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Introduction 

Coevolutionary interactions with parasites have been 

invoked to explain the long-term maintenance of genetic 

diversity (Haldane, 1949; Clarke, 1976). Such interac-

tions have also been invoked to explain the maintenance 

of sexual reproduction in species where asexual forms of 

reproduction are possible (Jaenike, 1978; Hamilton, 

1980; Lloyd, 1980; Bell, 1982; Hamilton et al., 1990). 

The logic is that sexual reproduction allows for the 

production of genetically variable progeny, which may 

be more successful on average than asexual progeny in 

escaping infection by coevolving parasites and pathogens. 

This idea is now known as the ‘Red Queen hypothesis’ 

(Bell, 1982). More specifically, under the Red Queen 

hypothesis, parasites are under strong selection to be able 

to infect the most common host genotypes. If parasites 

are also common, and sufficiently virulent, they could 

impose selection that at least temporarily favours sexual 

individuals over asexual individuals (Hamilton, 1980; 

Hamilton et al., 1990; Howard & Lively, 1994, 1998; 

Salathe et al., 2008). The Red Queen hypotheses has 

been recently supported in field and laboratory studies 

on parthenogenetic freshwater invertebrates (Decaestec-

ker et al., 2007; Koskella & Lively, 2007, 2009; Jokela 

et al., 2009; Wolinska & Spaak, 2009). 

Although a role for parasites is not controversial with 

respect to the maintenance of genetic diversity, it is 

controversial for the maintenance of sex. The reason for 

the controversy, at least in part, is that the Red Queen 

theory for the maintenance of sex would seem to require 

that parasites are highly virulent. In fact, simulation 

studies of host–parasite coevolution suggest that parasites 

must be (1) common, and (2) that they must kill or 

sterilize infected hosts before they reproduce, in order to 

select for sexual reproduction (May & Anderson, 1983; 

Lively & Howard, 1994; Howard & Lively, 1998; Otto & 

Nuismer, 2004). Virulence in these models, however, 

tends to be a static parameter, rather than a property of the 

host’s ecology. In the present study, I treat virulence as a 

function of host population density such that virulence 

increases monotonically with increasing host density. 
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Abstract 

Why don’t asexual females replace sexual females in most natural populations 

of eukaryotes? One promising explanation is that parasites could counter the 

reproductive advantages of asexual reproduction by exerting frequency-

dependent selection against common clones (the Red Queen hypothesis). One 

apparent limitation of the Red Queen theory, however, is that parasites would 

seem to be required by theory to be highly virulent. In the present study, I 

present a population-dynamic view of competition between sexual females 

and asexual females that interact with co-evolving parasites. The results show 

that asexual populations have higher carrying capacities, and more unstable 

population dynamics, than sexual populations. The results also suggest that 

the spread of a clone into a sexual population could increase the effective 

parasite virulence as population density increases. This combination of 

parasite-mediated frequency-dependent selection, and density-dependent 

virulence, could lead to the coexistence of sexual and asexual reproductive 

strategies and the long-term persistence of sex. 
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Previous theoretical results have suggested that aviru-

lent parasites at low-host density can become highly 

virulent as host population size increases (Lively, 2006). 

The reason for this result is that infection becomes more 

debilitating when resources become limiting, as expected 

at the host’s carrying capacity (Jokela et al., 1999, 2005; 

Brown et al., 2000; Ferguson & Read, 2002; Tseng, 2004; 

Bedhomme et al., 2005). Moreover, the spread of a clone 

into a sexual population could lead to an increase in host 

density (Doncaster et al., 2000). Thus, the spread of a 

clone into a sexual population could increase parasite 

virulence whenever virulence is density dependent. This 

coupling between the spread of asexual reproduction and 

parasite virulence could in turn increase the parameter 

space for which sex can persist under the Red Queen 

hypothesis. In addition, because asexuals have higher 

per-capita birth rates, the invasion of a sexual population 

by an asexual clone could lead to unstable population 

dynamics. In the present study, I test these ideas using 

analytical and computer-simulation models. 

Models 

Carrying capacity in sexual and asexual populations 

I assume discrete, non-overlapping generations in the 

host population. I also assume that resources limit 

population size, rather than space (e.g. access to nest 

sites). I first show the standard solution for carrying 

capacity in an asexual population. I then show how 

carrying capacity is reduced in a sexual population, and 

how this stems from the cost of producing males. The 

implication here is that invasion by an asexual lineage 

will increase the population size, which may, in turn, 

increase virulence. 

Using standard terminology, let b be the number of 

offspring produced by females in the absence of any 

competition. Let d be the death rate following reproduc-

tion, also in the absence of competition. Now let a 

represent the sensitivity of the birth rate to density, so 

that the actual birth rate, B, is equal to: b – aN, where N 

is in the number of hosts competing for resources in the 

relevant patch. Similarly, let c represent the sensitivity of 

the death rate to density, so that the actual death rate, D, 

is equal to: d +  cN. Note that D is constrained to be less 

than or equal to one. 

The recursion equation for the number of individuals 

at time t + 1, as a function of Nt is: 

Ntþ1 ¼ Nt þ BNt  DNt : ð1Þ 

The change in population size is calculated as: 

Ntþ1  Nt ¼ NtðB  DÞ: ð2Þ 

The equilibrium density, Kasex, is thus attained when 

B = D. Hence as reviewed by Gotelli (1995), the carrying 

capacity is: 

Kasex ¼ 
b d 

aþ c 
ð3Þ 

Using this value for Kasex, eqn 1 can be converted into 

the more familiar form of the discrete-time logistic 

equation: 

Ntþ1 ¼ Nt þ rNt 1 
Nt 

Kasex 

  

; ð4Þ 

where r = b – d. This formulation assumes that all indi-

viduals are reproducing (e.g. asexual). For a dioecious (or 

gonochoric) population, however, males are not directly 

producing offspring. Hence the calculation for equilib-

rium in a sexual population is attained when (1– s)B = D, 

where s is the frequency of males in the population. It is 

easy to show that the carrying capacity for a sexual 

population, Ksex, is equal to: 

Ksex ¼ 
ð1  sÞb  d 

ð1  sÞa þ c 
: ð5Þ 

Clearly, an asexual population would have a higher 

carrying capacity (see also Doncaster et al., 2000). 

Assuming the death rate is density independent (i.e. 

c = 0), the ratio of the carrying capacity for an asexual 

population divided by the carrying capacity for a sexual 

population reduces to: 

Kasex 

Ksex 

¼ 
ð1  sÞðb  dÞ 
ð1  sÞb  d 

ð6Þ 

Note that for d = 0 (an immortal population), Kasex = Ksex 

(see also Doncaster et al., 2000). For d > 0 and s = ½,  we  

get 

Kasex 

Ksex 

¼ 
b d 

b  2d 
: ð7Þ 

Therefore, the asexual population would be expected 

to be larger than the sexual population, and invasion of a 

sexual population by an asexual lineage would be 

expected to increase the population size. For example, 

for b = 4 and d = 1, the asexual population would be 

expected to be 1.5 times larger than the sexual popula-

tion (Kasex ⁄ Ksex =(4 – 1) ⁄ (4 – 2) = 1.5). 

This result seems counterintuitive at first. Why would 

an asexual population be more numerous on the same 

resource base than a sexual population? The result, 

however, makes more sense when one realizes that 

sexual females must, on average, produce two offspring 

at carrying capacity (Ksex, assuming a 1 : 1 sex ratio), 

whereas asexuals females need to make only 1 offspring 

at carrying capacity (Kasex). Hence, asexual populations 

have a lower R* (Tilman, 1982). And this is precisely 

why asexuals can invade a sexual population at its 

carrying capacity. Specifically, at Ksex, asexuals produce 

more offspring per capita than sexuals, which is what 

allows the clone to spread in the sexual population 

(Fig. 1). 
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Simulation model 

I constructed a computer-simulation model to determine 

the outcome of competition between sexual and asexual 

individuals in the presence of potentially coevolving 

parasites. The goal was to determine whether: (1) 

invasion of sexual populations by asexual clones in-

creased population size, (2) whether such an increase in 

population size lead to increased parasite virulence and 

(3) whether parasites could prevent the fixation of clonal 

mutants. 

I assumed an annual host population, so the death 

rate, D, was equal to one (d = 1, and c = 0). I also 

assumed two loci in a haploid host population, with three 

alleles at both loci (giving nine possible genotypes). 

Infection by parasites required that parasites match the 

host at both loci, which is the standard assumption for 

the matching alleles model for infection (Frank, 1993; 

Otto & Michalakis, 1998; Agrawal & Lively, 2002). I did 

not simulate the effects of infection as determined by 

gene-for-gene interactions; but elsewhere, we have 

found that the coevolutionary system behaves dynami-

cally like a matching-alleles system over most of the 

continuum between matching alleles and gene-for-gene 

genetics (Agrawal & Lively, 2002). In general, the 

matching-alleles model is a good approximation for the 

genetic basis of infection when different parasite geno-

types infect different host genotypes (for experimental 

evidence, see Carius et al., 2001; Dybdahl et al., 2008). 

Under these assumptions, the recursion for the number 

of asexual individuals with genotype ij at time t + 1 is: 

A 0 ij ¼ A ijðIÞðbðIÞ  aðIÞNtÞ þ A ijðUÞðbðUÞ  aðUÞNtÞ; ð8Þ 

where A0ij gives the total number of asexual individuals 

with the ijth genotype at time t + 1;  AijðIÞ gives the 

number of infected (I) asexual individuals with the ijth 

genotype at time t; and Aij(U) gives the number of 

uninfected (U) asexual individuals for the ijth genotype 

at time t. In addition, b(I) gives the intrinsic birth rate of 

infected individuals, whereas b(U) gives the intrinsic birth 

rate of uninfected individuals. Finally, a(I) reflects the 

sensitivity to total density for infected individuals, and 

a(U) gives the sensitivity of uninfected individuals to total 

host density, where Nt is the total number of sexual and 

asexual individuals in the population. Similarly, the 

recursion for the number of sexual individuals with 

genotype ij at t + 1, assuming no recombination between 

resistance loci, is: 

S 0 ij ¼ ð1  sÞ½S ijðIÞðbðIÞ  aðIÞNtÞ þ S ijðUÞðbðUÞ  aðUÞNtÞ; ð9Þ 

where S0 ij is the total number of sexual individuals with 

the ijth genotype at time t+1; s is the frequency of males 

in the sexual population; Sij(I) is the number of infected 

individuals of the ijth genotype in the sexual population 

at time t; and Sij(U) is the number of uninfected individ-

uals of the ijth genotype in the sexual population at time 

t. If there is recombination between loci, the number of 

sexual individuals of each genotype, after accounting for 

recombination is: 

S 00 ij ¼ ð1 qÞS 0 ij þ qSiSj; ð10Þ 

where Si is the number of individuals with allele i at the 

first locus; Sj is the number of individuals with allele j at 

the second locus; and q is the frequency of recombination 

(see Hartl & Clark, 1989). Finally, I used the standard 

assumption that the probability of infection for each host 

genotype depends on the frequency of the matching 

genotype in the parasite population. Hence, we get: 

S 0 ijðIÞ ¼ S 00 ij Pij and S 0 ijðUÞ ¼ S 00 ij ð1  Pij Þ; ð11Þ 

where Pij gives the frequency of parasite genotype ij at 

time t. Similarly, the number of infected and uninfected 

asexual individuals at time t is: 

A 0 ijðIÞ ¼ A 0 ij Pij; and 

A 0 ijðUÞ ¼ A 0 ij ð1  Pij Þ: 
ð12Þ 

The simulation began with a sexual population at its 

carrying capacity (eqn 5). There were two haploid loci, 

each with three alleles that determined ‘self’ for the host; 

parasites that matched at both loci infected the host; 

otherwise the parasite was killed by the host’s self-

nonself recognition system. Host-genotype frequencies 

began in linkage equilibrium, calculated from allele 

frequencies that were randomly assigned at the begin-

ning of each run. Parasite-genotype frequencies were set 

as being equally common at the start of the simulation. 

Migration into the sexual host population was allowed. 

In the results presented below, the probability that a 
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Fig. 1 Graphical representation of the cost of sex. The red line gives 

the per capita birth rate for the sexual population; the blue line gives 

the per capita birth rate for the asexual population. The horizontal 

black line gives the death rate (here assumed to be one for an 

annual). The open circle gives the carrying capacity for the sexual 

population (n = 20 000), and the open triangle gives the carrying 

capacity for the asexual population (n = 30 000). The carrying 

capacities were calculated from the equations for Ksex and Kasex in 

the text. Parameter values as follows: b = 4;  a = 0.0001; s = 0.5. Note 

that the per capita birth rate for the asexual population is equal to 

two at the carrying capacity for the sexual population. 
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single, uninfected individual entered the population was 

set to 0.10 for each sexual genotype. Similarly, the 

probability that a single, infected individual entered the 

population was set to 0.02 for each sexual genotype; 

hence, the simulation also allowed for a low level of 

parasite immigration. A single clonal mutant entered the 

simulation at generation 1000. Clones did not immigrate 

into the population, and the clone was considered extinct 

if the number of clones dropped below one in any 

generation. The recombination rate, q, in the sexual 

population was set to 0.2, as intermediate values of 

recombination were favoured in similar models (Peters & 

Lively, 2007). 

To test the generality of the results, I also ran the 

simulation for a haploid, two-locus, two-allele system, 

thereby reducing the number of possible genotypes from 

nine to four. I also ran the simulation for a diploid 

system, assuming two alleles at each of two loci, giving 

nine possible genotypes, as in the original haploid model. 

In the diploid model, I assumed that the clone had the 

same genotype as one of the double homozygotes in the 

sexual population. All other assumptions were retained 

as for the haploid, two-locus, three-allele model de-

scribed above. 

In all simulations, the effect of infection (virulence) 

emerged as the difference in per capita growth rates 

between infected and uninfected individuals within each 

reproductive mode. For the sake of calculating the effect 

of infection over time, virulence at time t (Vt) was 

calculated (assuming D = 1) for both sexual and asexual 

populations as, 

Vt ¼ 1 
bðIÞ  aðIÞNt 

bðUÞ  aðUÞNt 

: ð13Þ 

Thus, virulence depended on total host density (Nt), as 

well as on the birth rates of infected individuals relative 

to uninfected individuals (see also Lively, 2006). 

Results 

I first tested the analytical prediction that an asexual 

population would rapidly replace a sexual population in 

the absence of virulent parasites, and reach a higher 

carrying capacity. The simulation results are consistent 

with this idea (Fig. 2). Assuming that the intrinsic birth 

rates of sexual and asexual females are both equal to 3.0, 

and no effect of infection on competitive ability 

(a(I) = a(U) = 0.0001), the results show rapid replacement 

of the sexual population and an asymptotic approach to a 

higher carrying capacity by the asexual population 

(Fig. 2a), consistent with equation (3). In addition, the 

asexual population shows stable population dynamics 

(Fig. 2a). When the birth rates of both sexual and asexual 

females were increased to 3.5, a similar result was 

obtained, except that the asexual population was not 

stable and showed oscillatory dynamics (Fig. 2b), as 

expected under theory (May, 1974). Finally, when the 

birth rates of both sexuals and asexuals was increased to 

4.1, the asexual population rapidly replaced the sexual 

population; but the dynamics of the asexual population 

became chaotic, also an expected result (May, 1974), and 

the clone went extinct (Fig. 2c). The sexual population 

then reinvaded the unoccupied area, and quickly grew to 

a stable equilibrium density as given by eqn 5. Hence, 

sexual populations are more stable as a direct conse-

quence of producing males, because males decrease the 

per-capita birth rate. 

I then examined the effect of increasing parasite 

virulence on the competition between sexual and asex-

ual populations. For these simulations, the intrinsic birth 

rates of sexual and asexual females were assumed to be 

the same (b(I) = b(U) = 3.5), which is conservative with 

respect to virulence. The competition coefficient for 

infected individuals (a(I)) was, however, altered from 

0.00016 to 0.00025, while holding the competition 

coefficient for uninfected individuals at a lower rate 

(a(U) = 0.00010). Thus, virulence depended on host 

density. Starting with a(I) = 0.00016, the results showed 

a stable sexual population prior to the introduction of the 

clonal mutant (Fig. 3a). In addition, virulence fluctuates 

slightly around 0.4 (Fig. 3b), which is too low to select 

for sexual reproduction given the standard two-fold cost 

of sex. Following the introduction of the clone at 
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Fig. 2 Sex vs. asex assuming avirulent infection for different host 

birth rates for infected (bI) and uninfected (bU) individuals. (a) 

bI = bU = 3, (b) bI = bU = 3.5 and (c) bI = bU = 4.1. The labels are as 

follows: ‘sex’ for the sexual population, and ‘asex’ for the asexual 

population. For all three panels, aI = aU = 0.0001 (i.e. virulence = 0). 

The simulated carrying capacities for asexual and sexual populations 

converge on the analytical solutions in equations (3) and (5), 

respectively. 
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generation 1000, the asexual population rapidly in-

creases, followed by a dramatic spike in virulence, as 

well as an equally dramatic increase in the total 

frequency of infection as the parasites begin to ‘target’ 

the common clone (Fig. 3c). At some point, the overall 

strength of selection becomes sufficient to prevent the 

further spread of the clone, and the population becomes 

a mixture of sexual and asexual individuals, wherein the 

frequency of asexual reproduction and virulence both 

oscillate. 

Increasing the competition coefficient for infected 

individuals (a(I)) to 0.00020 leads to more dynamically 

complex results (Fig. 4a). Here virulence oscillates at a 

high level (0.55–0.70) prior to the introduction of the 

clone at generation 1000. Nonetheless, both virulence 

and frequency of infection spike after the clone enters 

the population, followed by a dramatic decrease in the 

frequency of the clone (Fig. 4b). The clone then begins to 

oscillate numerically with the sexual population; and it is 

periodically driven to low levels, which would facilitate 

the operation of Muller’s Ratchet (Howard & Lively, 

1994). In addition, every time the clone increases in 

frequency, virulence and the frequency of infection both 

increase. As a result, the strength of selection against the 

clone is highly dynamic (Fig. 4b). 

Finally, when the competition coefficient for infected 

individuals (a(I)) was increased to 0.00025, the clone 

increased after its introduction (Fig. 5a), followed by a 

increase in the frequency of infection as well as an 

increase in virulence, from very high to complete 

sterilization (Fig. 5b,c). The clone was rapidly driven to 

extinction (Fig. 5a). This result suggests that parasites 
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Fig. 3 Sex vs. asex with density-dependent virulence 

(a(I) = 0.00016; a(U) = 0.0001; b(I) = b(U) = 3.5). (a) numbers of 

sexual (‘sex’) individuals and asexual (asex) individuals over time, 

(b) virulence over time and (c) the frequency of infection in the 

sexual and asexual populations over time. The clone was introduced 

at generation 1000. 
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Fig. 4 Sex vs. asex with density-dependent virulence (a(I) = 0.0002; 

a(U) = 0.0001; b(I) = b(U) = 3.5). (a) numbers of sexual (‘sex’) indi-

viduals and asexual (‘asex’) individuals over time, (b) virulence over 

time and (c) the frequency of infection in the sexual and asexual 

populations over time. The clone was introduced at generation 1000. 
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Fig. 5 Sex vs. asex with density-dependent virulence 

(a(I) = 0.00025; a(U) = 0.0001; b(I) = b(U) = 3.5). (a) numbers of 

sexual (‘sex’) individuals and asexual (‘asex’) individuals over time, 

(b) virulence over time and (c) the frequency of infection in the 

sexual and asexual populations over time. The clone was introduced 

at generation 1000. 

2090 C.  M.  LIVELY  

ª 2 0 0 9  T H E  A U T H O R .  J .  E V O L .  B I O L .  2 2  ( 2 0 0 9 )  2 0 8 6 – 2 0 9 3  
J O U R N A L  C O M P I L A T I O N  ª 2 0 0 9  E U R O P E A N  S O C I E T Y  F O R  E V O L U T I O N A R Y  B I O L O G Y  



could be sufficient, under some cases, to cause the 

extinction of clones without the aid of other forces (at 

least under the assumption made here of a linear effect of 

population density on host birth rates). 

The results are robust to the some of the specific 

assumptions of the model. For example, reducing the 

number of alleles from three to two per locus rendered 

qualitatively similar results (Fig. 6a). In addition, increas-

ing or decreasing the rate of recombination (q) also 

generated similar results (not shown). Finally, shifting 

the model to a diploid, two-locus, two-allele model gave 

similar results, (Fig. 6b). In all cases, the frequency of 

infection in the asexual population greatly exceeded the 

frequency of infection in the sexual population as long as 

the clone was common (Figs 3–5). 

Discussion 

The results of the present study suggest that asexual 

populations would rapidly replace sexual populations in 

the absence of coevolving parasites, and that the asexual 

populations would reach a higher carrying capacity 

(Fig. 2) (see also Doncaster et al., 2000). Higher carrying 

capacities are possible in asexual populations because 

asexual females require fewer resources to replace 

themselves than sexual females. In other words, asexual 

populations have a lower R* (Tilman, 1982) than sexual 

populations. This prediction could be tested by examin-

ing the equilibrium densities of sexual and asexual 

populations living separately on the same resource base. 

I also found that replacement of sexuals by asexuals 

could change the population dynamics, from stable, to 

oscillatory or even chaotic, because the introduction of 

asexual reproduction increases the per-capita birth rate. 

If the asexual population experiences chaotic fluctua-

tions, it could go extinct, simply as a consequence of 

extreme fluctuations in population size, and the patch 

could then be re-invaded by sexuals following migration. 

Therefore, it is possible that sex is evolutionarily stable in 

metapopulations because sexual populations are more 

dynamically stable. Phenotypic diversity also helps to 

stabilize population dynamics, which may also help 

promote stability in sexual populations (Doebeli & 

Koella, 1994; Doebeli, 1995; Ruxton, 1995; Doebeli & 

de Jong, 1999; Flatt et al., 2001; Lively, 2006). 

If the spread of asexuality into an otherwise sexual 

population increases the carrying capacity, then it could 

also increase parasite virulence, if virulence is density 

dependent (for experimental studies of density-depen-

dent virulence see Lively et al., 1995; Bell et al., 2006; 

Bieger & Ebert, 2009; Yamazaki et al., 2009). The present 

results suggest that sexual populations experiencing low 

levels of infection, and low virulence (resulting in a low 

strength of selection), would be invaded by asexuals. 

However, after an asexual clone becomes common in the 

population, both the frequency of infection and viru-

lence increase, leading to stronger parasite-mediated 

selection against the clone, and to coexistence of sexual 

and asexual individuals (Fig. 3). Hence, the fact that 

parasites are not common or virulent in a sexual 

population cannot be taken to mean that they could 

not become sufficiently common and virulent in a mixed 

population to prevent the elimination of sexual females. 

More generally, any factor that increases virulence 

would also increase the parasite-mediated selection 

against common clones. I have focused here on one 

ecological factor, population density, but additional 

ecological or evolutionary factors might lead to increased 

virulence [e.g. superinfection (Nowak & May, 1994), 

coinfection (Bremermann & Pickering, 1983; May & 

Nowak, 1995; Frank, 1996), spore longevity (Bonhoeffer 

et al., 1996), and propagule interactions (Lively, 2001)]. 

In addition, factors that increase the number of parasite 

exposures per host would also increase the parasite-

mediated selection against common host genotypes. 

Incorporation of more realistic ecological, genetic, and 

life-history details should give a more robust view of 

host–parasite interactions as a coevolutionary force in 

natural populations. 

Finally, the results presented here do not seem to be an 

artefact of the haploid, two-locus, three-allele model 

chosen for most of the simulations. Similar results were 

obtained for two-loci, two-allele models that where 

either haploid or diploid. Thus, in general, the specific 

genetic system may not matter, as long as the sexual 

population has sufficient genotypic ‘space’ that it can 

evolve away from the clone as it becomes common, and 

thereby reduce the risk of infection. On the other hand, 

the results would not be robust to the assumption 

regarding the number of clones competing with the 
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Fig. 6 Sex vs. asex with density-dependent virulence 

(a(I) = 0.00020; a(U) = 0.0001; b(I) = b(U) = 3.5). (a) numbers of 

sexual (‘sex’) individuals and asexual (‘asex’) individuals over time, 

assuming a haploid, two-locus, two-allele model (four possible 

genotyptes) and (b) numbers of sexual (‘sex’) individuals and 

asexual (‘asex’) individuals over time, assuming a diploid, two-locus, 

two-allele model (nine possible genotypes). Compare to Fig. 4b, 

which gives a haploid, two-locus, three-allele model (nine possible 

genotypes). The clone was introduced at generation 1000. 
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sexual population (here only 1). As clonal diversity 

increases, any possible advantage to sexual reproduction 

(in avoiding infection) decreases (Lively & Howard, 

1994). Similarly, modifiers that increase the amount of 

diploid sex may not increase in genetically diverse 

asexual populations (Agrawal, 2009). Nonetheless, an 

obligately sexual population might be stable to replace-

ment by different obligately asexual genotypes when 

introduced one at a time, provided parasites prevent the 

fixation of clones in the short term, and that the clones 

are eliminated by Muller’s ratchet in the longer 

term (Lively & Howard, 1994) or by the parasites 

themselves. 
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