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ABSTRACT

Puurtinen, Mikael

Evolution of hermaphroditic mating systems in animals

Jyvéskyld: University of Jyvaskyld, 2004, 28 p.

(Jyvaskyla Studies in Biological and Environmental Science,

ISSN 1456-9701; 143)

ISBN 951-39-1822-X

Yhteenveto: Kaksineuvoisten lisddntymistrategioiden evoluutio eldimilld
Diss.

This thesis is focused on the advantages of hermaphroditism versus separate
sexes in animals, on the evolution of self- and cross-fertilization in populations
of the hermaphroditic aquatic snail Lymnaea stagnalis, and on the consequences
of small historical population size for reproductive output and parasite
resistance of snails. Hermaphroditism has been suggested to be favoured when
the availability of mating partners is limited. Many animals can however
increase the availability of mating partners by searching. We found that limited
mate search efficiency stabilizes hermaphroditism, and more interestingly, that
high mate search efficiency causes disruptive selection on searching behaviour,
leading to the evolution of males and females. In our empirical studies of
Lymnaea stagnalis populations, we found that these snails typically reproduce by
cross-fertilization in nature. In experimental studies we found that evolution of
self-fertilization does not seem to be opposed by lower fecundity of self-
fertilizing snails, nor by considerably higher early mortality or higher risk of
parasitism for self-fertilized offspring. Population genetic data revealed that the
studied Lymnaea stagnalis populations had different histories that could be
inferred from population genetic data; some populations had been very small
and had lost most of the genetic variation, while others had retained larger sizes
and more genetic variation. Small historical population sizes were found to be
associated with slow maturation and low fecundity of snails, suggesting that
slightly harmful mutations have accumulated in small populations by genetic
drift, and that mutation accumulation may endanger the long-term persistence
of small populations. Snails with low genetic variability were also more likely
to become infected by trematode parasites, suggesting that loss of genetic
variation may threaten the survival of small populations also on short time-
scales.

Key words: Genetic drift; hermaphroditism; inbreeding depression; Lymnaea
stagnalis; parasite resistance; population genetics; self-fertilization.
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1 INTRODUCTION

In this thesis I have studied the evolution of hermaphroditic mating
systems in animals. Part of the work is purely theoretical, and deals with
questions like what are the advantages and disadvantages of hermaphroditism
compared to having separate males and females, and when does natural
selection favour the evolution of either type of gender expression. Majority of
the work however comprises empirical studies of ecology, population genetics,
and mating system evolution in populations of the great pond snail, Lymnaea
stagnalis. Because our study populations proved to be genetically isolated from
each other, I was also able to study the effects of population size and isolation
on reproductive output and parasite resistance of snails. These studies are
relevant to the conservation of endangered species and populations, as human
activities are increasingly leading to fragmentation of natural habitats causing
declines in sizes and connectivity of natural populations.

1.1 Why be an animal hermaphrodite, and why not?

Hermaphrodites are individuals that possess both functional male and female
reproductive systems. Hermaphroditism is typical for flowering plants, but it is
also found in many groups of animals (Ghiselin 1969, Ghiselin 1974). The
interesting question is why are some animals hermaphroditic, but most have
separate males and females (i.e., are gonochoric). Answer to this question lays
in the economics of resource allocation between different reproductive
functions: if the overall fitness is greater for an individual that allocates
resources to both male and female function than for an individual that only
allocates to one function, hermaphroditism is favoured (Charnov et al. 1976).
This statement is quite trivial, however. In order to understand the evolution of
gender expression more precisely, we need to define those conditions that
favour hermaphroditic sex-allocation strategies and those that favour
specialization in male or female function.

Traditionally, evolutionary biologists have struggled to explain the
existence of hermaphroditism in the Animal Kingdom rather than to explain
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why most animals are gonochoric. A reason for this bias may be due to the fact
that as humans we perceive having separate sexes as ‘normal’, whereas
hermaphroditism seems ‘odd’. The most influential theories for
hermaphroditism relate to situations where availability of mating partners is
low. Imagine a situation where each individual only meets one individual
during its reproductive life. If the two individuals happened to be of the same
sex they could not reproduce, but if both were hermaphroditic, cross-
fertilization could take place (Tomlinson 1966, Ghiselin 1969). Most
hermaphrodites are also able to reproduce without a partner by self-
fertilization, an obvious advantage when mating partners cannot be found
(Darwin 1876, Maynard Smith 1978). Further, if low availability of mating
partners limits reproductive success through male function, a hermaphrodite
may maximize its fitness by allocating most of its resources to female function
(Altenburg 1934, Charnov et al. 1976).

Hermaphroditism thus seems to have several advantages over
gonochorism, yet gonochorism is ubiquitous among animals. Obviously, there
must exist some force that has led to the evolution and maintenance of separate
sexes in the majority of animal taxa. This fundamental question has however
received only minimal attention. Perhaps the most relevant contribution to this
question has been an article by D. J. Heath (Heath 1977), where he showed that
the extra cost of producing and maintaining both male and female reproductive
apparatus would result in lower reproductive output of hermaphrodites
compared to gonochorists. However, the extra cost of having both reproductive
organs favours gonochorism only when allocation to male function is
approximately equal to allocation to female function; hermaphroditism is stable
even with the extra cost if sex-allocation is female-biased. While externally
fertilizing hermaphroditic organisms may have an approximately equal sex-
allocation, many internally fertilizing animal hermaphrodites probably do not.
Also empirical studies trying to find evidence for existence of such costs have
yielded equivocal results (Doums et al. 1998). It seems that current evolutionary
theory cannot sufficiently explain one of the most prominent evolutionary
phenomena: evolution and maintenance of separate sexes in animals.

1.2 Evolution of self- and cross-fertilization

Because most hermaphroditic organisms are able to reproduce by both self-and
cross-fertilization, and the type of reproduction greatly influences the evolution
and ecology of a species, it is of great interest to study the evolution of mating
systems in hermaphrodites. Evolution of self-fertilization is facilitated by the
intrinsic 3:2 transmission advantage of an allele for self-fertilization compared
to an allele for cross-fertilization; an allele causing selfing can be present in two
copies in every self-fertilized offspring, and in one copy in the cross-fertilized
offspring of other individuals (Fisher 1941). Thus, if the fertilization success of
self-fertilizing individuals is not compromised, and if the fitness of self-
fertilized offspring is equal to the fitness of cross-fertilized offspring, selfing is
expected to spread and go to fixation in a population.
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The most important factor preventing the spread of self-fertilization is
inbreeding depression (6 = 1 - fitness of self-fertilized offspring / fitness of
cross-fertilized offspring), the reduced fitness of self-fertilized offspring in
relation to cross-fertilized offspring. Early models for the evolution of self-
fertilization found that if selfing does not affect outcrossing success, 6 < 2
should favour the evolution of selfing while 6 > V2 should favour the evolution
of cross-fertilization (Lloyd 1979, Charlesworth 1980). This simple result has
been used as a ‘rule of thumb” in studies of mating system evolution, although
it is known that several ecological (e.g., reproductive assurance) and genetic
mechanisms (e.g., associations between loci determining mating system and
fithess) may cause deviations from this prediction (see Charlesworth &
Charlesworth 1987, Jarne & Charlesworth 1993, Uyenoyama et al. 1993,
Holsinger 1996 for reviews).

Inbreeding depression is mostly due to (partially) recessive deleterious
mutations that are expressed in homozygous state in the self-fertilized progeny,
reducing their survival and reproduction (Charlesworth & Charlesworth 1999).
Inbreeding depression is thus not a fixed parameter, but reflects the amount of
segregating deleterious mutations in a population. The frequency of such
mutations depends on several factors, the most important being the effective
size of the population and the degree of inbreeding in the population. In small
populations, and in populations practicing inbreeding, increased homozygosity
exposes recessive deleterious alleles to selection and purging them from the
population. Thus inbreeding depression is expected to decrease in populations
that are inbred due either to small effective population size or to within-
population inbreeding (Lande & Schemske 1985, Charlesworth et al. 1990,
Wang et al. 1999, Bataillon & Kirkpatrick 2000, Hedrick 2002, Glémin 2003).
Evidence that purging actually happens has been obtained from comparisons
among species and populations differing in the amount of inbreeding, but it
seems that purging is not always efficient (Husband & Schemske 1996, Byers &
Waller 1999). It is known that slightly deleterious mutations with relatively
strong heterozygous effects are not easily purged, and can cause substantial
inbreeding depression also in inbred populations (Wang et al. 1999). Inbreeding
depression may decrease in small populations also because in small
populations, genetic drift reduces genetic variability. Without genetic
variability there cannot be inbreeding depression.

The strength of inbreeding depression does not depend solely on the
genetics of the population, but also on the environment where inbreeding
depression is estimated. For example, it has often been observed that
inbreeding depression may be stronger in harsh conditions (e.g., Dudash 1990,
Jiminez et al. 1994, Keller et al. 2002) or when competition is more intense
(Cheptou et al. 2000, Cheptou et al. 2001). One potentially important factor that
may affect the strength of inbreeding depression is parasitism. Parasites are
expected to disproportionately affect self-fertilized individuals because self-
fertilized individuals have less genetic variability necessary to detect a wide
selection of invading parasites. Also the poorer condition of individuals
suffering from inbreeding depression may render them less able to fight off
invading parasites. There is some empirical evidence, mostly from vertebrates,
that inbred individuals and populations are more affected by parasites than
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outbred individuals and populations (Mulvey et al. 1987, Coltman et al. 1999,
Meagher 1999, Cassinello et al. 2001, Acevedo-Whitehouse et al. 2003), but other
studies have found no such pattern (e.g., Trouvé et al. 2003). In experimental
tests on the effect of inbreeding on parasite resistance, equivocal results have
been obtained. Some studies have found no effect of inbreeding (Matheson et al.
1995, Salathe & Ebert 2003), while in some studies the effect is seen in some
populations but not in others (Wiehn et al. 2002), or the effect depends on the
species of parasite studied (Haag et al. 2003).

On top of inbreeding depression, the effects of the mating system on
parental fecundity may also contribute to the relative fitness of self- and cross-
fertilization. If self-fertilization results in lower fecundity than cross-
fertilization, this will select against evolution of self-fertilization. The joint effect
of mating system on parental fecundity and on offspring fitness has been
termed self-fertilization depression (Jarne et al. 1991).

We studied the consequences of self- and cross-fertilization for viability,
parental fecundity, hatching success of eggs and parasite resistance in eight
natural populations of Lymnaea stagnalis. Our aim was to examine whether the
natural mating systems of the snails could be understood in the light of the
differential fitness consequences of self-and cross-fertilization.

1.3 Adverse effects of small population size

Understanding the extinction risks facing small populations is of central
importance for the conservation of endangered species and populations. The
issue is especially relevant in the present day because human land use
continuously reduces and fragments natural habitats, causing declines in sizes
and connectivity of natural populations. While demographic and
environmental stochasticity are major threats to survival of small populations
(Lande 1988), genetic changes taking place in small populations can
additionally increase the risk of population extinction.

There are three main genetic threats facing small populations. Inbreeding
depression — the unmasking of recessive, often highly detrimental alleles in the
offspring of close relatives — can increase the probability of immediate
extinction in populations suddenly reduced to small size (Newman & Pilson
1997, Saccheri et al. 1998). For populations that have declined in size more
gradually, and for populations that have survived the initial first generations of
close inbreeding, genetic load from fixation and accumulation of slightly
deleterious mutations (i.e.,, drift load) may pose a more serious risk for
population persistence. Slightly deleterious mutations can accumulate in small
populations because genetic drift overrides natural selection against these
mutations in small populations (Kimura et al. 1963, Wright 1977). In the long
run, accumulation of mutations can reduce the reproductive output of
individuals to the point that the population can no longer replace itself,
resulting in extinction (e.g., Lande 1994, Lynch et al. 1995b).

The third genetic threat to small populations arises through a reduction in
potentially adaptive genetic variation. In small populations, random genetic
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drift causes stochastic fluctuations in allele frequencies, resulting in fixation or
loss of alternative alleles at a locus. Low genetic variability may endanger the
survival of populations since genetic variability is necessary for adaptation to
changing environmental conditions. Often it is thought that the lack of adaptive
genetic variability is not a serious threat to population survival because changes
in the abiotic environment are usually very slow and variation in quantitative
characters is restored quickly (Gaggiotti 2003). However, changes in the biotic
environment, such as virulence and infectivity of parasitic diseases, may be
very rapid, making the loss of adaptive variability an immediate threat to
population survival (O'Brien & Evermann 1988, Allendorf & Ryman 2002,
Altizer et al. 2003).

We were able to analyse the effects of small effective population size on
key fitness parameters by correlating the amount of variability in the
microsatellite loci with experimentally obtained fithess measures. Drift load in
maturation age and fecundity was studied in a common laboratory
environment, and the effect of heterozygosity on parasite resistance was
studied in an experiment where snails were exposed to trematodes in a natural
environment.



2 RESULTS AND DISCUSSION

2.1 Evolution of hermaphroditism versus separate sexes (I)

We built a mathematical model to study the consequences of mate search for
the evolution of hermaphroditism versus separate sexes in animals. As all
previous theories on hermaphroditism have to do with the advantages of
hermaphroditism in situations where the availability of mating partners is
limited, and as most animals are able to increase the number of encounters with
potential mates by mate search, studying the effects of mate search to stability
of hermaphroditism seemed warranted.

In the model, we examine how a trade-off between the number of
potential mating partners and the amount of resources that can be allocated to
reproduction affects the evolution of mating strategies. The model is based on
two central trade-offs that any hermaphroditic animal is likely to face: a trade-
off between time allocation to feeding and to mate search, and a trade-off
between resource allocation to male and female sexual functions. Further, the
two trade-offs are linked, since the amount of resources that can be allocated to
sexual functions depends on the time the animal spends feeding. We analysed
the model with analytical methods, using evolutionary game theory (Maynard
Smith 1982) and with computer simulations that allowed us to study the joint
evolution of time allocation and sex allocation.

Our model confirmed the previous results that hermaphroditism is
favoured in populations with low population density, especially if the animals
are not very efficient at mate search (i.e., there is a strong time allocation trade-
off between feeding and mate search). In these conditions hermaphroditism has
several advantages: first, the possibility of reproducing by self-fertilization may
favour hermaphroditism even if inbreeding depression is very high; second,
cross-fertilization is facilitated by the fact that all encountered individuals are
suitable mating partners; and third, because matings are few, only a small
fraction of resources are allocated to male function. Low allocation to male
function favours hermaphroditism over separate sexes because in such
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populations the average fitness of hermaphrodites is higher than the fitness of
pure males and females.

Under natural conditions, population densities of hermaphroditic animals
are often so high that cross-fertilization is not limited by the availability of
mates (Michiels 1999). We found that under such conditions mate search
efficiency determines whether the population remains hermaphroditic or
whether separate males and females evolve. If mate search is inefficient, that is,
if an animal cannot drastically increase the number of encounters by searching
for mates, or if the costs of mate search are high, hermaphroditism is stable.
Further, because resource allocation is female biased in hermaphroditic
populations, such populations have very high reproductive output. Perhaps
more interesting is what happens in populations with efficient mate search.
Here, the population diverges to searching and non-searching phenotypes, and
ultimately to males and females. The reason for this divergence is that when
encounters and matings become more frequent in the population, the
profitability of mating in the male role decreases. In this situation, more can be
gained from refraining from searching for partners and instead specializing on
production of female gametes. However, not every individual should become a
female. Actually, because the average fitness of male and female functions is by
necessity the same (Fisher 1930), half of the population specializes in the male
function and half in the female function.

Depending on how willing individuals are to mate in the female role,
slightly different results are obtained for high-density populations. In general,
the more ready individuals are to mate in the female role, the more stable
hermaphroditism is. If individuals restrict the number of matings as female,
evolution of separate sexes becomes more likely.

Our results show that hermaphroditism is intrinsically unstable in species
with good powers of locomotion and sensory capabilities for locating partners.
This finding may explain the rarity of simultaneous hermaphroditism in so-
called higher animals. Where hermaphroditism occurs in such animals, for
example some fish species (Fischer & Petersen 1987, Petersen 1991), it is
invariably associated with special mating behaviours that limit the potential for
specialization in male role. The fact that species with good abilities to locate
partners are hermaphroditic only when there is some special mating system to
limit reproductive success through the male function may be considered as
supportive evidence for our model.

As with any model, our results are valid as far as the assumptions of the
model are correct. We have not considered all the possible factors that may
influence the evolution of separate sexes versus hermaphroditism, of which
behavioural mating tactics may well be important. For example, we have not
studied how mate choice and mate discrimination will affect the results,
although it is likely that including mate discrimination in the model would
make the evolution of separate sexes more likely. On the other hand, if the
animals mate reciprocally, i.e., they donate sperm only if they also receive
sperm, hermaphroditism will be stable because the evolution of pure females is
prevented. Further theoretical work could be done to study the effects of
mating tactics on gender evolution.



14

2.2 Mating system evolution in Lymnaea stagnalis populations

We studied the evolution of self- and cross-fertilization in eight populations of
the great pond snail Lymnaea stagnalis. This snail is a self-compatible
hermaphrodite (e.g., Cain 1956), but the natural mating system of the species
has not been studied before. We inferred the natural mating system in our
study populations using microsatellite genetic markers (II). The genetic markers
were also used to study the degree of isolation among populations, and the size
of the populations in the past.

We adopted both comparative and experimental approaches to the study
of factors that may be directing the evolution of mating systems in our study
populations. In the natural populations we quantified the density of snails, as
low density may favour the evolution of self-fertilization. We also estimated the
prevalence of trematode parasites infecting snails in the natural populations
because strong parasite pressure may favour evolution of cross-fertilization as a
means of escaping co-evolving parasites. In laboratory, we quantified the
consequences of self- vs. cross-fertilization to parental fecundity and to
offspring survival. Further, we experimentally studied the effect of the mating
system on the resistance to trematode parasites. All manuscripts deal with a
different set of questions, and the key data is original to each manuscript.
However, some of the data has been used in more than one manuscript to gain
a comprehensive treatment of the specific study questions. The cases where
same data has been used in more than one manuscript are laid out in Table 1.

TABLE1 Data reported in more than one manuscript of the thesis.

Data In manuscripts
Inbreeding coefficient (Fis)

(cohorts combined) L 1V, v
Allelic richness (A) I, vV

Expected heterozygosity (He) IV, V

Snail density in natural

111, V
populations

I1I, V (different statistical models

Snail fecundity in laboratory and sub-samples of snails)

2.2.1 Genetic analysis of the study populations (11, 111, V)

Adult snails, and snails originating from field-collected eggs, were genotyped
for nine microsatellite loci. Genotypic data revealed that some self-fertilization
was taking place in all populations. However, in every population, cross-
fertilization was the predominant mode of reproduction. Mating systems of all
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populations were remarkably similar, despite the strong genetic isolation
observed between populations.

Separate analysis of adult and juvenile cohorts indicated that self-fertilized
snails did not suffer increased mortality compared to outcrossed snails, that is,
there is no significant inbreeding depression in viability in nature. This analysis
however assumes that the mating system does not change between generations,
and we cannot directly test whether this assumption is valid. Nevertheless, the
modest among-population variation in the mating system suggests that the
within-population variation may also be low.

The amount of genetic variability, measured as allelic richness (a measure
of allele number independent of sample size (Petit et al. 1998)) and expected
heterozygosity varied considerably among populations. The amount of genetic
variability can be used as an indicator of past effective population sizes: the less
genetic variability, the smaller the population has been (Nei et al. 1975).
Historical population sizes are relevant to mating system evolution because
population size may affect the magnitude of inbreeding depression: small
population size will purge highly recessive deleterious mutations, and genetic
drift will reduce the amount of genetic variability (Wang et al. 1999, Glémin
2003).

2.2.2 Ecological correlates of mating system (III, V)

We investigated whether ecological variables, namely snail density and
prevalence of trematode parasites, could explain some of the among-population
variation in the amount of self-fertilization.

Density of snails in the populations varied considerably. However, all
populations were mainly cross-fertilizing, and there was no correlation between
snail density and the mating system. This result suggests that low density of
snails is not limiting cross-fertilization in Lymnaea stagnalis populations. It is
known that these snails can store and utilize sperm received from another
individual for about one hundred days (Cain 1956). The ability to store sperm
may allow for cross-fertilization in conditions where encounters between
mating partners are infrequent, as would seem to be the case in our populations
with low snail densities.

The prevalence of trematode parasites infecting the snails also varied
considerably among populations. The prevalence of parasite infection increased
during summer, and reached very high levels in two of the populations by mid
July, when the last estimate of parasite prevalence was done. The correlation
between mating system and parasite prevalence was in the direction predicted
by theory: self-fertilization was more common in populations with lower
parasite prevalence (Pearson r = — 0.543, P = 0.164 for the last sampling date).
However, as the mating systems did not vary appreciably between populations,
and as the correlation was not statistically significant, no conclusion about the
importance of parasites in determining the mating system of our study
populations can be drawn.
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2.2.3 Effects of mating system on fecundity and hatching success (III)

We studied the consequences of self- vs. cross-fertilization for parental
fecundity and for offspring survival in a controlled laboratory experiment.
Snails collected from the study populations as eggs were grown to maturity in
isolation in laboratory. Grown snails were divided to two treatments. Snails in
the self-fertilization treatment were forced to reproduce by self-fertilization.
Snails in the cross-fertilization treatment we paired with another snail, and the
behaviour of the snail pair was monitored until the snail designated to the
cross-fertilization treatment had mated in the female role. After the mating
system treatment the snails were isolated, their fecundity was recorded, and a
subset of eggs was taken for estimation of hatching success.

Fecundity of snails did not differ between the mating system treatments,
demonstrating that the evolution of self-fertilization in the study populations is
not limited by the ability of snails to produce self-fertilized eggs.

Hatching success of eggs was affected by the mating system treatment: on
the experiment-wide level self-fertilized eggs were less likely to hatch than
cross-fertilized eggs. On the population level, inbreeding depression in
hatching success was statistically significant in three of the study populations,
but non-significant in five populations. In general, inbreeding depression was
low to moderate. As all our study populations showed evidence of partial
selfing and small effective population size, low inbreeding depression in
hatching success was expected. Mutations affecting early viability are thought
to be highly recessive and thus easily purged by partial selfing or inbreeding
due to small population size.

2.2.4 Effects of the mating system on resistance to trematode parasites (IV)

We experimentally studied the effect of mating system on resistance to
trematode parasites. Trematode parasites are very common in our populations,
and they have a strong impact on the fitness of the snails because they castrate
the snails they infect. If self-fertilized snails are more susceptible to these
parasites than cross-fertilized snails, trematodes could act as a selective force
favouring the evolution of cross-fertilization.

The experimental snails were the self- and cross-fertilized offspring of
snails collected from the study populations as eggs. Mating system of the
parental snails (self- or cross-fertilization) was manipulated as described in the
previous section. From each population by treatment combination we chose one
egg mass from nine to twelve snails; snails hatching from these eggs became the
experimental animals in the study.

The experimental snails were grown in the laboratory over winter and
transplanted to Lake Jyvésjarvi on June 20, 2000. In the lake, the snails were
housed in cylinder shaped plastic cages where they were exposed to naturally
occurring trematode larva. The cages were organized in a row parallel to the
shore. From each population by treatment combination, snails were allocated to
three to five randomly chosen cages. Snails were fed with lettuce three times a
week. After nine weeks, the snails were taken from the lake and screened for
trematode infection.
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The mating system did not have an effect on the probability of infection:
self- and cross-fertilized snails were equally likely to be infected by trematode
parasites. Thus it seems that parasites are not likely to contribute to inbreeding
depression and to mating system evolution in our study populations.
Interestingly however, when we pooled the data from all populations, we
found microsatellite heterozygosity to be significantly associated with parasite
infection: more heterozygous snails were less likely to be infected. This result
will be discussed further in the next section. We also found an effect of the
spatial position of the cage to trematode prevalence. The spatial effect most
likely reflects a cline in the density of the infective trematode larvae along the
shore. Such a cline arises easily if an infected final host (a bird or a mammal)
preferentially habits a certain location on the shore. Spatial covariation between
final host density and proportion of infected snails has been observed in
numerous studies (e.g., Jokela & Lively 1995, Smith 2001).

2.3 Consequences of small population size

Population genetic analysis revealed that our study populations are highly
isolated, and the amount of genetic variability varies considerably between
populations. Some of the populations had lost almost all variation in the
examined microsatellite loci, suggesting that these populations have either gone
through very small population bottleneck(s), or have been isolated from other
populations for a very long time. Other populations harboured more genetic
variation, suggesting that these populations have retained larger population
sizes.

Population genetic theory suggests that in small populations, slightly
deleterious mutations may accumulate and decrease the fitness of organisms
(e.g., Kimura et al. 1963, Lande 1994, Lynch et al. 1995a). Thus populations with
lower variability at neutral loci (smaller historical population size) are predicted
to have lower reproductive output than populations with higher variability at
neutral loci (larger historical population size). Small effective population size
also decreases the amount of potentially adaptive genetic variability that may
be especially important for the ability to detect and defend against parasites
and diseases.

2.3.1 Drift load in reproductive output (V)

We studied the relationship between genetic variability and reproductive
output in the eight Lymnaea stagnalis populations. Snails collected from the
populations as eggs were brought to laboratory and their maturation age and
fecundity were estimated. To relate the results to the natural populations, we
also analysed the density of snails and the prevalence of trematode infections in
the original populations.

Both maturation age and fecundity were strongly and significantly
correlated with the amount of genetic variability in populations. Low genetic
variability was associated with slow maturation and low fecundity. Differences
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in maturation age and fecundity among populations were large. In natural
conditions, snails in the poorest populations probably mature about one year
later than snails in the genetically more variable populations. Differences in
fecundity were correspondingly high: the best population had five-fold
fecundity compared to the poorest population. An important point in the
analysis was that we were able to show that the relationship between genetic
variability and reproductive output was independent of the amount of non-
random mating in the populations. Thus our results were not confounded by
possible inbreeding depression following self-fertilization in the populations.

Perhaps surprisingly, densities of snails in the natural populations were
not correlated with the amount of genetic variability. Thus the current
population densities do not reflect the historical population sizes of the snails.
Instead we found that prevalence of trematode infection was negatively
correlated with snail density. As the prevalence of trematode infection was very
high in some of the populations, and infection results in castration of the snail,
it seems likely that trematode parasites may determine, at least in part, the
densities of snails in the populations. Other studies have shown that the
prevalence of trematode infection in snails is largely determined by the
presence and movements of definitive hosts (Sousa 1990, Jokela and Lively
1995, Esch et al. 2001, Smith 2001). As the most important definitive hosts in our
populations are migratory waterfowl, the exposure of snails to trematodes can
potentially show great temporal variation. Perhaps variation in the prevalence
of trematode infection causes fluctuations in population size and increases the
amount of genetic drift in our study populations.

These results give strong empirical support to theoretical models
predicting decreased fitness in small and isolated populations. Gradual erosion
of fitness by genetic drift is especially dangerous because it may go unnoticed
in populations regulated by ecological factors until the reproductive rate is so
low that extinction is unavoidable.

2.3.2 Heterozygosity and parasite resistance (IV)

We estimated the relationship between heterozygosity at the microsatellite loci
and the probability of trematode infection from the study described in section
2.2.4. We assume that variation at the microsatellite loci reflects the amount of
variation at loci determining trematode resistance. As practically nothing is
known about the specific genes controlling trematode resistance in snails,
neutral markers are the best surrogate for studying the association between
genetic variability and disease resistance.

Although the mating system treatment did not have a significant effect on
trematode resistance, as described in section 2.2.4, we found that there was an
overall negative correlation between snail heterozygosity and the probability of
trematode infection. The negative relationship was detected both at population
level, and at the level of population by treatment combinations. These results
suggest that heterozygosity is an important determinant of resistance to
trematode infection, and that parasitic diseases may cause an elevated risk of
extinction in populations lacking genetic variability.



3 CONCLUSIONS

This thesis is focused on three different topics: evolution of hermaphroditism
versus separate sexes in animals, evolution of self- versus cross-fertilization in
the great pond snail Lymnaea stagnalis, and the consequences of small historical
population size to reproductive output and to parasite resistance in L. stagnalis
populations.

In the theoretical part of the thesis we explored the evolution of
hermaphroditism versus separate sexes in animals. The study revealed that the
ability of animals to locate possible mating partners could determine whether
hermaphroditism is evolutionary stable, or whether separate males and females
evolve. When mate-search is inefficient, due to low density or low mobility of
animals, or to high costs of searching, hermaphroditism is evolutionarily stable.
However, if mate search is efficient, disruptive selection on time allocation
between searching and feeding leads to evolution of searching and non-
searching individuals, and ultimately to evolution of males and females. This
result may explain why animals with good powers of locomotion typically have
males and females, and why sluggish animals often are hermaphroditic.

The study on the evolution of self- versus cross-fertilization in Lymnaea
stagnalis populations revealed that cross-fertilization is the predominant mode
of reproduction in all our study populations. Cross-fertilization prevailed even
in low-density populations, possibly because these snails are able to store
sperm for long periods of time. The high degree of outcrossing is surprising,
given that we found only limited inbreeding depression for hatching success of
eggs, and no parental fecundity disadvantage of self-fertilization. Further,
population genetic analysis of two cohorts of snails did not show evidence for
inbreeding depression in viability in natural conditions, and mating system did
not have an effect on probability of infection by trematode parasites. Together,
these results suggest that inbreeding depression may be quite low in the study
populations. However, it may be that we have underestimated inbreeding
depression because we did not study the effects of mating system on offspring
fecundity, where inbreeding depression is commonly observed even if early
life-history traits show no inbreeding depression.
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The study on the effects of past population size to reproductive output
revealed a very strong negative effect of small historical population size to snail
maturation age and to fecundity. Current densities of snails in the populations
were however not related to the estimates of reproductive output. Instead, there
was suggestive evidence that snail densities were partly determined by the
prevalence of trematode infection in the populations. These results are highly
relevant to conservation of endangered species and populations, as they give
strong empirical support to theoretical models predicting decreased fitness in
small and isolated populations. This type of fitness deterioration may be
especially dangerous because it may go unnoticed in populations regulated by
ecological factors until the reproductive rate is so low that extinction is
unavoidable.

In the study focusing on the effects of mating system and genetic
variability on resistance to trematode parasites, a similar result was found:
genetically less diverse snails were more likely to become infected. Loss of
genetic variability may thus increase the extinction risk of populations with
diminished genetic variability.
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YHTEENVETO

Kaksineuvoisuus eli yksilon kyky tuottaa sekd naaras- ettd koirassukusoluja on
hyvin yleistd kasveilla, mutta sitd esiintyy laajalti my0s eldinkunnassa, muun
muassa laaka- ja harvasukamadoilla sekd kotiloilla. Luonnonvalinta voi suosia
kaksineuvoisuutta, koska kaksineuvoiset eliot voivat allokoida resursseja koi-
ras- ja naarastoimintoihin tilanteen mukaan optimoiden, ja tdten parantaa li-
sddntymismenestystddn. Luonnonvalinta voi suosia kaksineuvoisuutta myos
tilanteissa, joissa parittelukumppanin 16ytdminen on vaikeaa, silld kaksineuvoi-
sessa populaatiossa jokainen lajitoveri on sopiva parittelukumppani.

Tédssd vditoskirjassa olen matemaattisen mallinnuksen vilinein tutkinut
tekijoitd, jotka suosivat kaksineuvoisuuden, taikka erillisten koiras- ja naarasyk-
siloiden, evoluutiota eldinpopulaatioissa. Luonnonvalinnan uskotaan suosivan
kaksineuvoisuutta erityisesti tilanteissa, joissa parittelukumppanin 18ytdminen
on vaikeaa esimerkiksi alhaisen yksilotiheyden vuoksi. Useimmat eldimet pys-
tyvdt kuitenkin aktiivisella etsinndlld lisdédmédédn kohtaamiensa mahdollisten
parittelukumppanien méddrdd. Kumppaninetsinndn vaikutuksia kaksineuvoi-
suuden evoluutioon ei kuitenkaan ole aiemmin tutkittu. Tutkimuksessamme
selvisi, ettd kumppaninetsinndn tehokkuus ratkaisee sen, suosiiko luonnonva-
linta kaksineuvoisuutta vaiko erillisten koiraiden ja naaraiden evoluutiota. Jos
etsintd on tehotonta tai etsinndstd koituvat kustannukset suuret (kuten esim.
kotiloilla, joilla liikkuminen vaatii suuria maddrid energiaa), on kaksineuvoisuus
evolutiivisesti vakaa lisddntymistapa. Tehokas kumppaninetsintd taas johtaa
tilanteeseen, jossa luonnonvalinta suosii kahta erilaista strategiaa: toinen strate-
gia on etsid mahdollisimman monia kumppaneita, joiden kanssa paritella ja
toinen on pidéttdytyd etsinndstd ja erikoistua naarassukusolujen tuotantoon.
Tdama hajottava valinta johtaa lopulta koiraiden ja naaraiden evoluutioon popu-
laatioissa, joissa yksilot kykenevit paikallistamaan ja saavuttamaan lajikump-
paneitaan suhteellisen vaivattomasti.

Useimmat kaksineuvoiset eliot kykenevidt lisddntymddn my0ds ilman
kumppania itsesiitoksella eli hedelmdittamaélld naarassukusolunsa omilla koi-
rassukusoluillaan. Teoriassa itsesiitoksen tulisi yleistyd kaksineuvoisten eliti-
den populaatiossa, silld itsesiittoisuutta aiheuttavan geenin leviamistehokkuus
populaatiossa on ristisiittoisuutta aiheuttavaa geenid suurempi. Itsesiittoinen
yksild saa seuraavaan sukupolveen kaksi kopiota geeneistddn jokaisessa itsesii-
tetyssd jdlkeldisessd ja yhden jokaisessa siittdiméssddn toisen yksilon tuottamas-
sa jdlkeldisessd, kun taas ristisiittoisen yksilon geeneistd siirtyy vain yksi kopio
sekd itse tuotettuihin ettd toisten yksildiden tuottamiin jdlkeldisiin. Ristisiitos
voi kuitenkin sdilyd populaatiossa, jos itsesiittoiset jdlkeldiset kdrsivat sisdsii-
tosheikkoudesta eli alentuneesta elinkyvystd ja lisddntymistehosta verrattuna
ristisiittoisiin jdlkeldisiin. Mikdli itsesiitettyjen jdlkeldisten kelpoisuus on alle
puolet ristisiitettyjen jédlkeldisten kelpoisuudesta, ei itsesiitos voi yleistyd popu-
laatiossa.

Sisdsiitosheikkous johtuu péddasiassa haitallisista vdistyvistd mutaatioista,
jotka ilmenevédt homotsygootteina itsesiitetyissd jdlkeldisissd ja heikentdvit nii-
den kelpoisuutta. Haitallisten vdistyvien mutaatioiden mdérd, ja siten myos si-
sasiitosheikkouden voimakkuus, riippuu muun muassa populaation sisdsii-
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tosasteesta. Sisdsiittoisissa populaatioissa haitallisten véistyvien mutaatioiden
mddrd vidhenee, koska sellaisten yksildiden, joilla on useita tdllaisia mutaatiota
homotsygootteina, kelpoisuus on alhainen, eivdtkd mutaatiot siten siirry seu-
raavaan sukupolveen. Kun toisaalta itsesiitoksen yleistyminen riippuu sisdsii-
tosheikkouden asteesta (alhainen sisdsiitosheikkous suosii itsesiitoksen yleis-
tymistd), ovat itsesiitoksen maddrd ja sisdsiitosheikkous vuorovaikutteisessa suh-
teessa toisiinsa. Tdstd vuorovaikutteisesta suhteesta johdettu teoria ennustaa,
ettd luonnossa sisdsiittoisilla populaatiolla tulisi olla vain védhén sisédsiitosheik-
koutta ja ristisiittoisilla populaatiolla korkea sisésiitosheikkous.

Populaation sisdsiitosaste voi nousta kahdella tapaa: kun ldhisukuiset yk-
silot pariutuvat keskenddn useammin kuin sattumanvaraisen pariutumisen pe-
rusteella voisi olettaa (itsesiitos on darimmadistd sisdsiitosta, silld yksilo pariutuu
itsensd kanssa) tai kun populaatio on niin pieni, ettd sukulaisuusaste yksildiden
vdlilld vadjaamattd nousee korkeaksi. Pieni populaatiokoko voi siis nostaa po-
pulaation sisdsiitosastetta ja siten poistaa populaatiosta haitallisia vdistyvid mu-
taatiota sekd vdhentdd sisdsiitosheikkoutta. Mutta pienestd populaatiokoosta
voi olla my6s haitallisia seurauksia populaation elinkyvylle, silld pienessd po-
pulaatiossa satunnainen geneettinen ajautuminen mahdollistaa lievdsti haital-
listen mutaatioiden yleistymisen. Ajan mittaan téllaiset lievdsti haitalliset mu-
taatiot voivat kerdytyd populaatioon ja vdhentdd yksildiden lisddntymistehoa
niin paljon, ettd populaatio ei endd kykene uusiutumaan vaan ajautuu suku-
puuttoon.

Pieni populaatiokoko johtaa myd6s geneettisen vaihtelun mdédrdn vahene-
miseen, koska harvinaisemmat alleelit katoavat populaatiosta geneettisen ajau-
tumisen seurauksena. Populaation aiempi koko voidaankin selvittdd tutkimalla
ns. neutraalin geneettisen vaihtelun méddrdd populaatiossa: mitd vdahemmaén
vaihtelua, sitd pienempi (ja/tai eristyneempi) populaatio on ollut. Pieni popu-
laatiokoko hévittdd myos yksildiden fenotyyppiin vaikuttavaa geneettistd vaih-
telua. Fenotyyppiin vaikuttavan geneettisen vaihtelun hdvidminen voi olla vaa-
raksi populaation sdilymiselle, silld se on tarpeen muuttuviin ympdristoolosuh-
teisiin sopeuduttaessa. Erityisen haitallista voi olla vaihtelun hdvidminen niissd
geeneissd, jotka vaikuttavat puolustukseen tauteja ja loisia vastaan.

Viditoskirjassani tutkin empiirisesti itse- ja ristisiitoksen evoluutiota isoli-
makotilo (Lymnaea stagnalis) -populaatiossa sekd populaatiokoon vaikutusta
kotiloiden lisddntymistehoon ja kykyyn vastustaa imumatoloisia. Analysoimal-
la kotiloiden perimdn neutraalia geneettistd vaihtelua (ns. mikrosatelliitti-
DNA:ta) saimme selville, ettd kaikissa kahdeksassa tutkimuspopulaatiossa val-
litseva lisddntymistapa oli ristisiitos. Kokeellisissa tutkimuksissa selvisi, ettd
itsesiitoksesta ei koitunut kovin suuria kustannuksia vanhemman jélkeldistuot-
toon eikd jdlkeldisten elinkykyyn. Itsesiitetyt kotilot eividt myoskddn olleet alt-
tiimpia loisinnalle kuin ristisiitetyt kotilot. Namad tulokset viittaavat siihen, ettd
sisdsiitosheikkous kotilopopulaatiossa on varsin alhainen, mutta lopullista ar-
viota sisdsiitosheikkouden mdérédstd ei voi tutkimustemme perusteella antaa.
Mikadli sisédsiitosheikkous kuitenkin on alhainen, kuten tutkimuksemme antavat
olettaa, on populaatioiden korkea ristisiitosaste hieman yllattdvé, silld tdllaisissa
populaatioissa itsesiitoksen pitdisi teoriassa yleistyd nopeasti.

Populaatiogeneettiset analyysit paljastivat myos, ettd tutkimuspopulaati-
oidemme koot ovat aiemmin olleet hyvin erilaiset. Osa populaatioista on ollut
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hyvin pienid (ja/tai eristdytyneitd), ja ndistd populaatioista oli suuri osa geneet-
tistd vaihtelua hdavinnyt. Toiset populaatiot taas ovat olleet suurempia; ndissd
populaatioissa geneettinen vaihtelu oli runsaampaa. Nykyinen ja geneettisestd
aineistosta pddtelty aiempi populaatiokoko eivit vastanneet toisiaan. Maastosta
kerdtty aineisto viittasi sithen, ettd nykyiset populaatiokoot selittyvdt ainakin
osin imumatoloisinfektioiden yleisyydelld: mitd enemman loisia, sitd pienempi
populaatiokoko.

Kokeellisissa tutkimuksissa havaittiin, ettd aiempi pieni populaatiokoko
oli yhteydessd kotiloiden mydhentyneeseen aikuistumiseen ja matalaan jdlke-
ldistuottoon, jotka yhdessd huomattavasti alensivat kotiloiden lisddntymistehoa.
Alentunut lisddntymisteho on todenndkdisesti seurausta lievésti haitallisten
mutaatioiden kertymisestd pieniin populaatioihin. Lisddntymistehon alenemi-
nen pienissd populaatiossa voi vaarantaa populaatioiden pitkdn aikavélin sdi-
lymisen, ja tdimd tulisi huomioida uhanalaisten lajien ja populaatioiden suojelua
suunniteltaessa.

Kokeellisissa tutkimuksissa havaittiin my0s, ettd kotilon heterotsygotia-
aste, eli yksilon sisdisen geneettisen vaihtelun maddrd, vaikutti vahvasti kotilon
riskiin saada imumatoloisinfektio. Tamé tulos viittaa siihen, ettd geneettisen
vaihtelun vidheneminen voi olla myds viliton riski populaatioiden sdilymiselle.
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