expenditure) in one particular offspring is always higher in females, this will 

result in a female biased investment cascade. As the female already has spent more energy on 

producing gametes, an offspring’s death will be more costly to the female, therefore the female 

should experience stronger selection on providing further parental care.  

This idea relates strongly to Bateman’s in the sense that it provides a straightforward path from 

anisogamy to conventional sex-roles. However, as first pointed out by Dawkins ad Carlisle 

(1976), and later by Kokko and Jennions (2008), this self-reinforcing argument of female 

investment violates the “Concorde fallacy” because it assumes that the female strategy is based 

on past investment and not on future benefits. It also assumes that the production of one 

offspring strictly requires one egg and one sperm cell (rendering the male’s investment lower). 

However, if a high number of sperm cells are required to fertilize one egg (many will die 

without having a chance to), the energy expenditure of the male to produce one offspring may 

be equal or higher than the one of the female. In conclusion it seems like sexual dimorphism 

may not be explained solely as a consequence of an initially female biased investment due to 

anisogamy. 

(iii) Operational sex-ratio and potential reproductive rate 

Starting from empirical observations that relative parental investment failed to directly explain 

sex roles as it had been proposed by Trivers (1972), especially in terms of within-sex 

competition, Clutton-Brock and Parker (1992) suggested an explanation. The potential 

reproductive rate (PRR) measures the time necessary for a given individual to produce offspring 

and go back to the mating pool, under the condition that mate availability is not limiting (hence 

the “Potential” in PRR). If one sex has a consistently lower PRR than the other, it will require 

more time to return to the mating pool after breeding and therefore the sex-ratio of the mating 

pool, also called operational sex-ratio (OSR, Emlen and Oring 1977), will become biased in 

favor of the sex with the highest PRR. As a consequence, the most common sex in the mating 

pool (the one with highest PRR) will compete more for access to matings and therefore 

experience stronger sexual selection (but see Kokko and Rankin 2006). This theory is not 

completely disconnected from Trivers’, as parental investment will strongly influence the PRR 

(higher energy expenditure per offspring generally implies a lower rate of offspring production, 

regardless of the mechanism involved (Clutton-Brock, 1991). 
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What this particular metric made clear, and which Trivers’ ideas did not, is that it becomes very 

difficult to build a direct causal link from anisogamy to “conventional sex-roles”. For example: 

if females have a lower PRR due to higher energy expenditure in gametes, male reproduction 

becomes limited by female PRR. Males can return faster than females to the mating pool, and 

the operational sex-ratio will become highly male biased (Queller 1997). In such a situation 

however, it is not clear why males should return to the mating pool and suffer intense 

competition instead of caring for their offspring. Some theoretical work shows that the bias in 

parental expenditure imposed by anisogamy could in fact lead to more parental care in males 

(Kokko et al. 2006). Other factors may explain a lower parental care in males, such as uncertain 

paternity (see Queller 1997 and Kokko et al. 2006). Additionally, PRR can be very sensitive to 

environmental conditions (e.g. change in nesting site availability, resource dependent parental 

care) challenging the view of fixed “sex-roles”.(Example in blenny fish, Almada et al. 1995, 

and gobiid fish, Forsgren et al. 2004) 

(iv) The opportunity for sexual selection 

Bateman (1948) was already interested in the sex differences in variance in mating success. He 

observed that while some males never mated, other ones were very successful (mating with up 

to five females). On the other hand, most females were mated but they rarely mated with 

multiple males. It is clear that this situation gives a higher “opportunity” for selection to act on 

males: if for example the very successful males have some trait in common that the non-mated 

ones miss, selection will be extremely strong to promote the expression of that trait. But since 

almost all females are mated once, there is little chance for (sexual) selection to act on females. 

For this reason, the standardized variance in mating success is called the opportunity for sexual 

selection (Shuster and Wade 2003). However, this variation in mating success is not a measure 

of selection, only of the “opportunity” for selection to act. For example, it is also possible that 

the huge variance in mating success observed in males is just due to chance, and that there is 

no consistent difference between successful and unsuccessful males (see Sutherland 1985 for a 

criticism of Bateman’s experiment). This measure should therefore be interpreted with care and 

not be confused with a direct measure of selection that should involve the correlation between 

trait and mating success or fitness (Krakauer & Webster, 2011). It is often argued that this 

measure should be used in combination with the Bateman gradient to avoid misinterpretation 

(Jones, 2009). 
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The evolution of parental care, variance in reproductive success and sexual competition 

traits from anisogamy 

In this paragraph, I will give a brief overview of the large body of theoretical work that has 

been devoted to understanding the evolution of sex-biased parental care, sex-biased selection 

and sex-biased competition and mate searching traits with the aim to relate those sex--biases to 

anisogamy. 

(i) Parental care 

The evolution of parental care involves complex feedbacks and is dependent on historical 

contingencies, making it difficult to detect general patterns (Houston and McNamara 2005). 

Here, I will focus on simple theoretical argument regarding parental care. Queller (1997) 

developed a framework explaining why parental care should be female biased as a consequence 

of a higher variance in male reproductive success (and not as a consequence of anisogamy, the 

link between anisogamy and male variance in reproductive success is discussed below). 

According to this view, since less males than females end up reproducing (due to a higher 

variance in reproductive success in males, some males will not mate), the parental investment 

of a given male in a population’s offspring is scattered across more individuals than it is for a 

female. Therefore, the investment of a male in each particular offspring should be lower than 

the one of a female. Additionally, the benefit a male gets from caring may be reduced due to 

uncertain paternity (Queller 1997, Kokko and Jennions 2008). Another way of presenting this 

argument goes as follows: if a subset of males is consistently more likely to successfully mate 

(non-random mate choice), the cost of caring for offspring is indeed higher for those males than 

it is for females (Queller 1997). 

It is important to note that a sex-bias in parental care is unlikely to be the result of a biased 

OSR, as often assumed in verbal models. Indeed, Kokko and Jennions (2008) have shown that 

when applying the Fisher condition of equal adult sex-ratio to a population, a male biased 

operational sex-ratio should also select for parental care in males and prevent the evolution of 

sexual dimorphism in this trait. This can be understood quite easily, if one pictures a population 

where all males return immediately to the mating pool after mating, leaving females to care for 

offspring. The mating pool will therefore mainly be composed of males, and the chances of 

mating very low. An alternative male strategy would then be to care for offspring. In conclusion, 

no strong theoretical argument seems to explain a sex bias in parental care directly from 

anisogamy (for example as a result of the different energy investment in the single egg and 

sperm cell that form a zygote). A female biased parental care may be better explained by a 
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male-biased variance in reproductive success which in turn is likely not a direct consequence 

of anisogamy as discussed below. 

(ii) Strength of selection/variance in reproductive success 

Pre-copulatory sexual selection makes male competition obvious. Many systems are observed 

in which a successful male can monopolize several females (harem, lek). This results in higher 

male variance in reproductive success as some males get a high number of matings and others 

almost none, whereas most females get mated. However, so far no empirical or theoretical work 

has indicated that this may be a direct consequence of anisogamy alone. Only anisogamy under 

specific conditions will lead to a sex-bias in variance in reproductive success. A male bias in 

the variance in reproductive success would more likely be the result of pre-existing competition 

traits developed more readily in males. The evolutionary origin of such traits and why they can 

develop more easily in males may in turn be a direct consequence of anisogamy, as discussed 

in the next paragraph.  

(iii) Competition and mate-searching traits 

A recent paper by Lehtonen et al. (2016) provided a clear theoretical argument about the role 

of anisogamy in the evolution of male competition and mate searching traits in males. 

Interestingly, their results are affected by sperm limitation. In most internal fertilizers, sperm 

limitation is non-existent, meaning that there is more sperm than necessary to fertilize all the 

eggs produced by females. In this case, they showed that the sex producing the highest number 

of gametes experiences the strongest selection pressure in increasing the fertilization success of 

each gamete (a female gamete fertilization success is always 1 when sperm is not limiting, 

whereas many sperm cells will never fuse). Males should therefore experience stronger 

selection than females to develop competition and mate-searching traits when sperm is not 

limiting. However, if sperm is limiting, as not uncommon in external fertilizers (Levitan, 1998), 

the conclusion from Lehtonen et al.’s model are slightly different. They showed that under 

sperm limitation males and females should experience the same selection pressure to evolve 

competition and mate-searching traits because both male and female gametes have a sub-

optimal fertilization success. Nevertheless, they argue males are still more likely to evolve 

competition traits than females, because males can reallocate energy from gamete production 

to competitive traits with a lesser cost than females (this last part relies on assumptions such as 

the nature of the gamete size to gamete survival relationship).  

An important point to note here is that when reflecting on the mechanisms that may have led 

from anisogamy to any type of sex-bias (parental care, competition, etc.), one should probably 
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start off by imagining an organism for which anisogamy is the only sexual dimorphism to avoid 

confounding effects with other sexual dimorphisms already present. Incidentally, the usual 

example for such an organism is a sessile broadcast spawning marine animal such as described 

in Parker (2014). Empirical work has shown that for this type of organism the conditions for 

which females do not experience sperm limitation or negative consequences of polyspermy are 

narrow (Levitan, 2004). Therefore, it seems clear that anisogamy alone does not necessarily set 

the stage for a stronger selection pressure on males to express competitive traits. Male and 

female may both experience selection pressures to increase their fertilization success, but the 

evolution of such traits is less constrained in males. Adaptation increasing fertilization success, 

such as internal fertilization, may then create a situation where sperm is not limiting, therefore 

releasing females from the selection pressure to evolve further mate searching or competition 

traits. 

 

Summary 

I have surveyed measures that are available to characterize mating systems: the Bateman 

gradient, the operational sex ratio, potential reproductive rate and the intensity of sexual 

selection are among them and have been used with more or less success to explain observed 

patterns of sexual dimorphism. 

For an evolutionary biologist the crucial question remains: Is there a discernable and 

explainable general pattern of sexual dimorphism? This is a question with dual perspective. On 

the one hand we might ask: can we explain the evolutionary cascade that led from anisogamy 

to the pattern we see today (see Parker 2014 for an attempt in that direction)? On the other hand, 

can we extrapolate from this pattern to further evolutionary developments?  

Although there are consistent patterns of sexual dimorphism in parental care and variance in 

reproductive success observable across many taxa (Janicke et al 2016) it seems that a simple 

explanation invoking anisogamy as a direct cause as envisioned by Bateman and Trivers is 

missing a strong theoretical support (Kokko and Jennions 2008). However, a very recent paper 

(Lehtonen et al. 2016) proposes a model that may explain the evolution of competition and 

mate-searching traits more readily in males as a result of anisogamy, and anisogamy only. In 

turn, variance in reproductive success in males could be higher due to the existence of those 

competitive traits, a situation that may then result in a female biased parental care. 
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Finally, the observed diversity of mating systems and sexual dimorphisms may also depend 

highly on evolutionary history and environmental conditions (for example bird vs fish parental 

care), even on a very short time-scale (availability of nesting sites). For this reason, a sampling 

bias in studied species may have important consequences on the observed patterns of sexual-

dimorphism. It will surely be of great interest to follow the future development of this field as 

more and more species are being studied, adding up to the fascinating picture that is our 

understanding of sexual reproduction. 
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