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Abstract

It has been known for long time that asexual organisms may affect the distribution of
sexual taxa. In fact, such phenomenon is inherent in the concept of geographical partheno-
genesis. On the other hand, it was generally hypothesized that sperm-dependent asexuals
may not exercise the same effect on related sexual population, due to their dependence
upon them as sperm-donors. Recently, however, it became clear that sperm-dependent
asexuals may directly or indirectly affect the distribution of their sperm-hosts, but rather
in a small scale. No study addressed the large-scale biogeographic effect of the coexistence
of such asexuals with the sexual species. In our study we were interested in the effect of
sexual-asexual coexistence on the speed of spatial expansion of the whole complex. We
expand previously published Lotka-Volterra model of the coexistence of sexual and gyno-
genetic forms of spined loach (Cobitis; Teleostei) hybrid complex by diffusion. We show
that presence of sperm-dependent parthenogens is likely to negatively affect the spatial
expansion of sexuals, and hence the whole complex, compared to pure sexual popula-
tion. Given that most of the known sperm-dependent asexual complexes are distributed
in areas prone to climate-induced colonization/extinction events, we conclude that such
mechanism may be an important agent in determining the biogeography of sexual taxa
and therefore requires further attention including empirical tests.

Keywords: Sperm-dependent asexuality, Cobitis, spatial expansion, dispersal, post-

glacial recolonization, hybridization.
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Introduction

More than a century after the recognition of the “paradox of sex” (Weismann 1889), there
is little disagreement that strict asexuality among higher organisms generally represents an
evolutionary dead-end due to the inability of clones to escape either mutation or parasite loads,
or to cope with a changing environment (e.g. Dybdahl and Lively (1998), Paland et al. (2006),
West et al. (1999)). It should however be noted that some findings of exceptional longevity of
clones, their adaptive potential or even the reevolution of sex contrast traditional assumptions
in some model groups (Vrijenhoek 1993, Judson et al. 1996, Domes et al. 2007, Normark et
al. 2003, Martens et al. 2003).

Whether or not asexuals are looked at as short-lived offshoots of sex, there is one aspect of
their existence that is not fully appreciated in the discussion as to whether asexual organisms
should be considered no-hopers or hopeful monsters (Vrijenhoek 1989); their potential to affect
the distributions of sexual species. Although cases where asexuality has completely replaced
sex (i.e. where there is no sexual species closely related to clonal species) are rare among
Metazoans, asexuals do interfere with their sexual competitors even without driving sexual
species to extinction. Geographical parthenogenesis may at least in some cases be viewed as the
occupation by asexuals of habitats where sex would have normally existed (e.g. Bierzychudek
(1985), Peck et al. (1998), Kearney (2003)). Although the evolutionary potential of asexual
organisms is traditionally studied in terms of their abilities to persist some number of generation
without sex or the creation of some evolutionary novelties, we should perhaps focus on questions
of what their presence means to competing sexual species. Even if a given clone eventually
goes extinct, the changes that its presence induced in the sexual species—such as affected
distribution ranges, ecological or behavioral adaptations, or mate recognition mechanisms (e.g.
Lynch (1984), Peck et al. (1998), Ryan et al. (1996), Gabor and Ryan (2001), Schlupp (2005))—
may represent an evolutionary impact not generally considered.

Sperm-dependent (pseudogamous) asexuals are parthenogenetic organisms that require
sperm to activate the oocyte development, and are thus dependent on a suitable sperm donor in
what could be considered a kind of parasitism (see e.g. Schlupp (2005), Choleva et al. (2008) and
citations therein). It has been speculated for decades (see. e.g. Moore and McKay (1971)) that
all else being equal, the sperm-dependent asexuals should out-compete their hosts and the whole
complex collapse. Therefore, various mechanisms have been proposed to ensure the coexistence
of both populations. For example, sexual males are likely to evolve mate-recognition since the
sperm used for the activation of clonal ova is effectively wasted. This may be manifested either
by the premating choice of partner (Ryan et al. 1996, Gabor and Ryan 2001) or by differential

allocation of sperm (Schlupp and Plath 2005). In asexuals, selection among clones operates to
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overcome the mating preference for conspecifics in the sexual species by more aggressive mating
behavior or by the evolution of sex-mimicry (Beukeboom and Vrijenhoek 1998). Competition
for resources with the parental species may select the asexual population to either minimize
the niche overlap by specializing to alternative habitats (Hellriegel and Reyer 2000, Plenet et
al. 2005) or to form narrowly specialized clonal lineages able to outcompete the sexual host
in given sub-niches and therefore to coexist in the same habitat (Vrijenhoek 1979, Pound et
al. 2002). Parasites may also preferentially affect asexuals, because clonal reproduction does
not generate enough variability to escape them (e.g. Dybdahl and Lively (1998), Hakoyama
and Iwasa (2004)).

Aspects of spatial segregation of sexual and sperm-dependent asexual components have
rarely been taken into account, but if so, the studies suggested importance of such aspects
for the long-term persistence of such mixed complexes. These works either assumed the two-
deme model (Hellriegel and Reyer 2000), or searched for dispersal-extinction equilibria in a
metapopulation framework (e.g. Kokko et al. (2008)). Interestingly, Kokko et al. (2008) showed
that metapopulation dynamics alone may promote stable coexistence. This is expected either
if the sperm-parasite causes little damage to its host (thus resulting in majority of demes being
occupied by both species), or if the damage is rather high, locally driving the host population
quickly to extinction (thus resulting in a relatively low invasion rate of the parasite).

Both abovementioned studies assumed population dynamics in a constantly inhabited en-
vironment, because the sperm-dependent parthenogens are usually expected to have only a
small effect on the large-scale biogeography of the sexual taxa on which they critically depend.
Sperm dependent asexuals are generally assumed to arise in areas where their sexual progenitors
are present and subsequently invade their ranges without driving sexual hosts to extinction.
However, several sperm-dependent asexual ‘species’ are known to have either abandoned their
parental host species or out-competed it with a subsequent switch to another sperm-host (rev.
in Choleva et al. (2008)), resulting in a type of geographical parthenogenesis even in the case
of the sperm-dependent asexuality. While such effects of sperm-dependent asexuals are rare,
they may possibly influence the large-scale biogeography of sexual species yet by a different,
possibly quite frequent, process; they may attenuate the rate of spatial spread of their sexual
hosts.

We noticed such a possibility when reconstructing the phylogeography of the Cobitis taenia
hybrid complex. Here, six parapatric species, i.e. C. elongatoides, C. taenia, C. tanaitica, C.
taurica, C. strumicae and C. melanoleuca, are known to hybridise producing several virtually
all-female hybrid forms that coexist with the parental species and reproduce by gynogenesis
(a type of sperm-dependent asexuality, where the sperm triggers the oocyte development, but

does not contribute to genetic build-up of progeny; reviewed in Janko et al. (2007a)). Such
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hybridizations likely take place during interglacial periods, when sexual species intermittently
come into reproductive contact and the resulting gynogenetic hybrid all-female lineages subse-
quently invade the areas of parental species (Janko et al. 2005). Two of the parental species, C.
taenia and C. elongatoides, are widespread in Europe, but whereas the former species inhabits
most of the eastern, western and northern Europe, the latter is restricted to the Danubian
watershed and to upper stretches of the Odra and Elbe rives. Culling et al. (2006) showed that
the current distribution of C. taenia including western Europe, is a result of recent, probably
post-glacial, colonization from the east.

It is not clear why in the case of Cobitis the Danube did not play an important role in the
colonization of Europe, in contrast to other cases of freshwater fish (e.g. Durand et al. (1999),
Nesbg et al. (1999), Kotlik and Berrebi (2001), Bohlen et al. (2006)). This is especially striking,
as C. elongatoides was apparently able to expand into Central Europe, but not any further.
This problem has many more or less plausible explanations, but our previous analysis (Janko et
al. 2005) suggests that C. taenia expanded as a ‘pure’ sexual population, which was ‘infected’
by gynogenetic asexuals only after the postglacial reproductive contact with C. elongatoides
expanding from the Danubian refuge. On the other hand, C. elongatoides expansion was about
twice as slow as C. taenia and was probably coupled with the co-expansion of an ancient
elongatoides-tanaitica gynogenetic hybrid lineage that survived glacial events in the Danubian
refuge. Since asexuals compete with host species for resources and sperm, thereby decreasing
population densities, we speculated that they may also reduce the dispersal potential of the
sexual population. We proposed it as the reason why the Cobitis colonization of Western Europe
came from the east rather than from the Danube.

In this paper we study this hypothesis by expanding published Lotka-Volterra model de-
scribing the local dynamics of Cobitis hybrid complex by adding a linear diffusion. Since
this model assumed no differentiation between sexual and asexual forms, we also expanded
model of Schley et al. (2004) describing the coexistence of sexual and sperm-dependent asexual
hermaphroditic populations that may differ either in competitive ability or intrinsic capacity to
exploit resources. We stress on the choice of parameters under which both population coexist
(and not to perform a full bifurcation analysis of our models which could be rather complex)
and show that presence of sperm-dependent parthenogens is likely to negatively affect the spa-
tial expansion of the whole complex under some circumstances. Given that ranges of many of
the known sperm-dependent asexual complexes likely underwent repeated extinction/expansion
cycles, we suggest that such a mechanism may be an important agent in determining the bio-

geography of sexual taxa.
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Methods

Equations

The Lotka-Volterra model has been previously used to describe local coexistence of sperm-
dependent parthenogens with their sexual hosts (e.g. Schley et al. (2004), Pound et al. (2002)).
In this article, we first took advantage of Bobyrev et al. (2003)—model of three ordinary

differential equations describing the temporal behavior of Cobitis taenia hybrid complex

4% —rR(1 - R/K) — agBR — ayUR,

4B — ypapBR — upB, (1)

A = ypagUR(1 — e58) — py U,

where the first equation describes the dynamics of the resource population, R, which is assumed
to grow logistically in the absence of consumers (r is a Malthusian parameter, K is the envi-
ronment capacity). For simplicity, the functional response of the sexual (B) and asexual (U)
forms is assumed to be proportional, with ag and oy being the parameters of search efficiency,
respectively. The second and the third equations reproduce the dynamics of the sexual species,
B, and the asexual form, U, in terms of their abundances. Both populations exponentially
decay without food with mortality coefficients g and py. Notations yp and 7y stand for
coefficient of food conversion into offspring for the sexual and the asexual form, respectively.
The term 1 — e*F in the third equation is traditionally used for description of the Allee effect
in polygynous populations (McCarthy 1997) and determines the dependence of the asexual
population growth rate on the availability of males from the sexual population.

This model has two conditions for a non-trivial equilibrium existence, one depending strictly
on the ratios of «a, v and p parameters in sexuals and asexuals, respectively, which allowed
authors to empirical test whether natural observations support such a stable coexistence.

However, Bobyrev et al. (2003) system did not assume any Allee effect on sexual host,
which we consider as a drawback. To alleviate such simplification, we modified Bobyrev et al.’s
equations according to published formulas of Schley et al. (2004), keeping in mind that our
system incorporates a sexual host population (where males usually constitute about a half of
the sexual population size), whereas Schley et al. modelled a population of hermaphrodites.

When these variations are applied, the equations expand to incorporate the spatial variable:

OR 0’R
I _ gL 1— R/K) — apBR —
o = dn%y + TR0~ R/K) - apBR - ayUR,
OB B B/2
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Thus the reproductive success of the whole complex depends—in part—on the population of
males of the sexual species. Assuming that the individuals of both populations choose a mate at
random from the entire population we modelled such dependence by the term (B/2)/(B + U),
which is just the Allee effect in the formula used in (Schley et al. 2004). We put the abundances
of males and females in sexual population as equal to B/2. The higher the proportion of
parthenogens, the fewer the proportion of males available to fertilize the eggs of both sexual
and parthenogenetic females. Just as Bobyrev et al. (2003) suggested for Cobitis taenia hybrid
complex, we assumed no niche segregation between both populations. Moreover, we set the
reproduction of sexual diploids proportional to the number of females (B/2).

Second model we will stress on is the system (3) from Schley et al. (2004), again supple-

mented by a linear diffusion:

0B 0’B ( B

=dpg5 + u—(B+%mﬂ0>B,

ot B+rU 3
oU 0*U 8B nB

< —u—("p .

o~ o <B+1€U ey +U)> v

Here, 1 is the death rate, ny and np measures the inhibitory effect per capita of type U and
B on reproduction by type B and U relative to the intraspecific impact on reproduction of
type B and U, respectively. The coefficient (. is the intrinsic reproductive rate per capita of
asexual triploids relative to sexual diploids, x represents the proportional increase in the ability

of asexuals to exploit their environment, relative to that of sexuals.

The model

Although spatial expansion of biological systems including current asexual complexes involves
more than one dimension, we present a simplifying assumption of expansion in one-dimensional
space to reduce the complexity of computation, which is likely to capture the key features
(Murray 2002, p.439). We used a numerical approach to find a solution of the above system of
differential equations.

We have considered zero flux (i.e. Neumann) boundary conditions for all variables. Initially
for t = 0 we set Resource to its carrying capacity K in the whole domain under consideration,
sexuals and asexuals were set to (an arbitrarily chosen) value Uy = By = 107* only on the
left end of the domain while they were considered absent inside the domain. (The sensitivity
on the initial conditions will be discussed below.) For the numerical simulations we took for
the domain an interval of the length ¢ = 160 and we divided it onto n = 60 discrete pieces
(the values were chosen to produce well-resolved solutions). We have compared two simulation
runs of the program for both models: first with sexuals present and second without them.

We defined zero initial values for U and B with the exception of the first discrete node where
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both U and B in the first run and B only in the second run were set to the initial value 1074
Diffusion coefficients dg and dy of fish populations were set to 0.1, Resource was assumed to
disperse more slowly (dg = 0.001). Choosing a more fine mesh of our interval would mean only
a rescaling of the diffusion coefficients/of the interval under consideration and would not give us
better/more realistic results. Since we do not know the realistic values of diffusion coefficients,

we fixed the above mentioned values.

Parameters

Let us recall that our task was to find particular parameters for both models for which both
sexual and asexual populations can coexist and to show that 1) they co-expand under such
circumstances and 2) the speed of expansion of the hybrid complex is lower than that of purely
sexual population.

In the numerical analysis of the model (2), we first set all parameters equal for sexuals
and asexuals and varied parameters r and K of the resource. To study the influence of the
parameters corresponding to B and U we subsequently varied their B/U ratios (keeping the
values of remaining parameters for sexuals and asexuals equal). In particular, we adjusted the
B/U ratios of «, pu and + so that neither sexuals nor parthenogens would go extinct. Conditions
implying stable coexistence of sexual and asexual competitors in general and sperm-dependent
parthenogens in particular, have been extensively studied elsewhere (see the Introduction) and

are not the subject of this study. Hence, our simplification is reasonable.

Since every model, including the present one, depicts only a part of the reality, it is impor-
tant to test its predictions on real-world examples. Therefore, in a second set of analyzes, we
used the empirically estimated ratios of the parameters by Bobyrev et al. (2003) on a mixed
diploid-polyploid population of spined loaches from the Moscow River. In this case, triploids
were composed entirely by gynogenetic females, while diploids were uniquely sexual females
and males serving as host population. The estimated parameter ratios were: pp/puy = 1.08,

ap/ay =081 and v /vy = 1.12.

In the numerical analysis of the model (3) we followed the analysis performed in their paper
(Schley et al. 2004), i.e. we have varied successively the parameters etay, £ and [ (each run

only one parameter), other parameters were fixed. The last run was with all parameters equal.

Results

The results of numerical simulations are demonstrated on the figures. To demonstrate the

influence of a particular parameter we varied one parameter for each figure only keeping the
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other ones fixed. To allow the comparison between figures, fixed parameters were kept on the
same values.

On each particular figure a spatial occupation of sexuals (in upper half) and of the sexu-
als/asexuals complex (in lower half of each figure; sexuals on the left, asexuals on the right)
is shown. To make the figures clear, sexual and asexual populations are drawn separately
but in fact, they invade simultaneously from the same initial (left) end of the interval under

consideration and occupy the same space.

Spatial expansion under modified Bobyrev model

First we set all parameters for B and U equal. Since model (2) assumes strictly two-fold
advantage of asexuality, asexuals, not surprisingly, outcompeted their sperm donors and whole
system collapsed after a short-term spatial expansion resulting from initial introduction of both
consumers into the first discrete node (Fig. 1A).

To ensure the coexistence and co-expansion of both populations when dispersal coefficients
are equal, either the fitness of parthenogens had to be decreased or the fitness of sexuals had
to be increased. This was achieved either by increasing ap and/or g or by decreasing pp.

We performed the same simulations also with different initial seed values for sexual and
asexual populations (relative initial proportion of sexuals to asexuals varied from 0.1 to 100).
We obtained the same qualitative results with regards to the expansion attenuation, but the
surviving complex occupied the area in different densities. The larger was the ratio of initial
values for B to U the larger density was established and the smaller K was necessary to support
both populations.

For low values of the ap all populations went to extinction (because the value of K was
too low to support even pure sexual population) (Fig. 2A). When ap was larger than 1.2
(i.e. when ap/ay was larger than 0.8) only pure sexual population was able to expand but
asexuals out-competed their hosts in the mixed populations leading to a collapse (Fig. 2B). For
ap/ay approaching values of 2, competing asexuals apparently affected the density of sexual
population behind the front line of its expansion. This effect was manifested by the slower
tempo of sexuals’ spatial spread compared to a purely sexual population and was the strongest
when ag/ay equaled 2 (Fig. 2C). Above the value 2.1, we observed the spatial expansion of
asexuals, but their expansion was more and more delayed behind the sexual one and in lower
and lower densities with the simultaneously loosing the influence on the expansion speed of
sexuals (Fig. 2D).

We observed similar behavior by increasing the vz /vy ratio (Fig. 3A-D).

The effect of decreasing mortality of sexuals was similar. When the pp/puy ratio was

less than about 0.2, asexuals followed the expansion wave of their sperm donors, but went
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extinct in the interior zone behind the expanding front due to the depletion of resources by
consumers (Fig. 4A). This means that the underlying dynamics of the steady system leads to
extinction of asexuals but the population survives along a travelling wave. Even in such a case,
however, the co-expansion of asexuals slowed down the spread of the whole complex compared
to the expansion speed of the pure sexual population. When this ratio increased we observed
a co-expansion of both populations with an attenuating effect of asexuals on the speed of the
expansion of the whole complex (Fig. 4B). This effect was stronger with increasing up (Fig. 4C).
With pp/uy above 0.55, asexuals were too strong competitors to allow for coexistence with a
sexual population (Fig. 4D).

Also the environmental carrying capacity had strong influence on the final outcome of both
scenarios (i.e. pure sexual and mixed sexual-asexual). To study its effect; we set ag/ay = 2,
v /v = 1 and pp/py = 1. Under very low K neither population was able to survive (Fig. 5A).
Only when K increased, the expansion started (Fig. 5B). We observed positive correlation
between the value of K and the speed of propagation of both types of consumers (Fig. 5A-
D). This is an expected behavior, since the linear operator of second derivatives causes the
dependence of the speed of the expansion on the population densities and the speed of the
traveling wave front is known to depend on the square root of the growth rate and diffusion
coefficient (Murray 2003).

The immediate effect of asexuals was that more than 2 times higher K (2.5 versus 1.2) was
needed to allow for persistence and expansion of the mixed population compared to the pure
sexual one (Fig. 5B,C). Such patterns are intuitive given that part of the resources must be
consumed by asexuals or else this wouldn’t be a mixed population. This effect results in lower
abundances of sexuals compared to the pure population for the same value of K. The presence
of asexuals always slowed down the expansion speed compared to the expansion rate of the
pure population at the same value of K.

Under empirically estimated B/U parameter ratios (Bobyrev et al. 2003), asexuals always

outcompeted the sperm-donors and the whole population collapsed.

Spatial expansion under Schley model

Setting all parameters equal we observed the expansion of all populations with slowing down
in the hybrid complex (Fig. 1B).

The effect of increasing xk was similar to that of increasing pup/uy in the Bobyrev model.
When x was less than about 0.9, asexuals survived along a travelling wave but went extinct
in the interior zone behind the expanding front (Fig. 6A). Nevertheless, the co-expansion of
asexuals slowed down the spread of the whole complex compared to the expansion speed of

the pure sexual population. When x increased up to one we observed a co-expansion of both
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populations with an attenuating effect of asexuals on the speed of the expansion of the whole
complex (Fig. 1B). Further increasing of x lead to the co-expansion of both populations but
their density started to be lower and lower in the interior of the occupied space (similarly as
the asexuals did for small , Fig. 6B,C). Simultaneously, the expansion was slower and slower.
For even larger x (more than 25), the asexuals started to be strong competitors and they
out-competed the sexual population (Fig. 6D). Simultaneously, the larger x was, the lower
population densities were observed.

Next we studied the effect of the competitive impact of sexuals onto asexuals under the
very low mortality rate pu (Schley et al. 2004, Subsection 3.1.1). If the direct impact of asexuals
onto sexuals was small (ny < 1), both populations co-expand and sexuals were slowed down
by asexuals (Fig. 7A) since they influenced the sexuals via nontrivial x (we set k= 1 as Schley
did). For ny > 1, the direct influence became strong leading to the decreasing population
density of both populations in the occupied area. This effect was more visible in the sexual
population because their travelling wave formed stronger peak than that of asexuals (Fig. 7B).
This effect positively correlated with 7. The populations balanced on the lower and lower
values but still survived and expand (Fig. 7C).

The subject of the last runs is the influence of the intrinsic reproductive rate per capita of
asexuals relative that to sexuals. For low values of the parameter § the asexual population went
extinct after a short period of expansion with almost no effect on their sexual hosts (Fig. 8A).
For 3 approaching one we observed co-expansion with slowing effect of asexuals (Fig. 8B).
This effect positively correlated with increasing values of 5 (Fig. 8C) until high values when
asexuals started to out-compete the sexual population. Densities of both expanding populations

negatively correlated with .

Discussion

Previously published studies of the spatial aspects of sperm-dependent parthenogenesis (Hellriegel
and Reyer 2000, Kokko et al. 2008) provided very innovative insights into the role of the space in
maintenance of sperm-dependent asexuality. However, given that distribution ranges of many
species have frequently undergone shifts in relations to climate changes (Hewitt 2000), it is
instructive to study the role of sperm-dependent parasites in the process of recolonization of
newly available areas.

Present extensions of both previously published models of pseudogamous asexual complex
show that coexisting sperm-dependent parthenogens tends to attenuate the speed of spatial
propagation of the whole complex.

We must stress that application of both models is simplistic. We did not take into account
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various parameters, which may also affect the coexistence of sperm-dependent asexuals and their
sexual hosts. This could be e.g. mate choice (Hellriegel and Reyer 2000, Ryan et al. 1996, Gabor
and Ryan 2001, Schlupp and Plath 2005), or the role of parasites preferentially attacking the
asexuals (Hakoyama and Iwasa 2004). On the other hand, abovementioned theoretical studies
treated the problem of coexistence of host and sperm-parasite in detail, including the work of
Schley et al. (2004) dealing with effects of differences in competitive or resource exploitation
abilities. While relative importance of such processes may vary from case to case, our interest in
general effect of coexistence between sexuals and sperm-dependent asexuals on spatial expansion
of the whole complex justifies the ad hoc choice of parameter values.

Indeed, the slow-down of the population expansion speed in response to the competition
has been demonstrated previously using reaction-diffusion models (e.g. Hart -and Gardner
(1997), Skalski (2004)). For example, the minimal speed of the expansion in the two-species

Lotka-Volterra competition model has been derived as

Chnin = 2\/041D1(1 - C1K2)7

where a1 and D are the intrinsic growth rate and diffusion coefficient of the invader, ¢; is the
competition effect of species 2 on species 1 and Ky is the carrying capacity of the species 2 (see
Murray (2003)). Our findings, which show the attenuating effect of coexisting sperm-dependent
parasite asexuals on spatial expansion of host population, are therefore well in agreement with
predictions.

The phenomenon of geographical parthenogenesis implies that the presence of asexuals
affects the distribution of competing sexual species (see Peck et al. (1998) for theoretical treat-
ment of the problem and Kearney (2005) for discussion of empirical examples). Kokko et al.
(2008) further studied the conditions under which sperm-dependent asexuals may affect the
spatial distribution of their hosts. Here, we demonstrate two additional effects: first, depend-
ing on the environment, they may either delay, or even stop the onset of the expansion of the
host population and second, they may slow down the speed of population expansion. As in
previous works applying the reaction-diffusion models (e.g. Murray (2003), Skalski (2004)), we
analyzed the expansion continuous in space and time, which was initiated from single popula-
tion, while in nature the colonization of new habitat may proceed in more discrete steps from
several sources. As predicted by Schley et al. (2004) and demonstrated by Kokko et al. (2008),
spatial dynamics of pseudogamous asexual complex in constantly inhabited space is likely ap-
proximated by metapopulation model with repeated extinctions/recolonizations of patches by
either sexual or asexual component. The priority effects stemming from such stochastic events
may be important of course. If the spatial expansion is initiated by asexual-free deme, sexuals

may expand at rate, which is unaffected by asexuals lagging behind. Nevertheless, keeping
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in mind the necessary simplifications of our model, this study points at previously unnoticed
role for sperm-dependent asexuals; they may be decisive elements in shaping bio-geographical
patterns over large areas.

Many pseudogamous complexes are of hybrid origin involving two or more hybridizing
sexual species and occur in areas, which are prone to climate-induced shifts in distribution
ranges (rev in Beukeboom and Vrijenhoek (1998), Schlupp (2005). Contemporary distributions
of clones and parental species is therefore supposed to mirror different ecological requirements
of parental species as well as their routes and rates of interglacial expansions (e.g. Berger
(1977), Angers and Schlosser (2007)). Our study indicates that absence of particular parental
species over large parts of distribution range of the clonal complex does not.necessarily reflect
low colonization abilities or different ecological adaptations, but may result from the fact that
coexpanding clones have attenuated its expansion from glacial refugia.

For example, Janko et al. (2005) showed that gynogenetic lineages of the C. taenia asexual
complex arose on multiple occasions, when parental species repeatedly came into contact during
interglacial periods. Ome of those lineages was able to survive several glacial maxims in a
Danubian refuge and co-expanded with C. elongatoides to Central Europe during the Holocene.
While it is possible that without co-expanding gynogens, C. elongatoides would have been able
to colonize the rest of the Continent like other Danubian fish species, gynogens putatively
attenuated its expansion rate, which might have given an opportunity to C. taenia expanding
from the East to settle there first.

We recognize that to test this hypothesis on real examples, more detailed models should be
applied and more field data must be available for any given complex. In the Cobitis example,
simulations under empirical parameter estimates of Bobyrev et al. (2003) resulted in a demise
of the whole complex due to the out competition of sexuals by sperm-dependent asexuals. This
is rather implausible result since we know that both forms successfully coexist in nature. Such
a failure may result from the fact that present model did not incorporate some of the above-
mentioned behavioral or ecological mechanisms affecting the persistence of asexual complex. In
fact, when performing the analysis with original equations from Bobyrev et al. (2003), we no-
ticed that the parameter S = m - d strongly affects the outcome, but unfortunately, the authors
never explained how S was estimated and what value was used for numerical solution. It is also
possible that U/B ratio of parameters estimated by Bobyrev et al. may be partly misleading.
For example, the estimates of v were based on the number of eggs per female, but authors
did not take into account possible differences in hatching success between diploid sexual and
triploid asexual females as well as the fact that significant proportion of triploid eggs may be
wasted due to the incorporation of sperms genome (Janko et al. 2007b) Such processes are likely

to decrease the 7y /v ratio. The situation seems similar in other sperm-dependent complexes.
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In one of the best known example, the dynamics of coexistence of sexual and asexual forms
of water frog complex was described with an impressive amount of biologically relevant traits
(including local migration; Hellriegel and Reyer (2000)), but incomplete knowledge of some of
the parameter values would prevent clear-cut model based inference of expansion history.
Direct testing of the hypothesis that sperm-dependent asexuals delay the spatial expansion
of their sperm donors would require the inclusion of major biologically relevant traits into
the model as well as their empirically estimated values, but so far, the incomplete knowledge
about ecology, behavior and, mainly, the dispersal rates in most of such complexes prevents us
from more advanced parameter estimates and formulation of more complex models. Therefore,
rather than drawing definitive conclusions about the role of sperm-dependent asexuals in the
biogeography of sexual taxa, our intention is to point at the existence of such a previously
unrecognized mechanism, which may be important aspect in the evolution of sperm-dependent

asexual complexes.
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Figure 1: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower
half of each figure; sexuals on the left, asexuals on the right) in the case all parameters for B
and U equal for Bobyrev and Schley model on panel A and B, respectively. Horizontal and

vertical axis corresponds to the space and time, respectively.
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Figure 2: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower
half of each figure; sexuals on the left, asexuals on the right) in Bobyrev model for different
ap/ay ratio (0.6, 1.0, 2.0 and 3.3) with all other parameters for B and U equal (more precisely,
r=1,K=3 ay=15 up=puy =1,y =7 =1).
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Figure 3: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower
half of each figure; sexuals on the left, asexuals on the right) in Bobyrev model with different
~vB/vr (0.5,1.3, 2.0 and 3.0) with and all other parameters for B and U equal (more precisely,
r=1,K=3ap=ay=15, up=py =1, vw=1).
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Figure 4: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower

half of each figure; sexuals on the left, asexuals on the right) in Bobyrev model for different

pp/uy ratio (0.05, 0.45, 0.5 and 0.7) with all other parameters for B and U equal (more

precisely, r=1, K =3, ap=ay =15, uyy =1, yg = = 1).
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Figure 5: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower
half of each figure; sexuals on the left, asexuals on the right) in Bobyrev model with different
K (0.8, 1.7,2.6 and 3.6) with v5/vy = 2, and all other parameters for B and U equal (more
precisely, r=1, ag =ay =15, up=puy =1, v =2, vy = 1).
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Figure 6: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower
half of each figure; sexuals on the left, asexuals on the right) in Schley model with different x

(0.5, 1.15, 2.0 and 50) and all other parameters for B and U equal (more precisely, p = 0.1,
B=1,np=n=1).
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Figure 7: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower
half of each figure; sexuals on the left, asexuals on the right) in Schley model with different
(0.1, 3.0 and 10.0) and all other parameters for B and U equal (more precisely, u = 0.1, k = 1,

6:1,773:1)
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Figure 8: Spatial occupation of sexuals (upper half) and of the sexuals/asexuals complex (lower
half of each figure; sexuals on the left, asexuals on the right) in Schley model with different /3
(0.5, 0.95, 1.1 and 10.0) and all other parameters for B and U equal (more precisely, u = 0.1,
k=1,np=ny=1).





