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Abstract. Amazon molly (Poecilia formosa) females reproduce asexually, but they need sperm
to initiate the process. Such gynogenetic reproduction can be called sperm parasitism since the
DNA in the sperm is not used. Since all offspring of asexually reproducing females are females,
they can locally outcompete sexually reproducing ones, but their persistence is threatened by
the lack of males. Therefore, the existence of Amazon mollies is puzzling. A metapopulation
structure has been suggested to enable the coexistence of gynogenetic and sexual species. Previ-
ously only Levins-type metapopulation models have been used to investigate this question, but
they are not defined on the individual level. Therefore we investigate the evolution of sperm
parasitism in a structured metapopulation model, which incorporates both realistic local popu-
lation dynamics and individual-level dispersal. If the reproduction strategy is freely evolving in
a large well-mixed population or in the structured metapopulation model, strong discrimination
of asexually reproducing females by males results in evolution to full sexuality, whereas mild
discrimination leads to too small probability of sexual reproduction, so that the lack of males
causes the extinction of the evolving population, resulting in evolutionary suicide. This classifi-
cation remains the same also when both sexual reproduction and dispersal are freely evolving.
Sexual and asexual behaviour can be observed at the same time in this model in the presence of
a trade-off between the reproduction and dispersal traits. However, we do not observe disrup-
tive selection resulting in the evolutionarily stable coexistence of fully sexual and fully asexual
females. Instead, the presence of sexual and asexual behaviour is due to females with a mixed
reproduction trait.
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1. Introduction

Amazon molly (Poecilia formosa) is a peculiar species consisting only of females. They reproduce asex-
ually, but their reproduction is dependent on males of other species, because sperm is needed as a
developmental trigger in embryogenesis. The DNA in the sperm is not used, and therefore this kind of
reproduction (gynogenesis, sperm-dependent parthenogenesis [3]) can be called sperm parasitism. The
long-term presence of gynogenetic species is puzzling. They can namely grow faster in population size
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than corresponding sexual species, because all the offspring of asexually reproducing females are females,
whereas the sex ratio of sexually reproducing species is typically near one half. In the absence of other
processes, such as frequency-dependent male mate preference [33], the initial increase in the population
size of a gynogenetic species is expected to be followed by a population collapse due to the lack of males.

The local population dynamics [21], and metapopulation dynamics without explicit local population
dynamics [22] have earlier been investigated by other researchers, who suggested that metapopulation
dynamics may provide a mechanism which enables the coexistence of gynogenetic and sexual species.
They investigated a Levins-type metapopulation model [24,25] describing the dynamics of proportions
of three types of habitat patches [22]: empty patches, habitat patch containing the sexual species alone,
and habitat patch containing both the sexual and gynogenetic species. The Levins-type models are not
defined on the individual level, and neglect the effect of local population sizes. In contrast, structured
metapopulation models [16, 31, 39] take local population dynamics into account. The metapopulation
models in [16,31] are defined in continuous time. In line with [21], in this article local population dynamics
is defined in discrete time. In this article we will thus consider a model of type [39], which combines
realistic local population dynamics with metapopulation-level dynamics, to investigate the evolution of
sperm parasitism using the methods of adaptive dynamics [14, 15,30, 32].

2. Local population model

2.1. Local population dynamics in earlier work

First we investigate the model by [21], who considered the following model describing the population
dynamics of asexual females A, sexual females F', and males M:

Mt+1 = f(Nt)mb(Mt, Ft, At)Ft
Ft+1 = f(Nt)(]. — m)b(Mt, Ft7At)Ft
At+1 == f(Nt)bA(Mt, Ft,At)At (21)

In this model, all offspring of asexual females are (asexual) females, whereas sexual females get male
and (sexual) female offspring. The parameter m is the sex ratio, i.e., the proportion of male offspring
for a sexually reproducing female. The function f(N;) describes the effect of the population density
Ny = M + F; + A; on population growth. The functions b and b4 describe the fecundity of a sexual and
an asexual female, respectively. Especially, in [21] the following fecundity functions were used

it a8 (1o () .

and

ba(M,, Fy, A)) = B (1 — exp (—hm» (2.3)

The parameter d denotes discrimination, i.e., the probability that a male will not mate with an asexually
reproducing female.

We observe that letting M; to approach zero while keeping F; and A; positive, the limit fecundity is
zero. This is rather natural, because if the males are extinct, there is nobody left to fertilize the females.
If one, instead, keeps M; > 0, and lets both F} and A; to approach zero, the limit fecundity is equal to B.
This observation is realistic at least for a large male population, for which the task to fertilize all females
in a very small female population can be assumed to succeed. The fecundity functions in (2.2-2.3) are,
however, at least mathematically problematic in low population densities. More precisely, these functions
are not continuous in the origin (M, Fy, A;) = (0,0,0). The limit value namely depends on the route
the limit is taken. As explained above, making first M; to approach zero and only then letting F; and
A, approach zero, we obtain the value 0, which is different from B, which is obtained if first F; and A,
approach zero and only then M; approaches zero. In addition to causing mathematical problems, such a
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situation is even not realistic. When all population densities approach zero, it will become increasingly
difficult to the individuals to find a mating partner. Therefore, the limit value of fecundity in the origin
should be zero. For this reason, we will not use the fecundity functions (2.2-2.3), but instead take a
mechanistic approach [5,9-11,49], and derive fecundity functions from first principles. Such an approach
is important also from the evolutionary perspective [46].

One might argue, that adding one male into a population consisting of only females will have a dramatic
effect on the fecundity of the females. When making such an argument, one at the same time assumes
a different modelling approach. Here we have used deterministic models with population densities, in
which adding one individual has no practical effect on the population density. If one single individual is
allowed to have such an effect, it is necessary to consider either population models with a small (finite)
total number of individuals, or metapopulation models, in which at least the local population is small
(finite). In both cases, demographic stochasticity must be taken into account. Furthermore, in such
a case the arguments of the function describing the average fecundity of a female are natural numbers
(numbers of different individuals). Especially the number of females must be at least one, and thus it is
not meaningful (and also not necessary) to ask what would be the limit of such a function in the origin.
We conclude that an infinitesimally small change in population densities cannot be assumed to have a
dramatic effect on fecundity.

2.2. Deriving fecundity functions from first principles

We assume that matings between males and females occur during a specific mating season, the time
within which is denoted by 7, 0 < 7 < 1. Let M denote the population density of sperm-rich males,
and F the population density of unfertilized females during the mating season. Initially all males are
sperm rich, so that M (0) = My = M,. For simplicity, we assume that discrimination occurs first, so that
F(0)=Fy=F, + (1 —d)A,.

In a well-mixed population matings occur according to the law of mass action, with the rate 5. The
parameter £ describes the proportion of such meetings which result in the male becoming exhausted of
sperm. The parameter v describes the proportion of such meetings which result in the female becoming
fertilized. We thus obtain

2 Ni(r) = ~S€NI ()P (7)
L p(r) = ~6yM()E(7) (2.4)

After solving the differential equations (2.4), we obtain the fecundity function

for My # £Fy
for ')/MO = fﬁo

N B M 6551&0,65’“‘?0
b(M()vﬁ‘O) = 37}7‘0 _AF(]-) = v Aofpﬂ eagﬁb_'ﬂwo e Mo’
Fo ByMo 1+07 Mo’

(2.5)

2.3. Generalized local population dynamics

As mentioned earlier, for females that are able to reproduce through gynogenesis, males act like a public
resource. Therefore, gynogenesis can be seen as sperm parasitism. In order to study the evolution of such
behaviour, we make the following generalization to the model of [21]: We assume that the reproduction
behaviour of a female is determined by the inherited (from the mother) trait s, which is the probability
that the female will attempt to reproduce sexually (the corresponding probability for asexual reproduction
is 1 — s). Note that the population is assumed to be semelparous: the population in the next time-step
consists only of offspring of the present population, because adults are assumed to die after reproduction.
This means that each female will reproduce at most once. Let F? denote the population density of females
with reproduction strategy s;, 2 =1,...,n.
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A sexually reproducing female has fecundity b(F;, M;), but only the proportion (1 —m) of its offspring
are female. An asexually reproducing female may be discriminated, and thus has smaller average fecundity
(1 — d)b(Fy, My), but all its offspring are female. Now the local population dynamics becomes

o= F(NOD(Ey, My) [(1 = i) (1 — d) + s5(1 — m)] F}

My = f(Nt)b(Ftv M) ZsimFti, (2.6)
i=1

where M, is the male population density,

N, = M, + Z F} (2.7)
i=1
is the total population density, and
A n .
Fy =Y [(1=s)(1 —d)+ s]F (2.8)
i=1

is the population density of females that are not discriminated.

In numerical examples, we have assumed that the effect of the total population density on population
growth is

1

f(N)=m~

(2.9)

Figure 1 illustrates equilibrium population densities with respect to the reproduction strategy s. For the
sex ratio % at a monomorphic equilibrium we obtain the analytical expression (See also Figure 1c)

F (1—s)(1—d)+s(l—m)
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FIGURE 1. Female (a) and male (b) population densities at equilibrium of (2.6) with
respect to the reproduction strategy s. The thick curve corresponds to a stable equi-
librium, and the dashed curve to an unstable equilibrium. (c¢) The theoretical sex ratio
% at equilibrium (2.10), thin dashed curve, coincides with the numerically obtained one
from panels a and b, thick curve, for those values of the strategy s that a stable positive
equilibrium exists. Parameters: d = 0.2, m = 0.5, f(N) as in (2.9) with a = 0.001,
B = 2, fecundity function b as in (2.5) with B=5,0=0.1, y =1, £ =0.1.
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3. Evolution of sperm parasitism

3.1. Adaptive dynamics

Invasion fitness [32] is a central concept in adaptive dynamics. It is defined as the long-term exponential
growth rate r(Smut, Eres) Of a rare mutant sp,,¢ in an environment FE,.s set by the resident. If the invasion
fitness of a mutant is positive, it is able to grow in population size. Therefore it may invade and become
a new resident itself. Random small mutations are assumed to happen rarely, so that the population
dynamics has settled to an attractor before the next mutation happens. These mutation-invasion events
result in the change of the strategy of the individuals constituting the population. These events define
a trait-substitution sequence. Each element of such a sequence is either a strategy or a set of several
strategies, replacing the phenotype(s) that were previously present. Although each trait-substitution
sequence is a realization of a stochastic process, there are analytical methods of adaptive dynamics which
tell what will happen to all possible trait-substitution sequences in the long run.

If the invasion fitness of any mutant is non-positive in the environment set by a specific resident, then
this resident strategy is uninvadable, and called as an evolutionarily stable strategy, or ESS [27]. In this
case the resident strategy is necessarily a (local) fitness maximum and thus the selection gradient, i.e.,
the derivative of invasion fitness with respect to the strategy of the mutant, is zero at such points,

ir(smut 9 Eres)

- =0 (3.1)

Smut =Sres

< 0 is negative. Strategies for which the selection

Smut=Sres

. . 2
and the second derivative %ﬁr(smut, Ees)

gradient is zero, are called evolutionarily singular strategies [14]. Such a singular strategy s* is convergence
stable or an evolutionary attractor if the repeated invasion of nearby mutant strategies into resident
strategies will lead to the convergence of resident strategies towards s* [6]. If an evolutionary attractor
is also evolutionarily stable, it is called a continuously stable strategy (CSS; 8) and it is a feasible final
outcome of an evolutionary process. In case the second derivative ir(smut,Eres) > 0 is

0s2
mut Smut =Sres

positive for a monomorphically attracting singular strategy, this singular strategy is not unbeatable, and
evolutionary branching [14] may occur because of disruptive selection. This phenomenon can result in
the evolutionary emergence of cooperators and defectors in an initially monomorphic population [4,7].

We can illustrate the monomorphic adaptive dynamics by drawing pairwise invasibility plots (PIP) [26,
51], where the sign of the invasion fitness is displayed in dependence on resident and mutant strategies
(Figures 2 and 4). Because the resident population is at a population-dynamical equilibrium, a mutant
population with the same strategy as the resident will have a neutral growth rate. Therefore there is a
zero-contour at the diagonal sy, = Syes in pairwise invasibility plots. Evolutionarily singular strategies
lie at those points where other zero-contours cross the diagonal.

3.2. Evolution of sperm parasitism in a well-mixed population

Now assume that the resident population has reached a population-dynamical attractor, in which Ny
is the total population density, M; is the male population density, and F, is the population density of
undiscriminated females. Analogous to (2.6), a rare mutant population with strategy spyy¢ will initially
grow according to

FP = FINB(E, Me) [(1 = smue) (1= d) + s (1 — m)] F™™ (3-2)

Note that the population densities N;, M;, and F, are determined only by the resident species according
to equations (2.6-2.8). The mutant population is at least initially so small, that it does not affect the
resident populations, or the environment they determine. Therefore, the (discrete-time) invasion fitness
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of a mutant in such an environment is

R(smut, N.MLF) = lim | T FONOB(F, M) (1 = $mue) (1 = d) + Seaue (1 — m))
T >00 1
T A
= (1= smut)(1 = d) + s (1 =) Jim VT Fv)b(Ey, ). (3.3)

Because the resident population is on an attractor, the discrete-time invasion fitness of any resident
strategy syes must be equal to one. Therefore

(1= 5mue) (1 —d) + smue(1 =m) 1 —d+ spue(d —m)

R mqures - - .
(Smuts Fres) (1= Sres)(1 —d) + Sres(1 — 1) 1 —d+ sres(d —m)

(3.4)

Evolutionary analysis using the invasion fitness (3.4) is straightforward. Because the invasion fitness is
linear with respect to smut, the derivative

0 d—m
R mu 7Eres = 3.5
DSmut (s ) (1 = sres)(1 — d) + Sres(1 —m) ( )
does not depend on s,ut. Especially, the fitness gradient is
0 d—m
—R mut» Er s - . 3.6
aSmUt (S " eA) (1 - Sres)(l - d) + Sres(l - m) ( )

Smut=Sres

In case there is strong discrimination, d > m, the fitness gradient is always positive, and the repro-
duction strategy s is expected to evolve to s = 1, in which case all reproduction is sexual (Figure 2a).

In case of light discrimination, d < m, the fitness gradient is always negative. Therefore, evolution
favours reducing s (Figure 2b). However, when s is too low, the population is not viable (Figure 1),
because the lack of males causes too low probability of successful mating. Nevertheless, strategies with
lower s than that of the resident have positive fitness, and can at least initially increase in population
size. The strategy of the population is thus expected to decrease and to approach a boundary of viability.
Eventually, an unviable strategy is able to invade the resident population, but will at the same time cause
the extinction of the evolving population, resulting in evolutionary suicide [12,17,18,38,42,43].

3.3. Metapopulation dynamics and equilibria

We have already observed that a fully asexual gynogenetic species and a related sexual species are not
likely to coexist in a well-mixed population. If the two species occupy otherwise the same ecological niche,
and discrimination is not too strong, the asexually reproducing individuals always have reproductive
advantage over the sexually reproducing individuals, which will eventually lead to the collapse of the
population due to the lack of males. Henceforth, spatial models may provide an explanation for such
coexistence [22]. In specific, a metapopulation is a collection of local populations living in habitat
patches connected with dispersal. Richard Levins [24, 25] presented the first metapopulation model,
which described the dynamics of proportions of occupied and empty habitat patches. A Levins-type
metapopulation describing the situation could consist of local populations with either the sexual species
alone, or both the sexual and the asexual one (gynogenetically reproducing all-female species) together.
As the matter of fact, it has been demonstrated [22], that in such a model coexistence is possible, provided
that the corresponding patch colonization rates are suitably chosen. However, such patch colonization
rates are not individual-level properties. In reality the colonization of a patch requires individuals (or
seeds) to disperse into this patch from another patch. Furthermore, after such an dispersal event, the local
population in this patch will at least initially be small, and it takes time for the local population size to
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FIGURE 2. Pairwise invasibility plots for different values of the discrimination parameter
d. (a) When d > m, the reproduction strategy s evolves to the maximum value 1. (b)
When d < m, lower s are always favoured by natural selection. Too low strategies are,
however, not viable, and therefore evolutionary suicide occurs. Parameters: a) d = 0.7,
b) d = 0.2. Other parameters (as in Figure 1): B=5,6=0.1,y=1,& =0.1, « = 0.001,
B=2,m=0.5

grow to such a size, that this local population can be expected to produce dispersers to other, potentially
empty, patches. Therefore, for more thorough investigation, one should not neglect the effect of local
population dynamics. To study the evolution of sperm parasitism in such structured metapopulation
models is one aim of this article.

There are many articles in the literature, which investigate various evolutionary questions in struc-
tured metapopulation models [16, 18, 31, 39, 40, 44, 45]. Especially, [39] presented a general structured
metapopulation model, in which local population dynamics is defined in discrete time. We will use that
model as a basis for our model construction. The landscape is assumed to consist of an infinite number
of habitat patches. Patches differ in the size and composition of the local populations, but are otherwise
equal. In each season, first reproduction happens according to (2.6). After that, the fraction e of the
offspring disperses and enters the disperser pool.

The newly emigrated offspring are not yet able to immigrate into the patches.
to the next season in the disperser pool with probability m, otherwise they die. All other dispersers
in the disperser pool will immigrate into a habitat patch. Immigrants choose their patch at random,
independently of the local population size. Therefore, the amount of immigrants I; each patch will
receive is equal to the disperser pool size. We could alternatively assume that dispersers could stay in the
dispersal pool for longer time. However, it has been shown [39] that metapopulation dynamical equilibria
and invasion fitness depend on the events in the dispersal pool only through the probability to survive
dispersal, which in this case is equal to 7.

Random catastrophes occurring with probability u can occasionally kill all individuals in the patch,
thus setting the local population size to zero. Such a patch remains habitable, and can be re-colonized
by dispersers from the disperser pool. If a catastrophe has not happened, the local population densities

in a patch will change according to

They will survive

o = (L= ema) F(NDB(Fy, My) [(1 = 5:)(1 = d) + s:(1 —m)] F{ + T}

n

Mgy = (1= enr) f(N)D(Ey, My) > symFj + 1M, (3.7)
i=1
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where I} and IM describe the amounts of female and male immigrants each patch will receive. These
immigrants consist of all those emigrants who emigrated at time ¢ — 1 and survived.

Il = w/eF,if(N)b(F, M)[(1—s)(1 —d)+s;(1 —m)] Finy_1(dM,dF", ... dF™)

M = w/er(N)b(F, M) simFin,_1(dM,dF", ... dF"), (3.8)
i=1

where n;_1(M,F',... F") is the size distribution of the metapopulation at time ¢t — 1. The quantity
fA ng_1(dM,dF*',... dF™) is thus the probability that the local population sizes in a patch belong to
the set A C R’}fl at time ¢ — 1.

Although the dynamics of ny(M, F*, ..., F™) follow from straightforward book-keeping of local popula-
tion dynamics, we do not need to express it in more detail, because for finding metapopulation-dynamical
equilibria we obtain an easier expression. In a metapopulation-dynamical equilibrium, the amounts of
immigrants I} and IM and the population size distribution n,(M, F*,...  F™) are constant. This distri-
bution has a special form [39], because all patches of age 7 (time since the last catastrophe happened in
a patch) have the same population sizes M,, F}, ..., F, which can be solved from (3.7) with the initial
condition My = Fj = --- = F = 0 using constant values of I’ and I*. Finally, the correct values of I*
and I™ need to satisfy the following conditions from which they can be solved at least numerically:

I'=7Y " epif (N2)b(Er, M) [(1— 5;)(1 — d) + 53(1 — m)] Fiv(r)
7=0

™ = Wier(NT)b(FT,MT)v(T) isimFﬁ, (3.9)
7=0 i=1

where v(7) = u(1 — )7, 7=0,...,00 is the age distribution of patches at equilibrium.

3.4. Invasion fitness and the metapopulation reproduction ratio

The invasion fitness [32] is defined as the long-term exponential growth rate r(smut, Eres) of a rare mutant
Smut 1N an environment Fy..s set by the resident. The direct computation of invasion fitness is complicated
in structured metapopulation models. For this reason, [16] and [31] presented the metapopulation
reproduction ratio

Ron (Smut Fres)- (3.10)

Consider a single mutant disperser arriving in a patch. This mutant may reproduce and thus gain
descendants in this patch, but this will not necessarily happen because of demographic stochasticity. As
long as this mutant or at least one of its descendants is present in the local population, we call it a mutant
colony. Again, because of demographic stochasticity and catastrophes, the mutant colony will eventually
go extinct. During its lifetime, some mutants will emigrate from this mutant colony to the disperser pool.
Their average number is the metapopulation reproduction ratio R, of the mutant. In other words, it is
the expected number of successful dispersers produced by a typical mutant colony initiated by a single
mutant disperser. The models in [16] and [31] were defined in continuous time. The quantity R,, can
analogously be calculated in a discrete-time metapopulation model [39]. The definition of R, using the
notation of this article is presented in detail in the Appendix. The invasion condition 7(Smut, Eres) > 0 is
equivalent to Ry, (Smut, Fres) > 1, and thus R,, is a proxy for invasion fitness, and can be used to study
evolution in metapopulation models.

3.5. Evolution of sperm parasitism in a metapopulation

We next investigate the evolution of the reproduction strategy s in the metapopulation model described
above. Our numerical results show that evolutionary dynamics are analogous to the well-mixed case: with
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strong discrimination (d > m) the reproduction strategy s evolves to s = 1, and with light discrimination
(d < m) evolution favours reducing s, which will lead to evolutionary suicide. We can also prove this
result analytically using methods analogous to the well-mixed case (not shown). This result contrasts
with results in the Levins-type model [22], in which the coexistence of full asexual species and a full sexual
species is possible, provided that the corresponding patch colonization rates are suitably chosen. We,
however, need to note that colonization rates in a Levins-type metapopulation model are not properties
of individuals. In structured metapopulation models instead, we describe how individual behaviour
affects reproduction and dispersal, which in turn determine how populations with different reproduction
strategies will grow. In order to two different strategies to coexist, both should have an ecological niche,
which they can exploit better than the other strategy. So far we have assumed that individuals differ
only in their reproduction behaviour, and depending on the relative magnitude of the parameters d and
m, either the smaller strategy always performs better than the larger one, or vice versa. Thus, in order
to observe coexistence of two (or more) strategies, individuals need to differ also in other properties than
their reproduction behaviour.

Next we let also the dispersal probability of females to freely evolve due to natural selection. The
strategy of an individual is then the vector (s,er). For vector-valued strategies, pairwise invasibility
plots are not fully sufficient to illustrate the evolutionary dynamics. Instead, Figure 3 illustrates the
expected direction of evolution, given by the two-dimensional fitness gradient, by showing its isoclines.
From Figure 3 we observe that this situation still leads to either full sexuality (s = 1) or too small s
resulting in evolutionary suicide.

a)d=0.2 b) d=10.6
1 1
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F1GURE 3. Isoclines of the two-dimensional fitness gradient, when both the reproduction
strategy s and the dispersal probability ep of females are freely evolving. Arrows show
the direction of the fitness gradient. Metapopulation parameters: p = 0.05,my; =
0.2, 7 = 0.85, other parameters: o = 0.001,8 =2,B =10, m = 0.5, § = 0.1, v = 0.5,
¢&=0.1.

Next we study what happens if the reproduction strategy s and the female dispersal probability ep
are traded off, so that er = 2(s). For simplicity, here we only consider linear trade-offs, in which

erp =T(c1 +ca(s —0.5)). (3.11)

The function T is included to avoid meaningless probabilities, so that

0, forz <0
Tx)=qz, for0<z<1 (3.12)
1, for x > 1.
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We do not claim that the dispersal probability and the reproduction strategy would normally be coupled
with a one to one correspondence. Our aim is to investigate whether such dependence would be sufficient
for observing coexistence of sexual and asexual species, that are otherwise ecologically equal. Figure 4
illustrates that in the presence of a positive trade-off between the probability of sexual reproduction and
the dispersal probability, intermediate singular strategies may appear. More precisely, when the trade-off
multiplier is not too large (¢ = 0.2 in Figure 4), for low discrimination probabilities d, there is selection
for too low s so that evolutionary suicide happens (Figure 4a). When d is increased, instead of a sudden
change to evolution to full sexuality, an intermediate evolutionarily singular strategy appears, which
is also evolutionarily stable (Figure 4bc). Evolution to full sexuality does occur when d is sufficiently
increased (Figure 4d). This evolutionary bifurcation is illustrated also in Figure 5a.
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FIGURE 4. Pairwise invasibility plots with respect to the reproduction strategy s, when
ep = 0.14c2(s—0.5) with ¢ = 0.2. Other parameters as in Figure 3a, including m = 0.5.

As noted above, without the trade-off in dispersal, in case d < m, evolution favours decreasing s until
the extinction boundary is reached, so that evolutionary suicide happens. When a trade-off is incorpo-
rated, the lower boundary of viability becomes evolutionarily repelling for ¢y large enough (Figure 5bc),
and an intermediate evolutionarily singular strategy appears. On the other hand, increasing ¢y when
d > m can cause the strategy boundary of full sexualily (s = 1) to become evolutionarily repelling
(Figure 5bc), so that evolution again reaches an intermediate evolutionarily singular strategy. Figure 5¢
illustrates that the presence of an intermediate evolutionarily singular strategy occurs with a wide range
of parameter values. When d &~ m, this can happen even with relatively small values of the trade-off

parameter csp.
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F1GURE 5. Dependence of the direction of selection and singular strategies as a function
of a) the discrimination probability d and b) the trade-off parameter ¢z. ¢) Evolutionary
scenarios as a function of d and c¢p. Parameters: ep = T(0.1 4 c2(s — 0.5)). a) c2 = 0.2
b) d = 0.4. Other parameters as in Figure 3a.
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In all observed cases, the intermediate evolutionarily singular strategy is both evolutionarily attracting
and uninvadable (evolutionarily stable), so that it is the expected endpoint of evolution. This means that
the evolving population is expected to remain monomorphic with respect to the evolving strategy s.
It would have been especially interesting to observe evolutionary branching, in which the strategy of a
monomorphic population first evolves to a singular strategy, and then the population becomes dimorphic,
and disruptive selection causes the strategies of the two populations to diverge. Although we did not
find such behaviour in the present model, we would like to point out that in a monomorphic population
with an intermediate strategy (0 < s < 1), both sexual and asexual behaviour does occur. Nevertheless,
we can conclude that a metapopulation structure as such does not provide support for the evolutionary
emergence, and evolutionarily stable coexistence of completely sexually and completely gynogenetically
reproducing species.

4. Discussion

All offspring of a gynogenetically reproducing female are females, which may give it a reproductive ad-
vantage compared to sexually reproducing females, unless males are able to recognize gynogenetically
reproducing females and refuse to mate with them. If the reproduction strategy is freely evolving in a
large well-mixed population, strong discrimination of asexually reproducing females by males results in
evolution to full sexuality, whereas mild discrimination leads to too small probability of sexual reproduc-
tion, so that the lack of males causes the extinction of the evolving population, resulting in evolutionary
suicide [12,17,18, 38, 42,43].

When the discrimination of asexually reproducing females is mild, the direct benefit of sexual re-
production to a female is smaller than the direct benefit of asexual reproduction. Sexual reproduction
gives, however, indirect benefit, because the production of males increases the mating probability of all
females in the future. Sexual reproduction can thus be considered as a cooperative act. Various mecha-
nisms have been suggested to promote cooperation. Potential cooperation events may be repeated many
times between the same individuals. If an individual decides not to cooperate, the partner is likely to
remember such defecting act, and not to give help in the future either. Therefore, direct reciprocity
may promote cooperation [50]. In case pairwise interactions are repeated, but not between the same
individuals, by defecting one may get a bad reputation, and that way risk the possibility of receiving
help in the future. Therefore, indirect reciprocity [1,2,34-36, 48] may promote cooperation, depending
on the social norm [37]. These mechanisms are not likely to affect the evolution of sexual reproduction.
Although reproduction results from a pairwise act of a male and a female, this is not a pairwise event in
terms of cooperation. The benefit of sexually produced males is namely shared among all females in the
population, and thus it can be considered as public-goods cooperation.

Assortment is a mechanism promoting cooperation [13], which applies also to public-goods coopera-
tion. Whatever the mechanism causing assortment is, if a cooperating individual is more likely to be
surrounded by cooperating individuals than a defecting individual is, the direct benefit received from
them may promote cooperation. Assortment can also cause an individual to be surrounded by its rela-
tives, and thus kin selection [19,20] may promote cooperation. In a metapopulation structure assortment
is naturally present. This gives motivation to study the evolution of sexual reproduction in a metapopu-
lation model. A Levins-type metapopulation [24,25] model was investigated by [22], who assumed that
an empty patch can be colonized by a sexually reproducing population, whereas an asexually reproducing
population can only colonize patches already occupied by the sexually reproducing ones. By choosing
suitable colonization and extinction rates, the sexually and asexually reproducing populations are able
to coexist. These patch colonization rates, however, are not individual-level properties, and thus cannot
be linked to the reproduction strategies of individuals. For this reason, we investigated here a structured
metapopulation model, in which patch colonizations result from individual-level dispersal. With this
kind of models, also the effect of the reproduction strategy to the local population dynamics can be
incorporated in detail. Note, however, that the local populations in this article were assumed to be large,
and therefore kin selection does not play a role here. We observed that the metapopulation structure
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as such does not alter the scenarios observed for the well-mixed population: strong discrimination again
results in evolution to full sexuality, and mild discrimination leads to evolutionary suicide due to too
small probability of sexual reproduction.

Based on the reasoning given above, in order to gynogenetically reproducing and sexually reproducing
individuals to coexist, sexual reproduction should be accompanied with a property, which gives direct
benefit to the sexually reproducing individual. Such direct benefit could result for example from dif-
ferences in some other life-history trait. In a metapopulation context, dispersal behaviour is a natural
choice. For this reason, we investigated the joint evolution of dispersal and the reproduction strategy.
When these traits are allowed to evolve independently, for a given reproduction strategy there exists
an evolutionarily singular dispersal strategy component, but again, mild discrimination leads to too low
probability of sexual reproduction and evolutionary suicide, and strong discrimination to full sexual repro-
duction (Figure 3). Instead of independently evolving traits, imposing a trade-off between dispersal and
the reproduction strategy can result in different evolutionary scenarios. We thus investigated a situation,
in which the dispersal strategy of an individual is a function of its reproduction strategy. We observed
that an intermediate evolutionarily singular reproduction strategy can emerge and be evolutionarily at-
tracting, provided that the slope of the trade-off function is large enough. Such a situation thus enables
the presence of sexual and asexual behaviour at the same time in this model, but it is due to females with
a mixed reproduction trait. We did not observe disruptive selection resulting in the evolutionarily stable
coexistence of fully sexual and fully asexual females. Even the ecological coexistence of fully sexual and
fully asexual females does not appear to be possible. We thus conclude that a difference in the dispersal
behaviour only seems not to be a sufficient mechanism to explain the observed coexistence of gynogenetic
and sexual species.

What mechanisms remain that could explain the observed coexistence of gynogenetic and sexual
species? First, there may be other differences than dispersal in the species. These differences, however,
must be such that they provide an ecological niche for each reproductive trait [28,47,52]. Some other
mechanisms are related to discrimination, including frequency-dependent male mate preference [29,33].
Considering the evolution of discrimination by males [23], it has been observed that for sperm-rich males,
mating with a female is an act with very small cost. Refusing to mate with an asexually reproducing
female thus provides a rather small benefit compared with the big cost of refusing to mate with a sexually
reproducing one. Based on direct benefits and costs, discrimination is not likely to evolve. The situation
is different in small populations in which kin selection matters [23]. In the model investigated in this
article, discrimination is not expected to evolve. A metapopulation model with locally small populations
[31,41,45] would be a rather interesting setup to investigate the evolution of the reproduction strategy,
as well as the evolution of discrimination. In such a model, producing males can be beneficial in the
evolutionary sense, because the relatives of a sexually reproducing female benefit from such production
of males. By a similar reasoning, mate discrimination by males may also evolve. We thus conclude that a
mere metapopulation structure is not enough to support the coexistence of sexually and gynogenetically
reproducing females, but there are metapopulation models in which such coexistence is plausible. We,
however, leave such investigation for future work.

Appendix: Metapopulation reproduction ratio of the mutant

Assume, that the metapopulation is at a population-dynamical equilibrium, in which I™ and I, i =
1,...,n are the amounts of immigrants for males and females. As explained in the main text, all patches
of age T have the same population sizes M., F}, ..., F"* which can be solved from (3.7) with My = F} =
-+ = F§ = 0. Now we investigate what is expected to happen to a mutant individual with strategy Smus
in the environment set by these residents.

Consider a small immigrating mutant population of size Fj™"* which arrives in a patch. The probability
that this patch has age 7 is v(7). Because catastrophes happen after immigration, this mutant population
is present in that patch in the beginning of the next season with probability 1 — p. At that time, this
patch has age 7 + 1 with probability (1 — p)v(r) = v(r + 1). At that time the mutant population size
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is Fi"t ) and the quantity F™"(7 + 1,¢) denotes the mutant population size ¢ time steps later. Because
the mutant population is rare, no new mutant immigrants are expected to arrive in the patch. If no
catastrophes will happen, the local mutant population will thus grow according to

Pt (r 41,0) = Fpee
Four(r + 1,64+ 1) = (1 — epmut) f (Nrgp140) 0(Fri1ge, Mrg14e) (4.1)
[(1 - Smut)(l - d) + Smut(l - m)] FmUt(T + lat)'

The per capita number of emigrants that this newly founded mutant colony is expected to produce during
its entire lifetime is equal to

1 o0
E(r+1)= —+ ZeF,mutf(N‘r+1+t)b(FT+1+t7 Mry14t)
F t=0

(1= st (1 = d) + st (1= m)] F™ (7 + 1,6)(1 — ', (4.2)

where (1 — u)? is the probability that a catastrophe has not happened in ¢ time steps.
Finally, the expected number of surviving mutant emigrants produced by a mutant who arrives in a
patch is

R(Smuts Fres) =7 i o(t+ D)E(T+1). (4.3)

=0

For an efficient algorithm for the calculation of this quantity, see [39].
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