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Abstract 
It has been only recently realized that sexual selection does not end at copulation but that 
post-copulatory processes are often important in determining the fitness of individuals. In this 
thesis, I experimentally studied both pre- and post-copulatory sexual selection in the least 
killifish, Heterandria formosa. I found that this species suffers from severe inbreeding 
depression in male reproductive behaviour, offspring viability and offspring maturation times. 
Neither sex showed pre-copulatory inbreeding avoidance but when females mated with their 
brothers, less sperm were retrieved from their reproductive system compared to the situation 
when females mated with unrelated males. Whether the difference in sperm numbers is due to 
female or male effect could not be resolved. Based on theory, females should be more eager 
to avoid inbreeding than males in this species, because females invest more in their offspring 
than males do. Inbreeding seems to be an important part of this species biology and the severe 
inbreeding depression has most likely selected for the evolution of the post-copulatory 
inbreeding avoidance mechanism that I found. 

In addition, I studied the effects of polyandry on female reproductive success. When females 
mated with more than one male, they were more likely to get pregnant. However, I also found 
a cost of polyandry. The offspring of females mated to four males took longer to reach sexual 
maturity compared to the offspring of monandrous females. This cost may be explained by 
parent-offspring conflict over maternal resource allocation. In another experiment, in which 
within-brood relatedness was manipulated, offspring sizes decreased over time when within-
brood relatedness was low. This result is partly in accordance with the kinship theory of 
genomic imprinting. When relatedness decreases, offspring are expected to be less co-
operative and demand fewer resources from their mother, which leads to impaired 
development. 

In the last chapter of my thesis, I show that H. formosa males do not prefer large females as in 
other Poeciliidae species. I suggest that males view smaller females as more profitable mates 
because those are more likely virgin. In conclusion, I found both pre- and post-copulatory 
sexual selection to be important factors in determining reproductive success in H. formosa.    
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Summary 
OUTI ALA-HONKOLA 
 
Department of Biological and Environmental Sciences, P.O.Box 65 (Viikinkaari 1), FI-00014, 
University of Helsinki, Finland 

 

1. Introduction 
In his classic study, Bateman (1948) argued 
that the reproductive success of a male 
depends on the number of females he mates 
with, but that females should not actively 
seek extra copulations after a successful 
one, because they get enough sperm to 
fertilise all their eggs in one copulation. 
However, molecular markers have revealed 
that in almost all species studied in this 
respect, females mate with many males 
during one reproductive season (Birkhead & 
Møller 1998). But why do females mate 
with more than one male? This question has 
puzzled biologists, because mating is costly, 
and it has been under very intense study 
during the last ten years. In September 2009, 
the review article by Jennions and Petrie 
(2000) on genetic benefits of polyandry 
(female multiple mating) had been cited 
over 500 times. 

The possible benefits of polyandry can be 
divided into direct (material) and indirect 
(genetic) benefits (Table 1). If females gain 
direct benefits, such as nuptial food gifts 
that males of some insect species provide, 
the evolution of polyandry is easy to 
understand. Females that mate with many 
males get more food and produce more 
offspring (Arnqvist & Nilsson 2000). 

However, Jennions and Petrie (2000) argue 
that multiple mating solely for direct 
benefits is unlikely, because it also leads to 
the possibility of genetic benefits. Even so, 
it has proven to be difficult to show that 
females gain genetic benefits from 
polyandry (Simmons 2005). There is 
evidence that polyandry increases egg 
hatching success in insects (meta-analysis 
by Simmons 2005) and reduces early 
reproductive failure in mammals 
(comparative study of polytocous mammal 
species by Stockley 2003). Effects of 
polyandry on offspring reproductive success 
have been studied in five experiments. 
Daughters of polyandrous females produced 
more offspring in the bulb mite 
(Rhizoglyphus robini) (Konior et al. 2001), 
but in the red flour beetle (Tribolium 
castaneum) daughters of polyandrous 
females had reduced fitness in conditions 
where intraspecific competition was high 
(Pai & Yan 2002). In contrast, sons of 
polyandrous females in T. castaneum had 
enhanced fitness in two studies (Bernasconi 
& Keller 2001; Pai & Yan 2002). Klemme 
et al. (2008) showed that sons of 
polyandrous bank vole females produced 
more offspring than sons of monandrous 
females in a semi-natural setting, but in the 
black field cricket (Teleogryllus commodus), 
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sons of polyandrous females had reduced 
reproductive success (Jennions et al. 2007). 

Thus the fitness effects of polyandry are 
very variable. 

Table 1. Direct (material) and indirect (genetic) benefits that females may gain from multiple 
mating (Keller & Reeve 1995; reviewed by Reynolds 1996; Møller 1998; Jennions & Petrie 
2000). The numbering after the indirect benefits refers to the order in which the specific 
benefits are discussed in section 1.1. 

Direct benefits Indirect benefits 

Higher probability of fertilisation Genetically more resistant offspring (1) 

Supply of functional sperm Genetically more diverse offspring (1) 

Nuptial food gifts Ensuring genetic compatibility (2) 

Lower probability of infanticide Sons that are good sperm competitors (3) 

Parental care from additional males Genetically more viable offspring (3) 

Prospecting for future males Compensation for a mate of low quality 

Ejaculate nutrients  

Lower probability of sexual harassment  

Substances that promote egg 
maturation and oviposition 

 

 
When females mate with more than one 
male, an opportunity for sperm competition 
between the ejaculates of different males 
arises (Parker 1970; Parker 1998). 
According to sperm competition models, the 
increased risk of sperm competition 
(meaning that a higher proportion of females 
mates with two males) leads to an increased 
ejaculate expenditure per mating 
opportunity across species (Parker 1998). 
Comparative studies on for example 
primates (Harcourt et al. 1981), bats 
(Hosken 1997), butterflies (Gage 1994) and 
fish (Stockley et al. 1997) support this 
prediction: as the risk of sperm competition 
increased, relative testis size increased in all 
these groups. Hosken and Ward (2001) first 
showed experimentally that increased sperm 
competition leads to increased sperm 

investment (larger testis size) in the yellow 
dung fly (Scathophaga stercoraria). 

Also, a number of sperm quality traits have 
been shown to be important in determining 
sperm competition success. Sperm motility 
is important as faster swimming sperm have 
been shown to be better at fertilising eggs in 
the domestic fowl (Gallus gallus 
domesticus) (Birkhead et al. 1999) and 
Atlantic salmon (Salmo salar) (Gage et al. 
2004). In species with ameboid sperm, 
larger sperm have been shown to be more 
successful in sperm competition in the bulb-
mite (Rhizoglyphus robini) (Radwan 1996) 
and the Caenorhapditis elegans nematode 
(LaMunyon & Ward 1998). Sperm 
competition may also select for more viable 
sperm, as in insects, polyandrous species 
had more viable sperm (measured as the 
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proportion of live sperm) as compared to 
monandrous species (Hunter & Birkhead 
2002). In a recent study on 29 species of 
closely related cichlid fishes, Fitzpatrick et 
al. (2009) showed that sperm competition 
selects for increases in the number, size and 
longevity of sperm. 

In addition to sperm competition, females 
may also affect fertilisation success of 
males. Eberhard (1996) defined cryptic 
female choice as “a female-controlled 
process or structure that selectively favours 
paternity by conspecific males with a 
particular trait over others that lack the trait 
when female has copulated with both 
types.” The problem with this definition is 
that it excludes passive bias of paternity due 
to for example differences in the size of 
sperm storage sites among females (Pitnick 
& Brown 2000). Thus, Pitnick and Brown 
(2000) suggest a different definition of 
cryptic female choice: “non-random 
paternity biases resulting from female 
morphology, physiology or behaviour that 
occur after coupling.” 

Edvardsson and Arnqvist (2000) were the 
first to experimentally demonstrate cryptic 
female choice by manipulating the 
perceived male quality in red flour beetles 
(Tribolium castaneum). They showed that 
females bias paternity of males based on the 
copulatory courtship behaviour (leg 
rubbing) that males perform during 
copulation. Since then, several possible 
behavioural mechanisms of cryptic female 
choice have been identified: in T. castaneum 
female copulatory behaviour (quiescence) 
affects sperm transfer (Bloch Qasi 2003), in 

a spider (Argiope keyserlingi), females 
adjust the timing of sexual cannibalism 
(Elgar et al. 2000), in the domestic fowl, 
females eject sperm of unpreferred 
subdominant males more often than sperm 
of preferred dominant males (Pizzari & 
Birkhead 2000), in the guppy (Poecilia 
reticulata), the copulation duration, which is 
thought to be at least partly under female 
control, correlates with the amount of sperm 
retrieved from the female’s gonoduct 
(Pilastro et al. 2007) and in the black field 
cricket (Teleogryllus commodus), females 
adjust the timing of spermatophore removal 
(Bussiere et al. 2006). 

In addition to behavioural mechanisms, 
sperm-female interactions are a potential 
mechanism of cryptic female choice. 
Several studies have shown that male-
female interactions affect paternity patterns 
(Lewis & Austad 1990; Wilson 1997; Clark 
et al. 1999, 2000; Birkhead 2004). For 
example, in the ascidian Diplosoma 
listerianum, the female oviduct selects 
which sperm reach the ovary; self-
fertilisation and certain crosses are 
prevented by this mechanism of sperm 
selection (Bishop 1996; Bishop et al. 1996). 
In the sea urchin genus Echinometra, eggs 
are preferentially fertilised with sperm that 
have a similar genotype for a certain protein 
as the eggs (Palumbi 1999). Also the major 
histocompatibility complex (MHC) might be 
involved in non-random fertilisation in 
vertebrates (Wedekind et al. 1996; Olsson et 
al. 2004). An interaction between female 
sperm storage organ (seminal receptacle) 
size and sperm length has been shown to be 
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an important factor in male sperm 
competition success in Drosophila 
melanogaster (Miller & Pitnick 2002). 

1.1 Genetic benefits of 
polyandry 
Several genetic benefits have been proposed 
to explain polyandry (Table1, Jennions & 
Petrie 2000). Next, I will introduce in more 
detail those hypotheses that are the most 
relevant to my study. 

(1) Polyandry for offspring diversity 

Sherman et al. (1988) suggested that in 
social insects, queens are polyandrous in 
order to increase the genetic diversity of 
workers, because it increases parasite and 
pathogen resistance. Several studies have 
supported this hypothesis (for example 
Liersch & Schmid-Hempel (1998); Baer & 
Schmid-Hempel (1999); Tarpy & Seeley 
(2006)). Another way in which genetic 
diversity within broods could be beneficial, 
is if environmental conditions are so 
unpredictable that females can not predict 
the best genotype of a male, but mate with 
many males in order to increase the chance 
that there is a male with the best possible 
genotype among her partners (Yasui 1998) 
(i.e. bet-hedge: decrease their mean fitness 
but also reduce the variance of it). In 
unpredictable conditions, offspring diversity 
within a brood might increase the chance 
that some of them survive (Barton & Post 
1986). However, the conditions that favour 
the evolution of polyandry for offspring 
diversity in unpredictable environmental 
conditions are very restrictive: i) genetic 
bet-hedging should be effective, which 

requires small population size (see example 
in Sarhan & Kokko 2007), ii) full-sibs 
should compete for resources more intensely 
than half-sibs and iii) half-sibs should 
interact cooperatively (Yasui 1998).  

(2) Polyandry to ensure genetic 
compatibility 

Zeh and Zeh (1996, 1997) proposed that 
polyandry may have evolved as a measure 
for females to avoid fertilising their eggs 
with sperm of genetically incompatible 
males. Incompatibility between mates may 
be caused by a number of factors, for 
example cellular endosymbionts (e.g. 
Wolbachia), transposable elements and the 
break down of coadapted gene complexes 
(Zeh & Zeh 1996; Tregenza & Wedell 
2000). Stockley et al. (1993) first suggested 
that females are polyandrous in order to 
avoid inbreeding. Inbreeding can be seen as 
one type of genetic incompatibility if it 
causes inbreeding depression (Box 1) and it 
is also the easiest to test empirically 
(Tregenza & Wedell 2000). Several studies 
have tested the hypothesis that when 
females are mated to males that differ in 
relatedness, the less related one sires more 
offspring (Table 2). Some studies have 
supported it, whereas others have not (Table 
2). Female ability to avoid inbreeding 
sometimes depends on the mating order 
(Table 2). 

However, theory predicts that it may not 
always be adaptive to avoid inbreeding, 
because the negative effects of inbreeding 
may be overridden by benefits brought 
about by kin selection (Parker 1979; Kokko 
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& Ots 2006). Males and females may also 
have different thresholds to avoid 
inbreeding. In many species females 
continue to invest in their current offspring 
after fertilisation, while males are ready to 
mate again with other females. Such 
differences in parental investment will result 
in a situation where females are less tolerant 
to inbreeding than males (Parker 1979; 
Kokko & Ots 2006). In such species, 
according to theory, males should avoid 

mating with sisters if fitness loss due to 
inbreeding depression is more than two-
thirds whereas females should avoid mating 
with brothers when fitness loss is more than 
one-third (Parker 1979; Kokko & Ots 2006). 
A conflict over incestuous mating arises 
when the magnitude of inbreeding 
depression is such that females should avoid 
mating with siblings but males should not 
(Parker 1979).  
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Table 2. Studies that have tested the hypothesis that less related males sire more offspring in 
sperm competition and used molecular markers for paternity analyses. 

Study and species Experiment Relatedness of 
mates 

Less related males sire 
more offspring 

Olsson et al. 1996, sand 
lizard 

No Unknown Yes 

Stockley 1997, common 
shrew 

No Unknown No, epididymal sperm count 
important 

Kraaijeveld-Smit et al. 
2002, Antechinus agilis 

Yes Unknown Yes, but mating order more 
important 

Mack et al. 2002, 
Drosophila melanogaster 

Yes Sib, half-sib, 
cousin/ 
unrelated 

Yes 

Garner & Schmidt 2003, 
alpine newt 

Yes Unknown Yes 

Bretman et al. 2004, 
Gryllus bimaculatus 

Yes Sib/non-sib Yes, when non-sib mates 
first 

Denk et al. 2005, mallard Yes Sib/non-sib No, sperm motility important 

Simmons et al. 2006, 
Teleogryllus oceanicus 

Yes Sib/non-sib Yes, when non-sib mates 
first 

Teng & Kang 2007, 
Locusta migratoria 

Yes Sib/non-sib No, mating order important 

Lane et al. 2007, red 
squirrel 

No Unknown No 

Firman & Simmons 2008, 
house mouse 

Yes Sib/non-sib Yes 

Sherman et al. 2008, 
Litoria peronii (a frog) 

Yes Unknown No, more related males sire 
more offspring 

Evans et al. 2008, guppy Yes Cousin/ 
unrelated 

No 
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Box 1. Inbreeding depression. 

Mating between close relatives often leads to a decrease in fitness known as inbreeding 
depression. The magnitude of inbreeding depression varies among species, populations, 
environments and traits (Keller & Waller 2002). It has been suggested that inbreeding 
depression may be more severe in stressful environments (Roff 1997), but this is not a general 
rule (Armbruster & Reed 2005). There are two hypotheses, which aim to explain inbreeding 
depression (Charlesworth & Charlesworth 1987). According to the overdominance 
hypothesis, inbreeding depression is due to heterozygote advantage. Inbreeding increases 
homozygosity and therefore decreases the frequency of heterozygotes that are assumed to be 
superior to homozygotes. This leads to a decline in fitness. Alternatively, the partial 
dominance hypothesis proposes that inbreeding depression is caused by homozygosity of 
deleterious recessive alleles, which decreases the fitness of inbred individuals. Current 
empirical evidence suggests that partial dominance is the most important mechanism of 
inbreeding depression (for example Roff 2002; Swindel & Bouzat 2005; Fox et al. 2008) but 
in some systems inbreeding depression is caused by overdominance (Kärkkäinen et al. 1999). 

The magnitude of inbreeding depression is often larger in traits closely related to fitness, such 
as survival and fecundity, as compared to morphological traits (Falconer 1989; DeRose & 
Roff 1999). This is because the relative proportion of dominance variance (one component of 
non-additive genetic variance) is expected to be greater in such traits, as additive genetic 
variance has been decreased by directional selection (Mousseau & Roff 1987; Roff 1997, but 
see Price & Schluter 1991 and Houle 1992 for different views). Roff & Emerson (2006) 
present some evidence that the ratio of non-additive to additive genetic variance is higher in 
life-history traits compared to morphological traits. Of the non-additive genetic variance, 
directional dominance variance is a prerequisite for inbreeding depression to occur (Lynch & 
Walsh 1998). 

 

(3) Polyandry for good genes 

Sivinski (1984) was the first to suggest that 
polyandrous females could produce 
offspring of higher viability than 
monandrous females, if a male’s sperm 
competitive ability was correlated with his 
offspring’s competitive ability. Madsen et 
al. (1992) first found correlational evidence 
for this. Yasui (1997) showed theoretically 
in his “good sperm” model that polyandrous 
females could benefit through more viable 

offspring if males with better sperm 
competitive ability posses genes of higher 
general viability. The difference between the 
“good sperm” (also called “the intrinsic 
male quality”) hypothesis and the genetic 
compatibility hypothesis is that in the first 
case, there is one male that is the best option 
for all females, instead of a compatible male 
that is different for each female type. The 
genetic incompatibility hypothesis requires 
non-additive genetic variation, whereas the 
intrinsic male quality hypothesis requires 
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additive genetic variation in fitness (Neff & 
Pitcher 2005). 

Fisher et al. (2006) were the first to find 
sound empirical support for the “good 
sperm” hypothesis: males with more 
competitive ejaculates sired more viable 
offspring in a small marsupial (Antechinus 
stuartii). Another testable prediction of the 
“good sperm” model is that the trait that 
determines fertilisation success in males is 
genetically correlated with the mechanism 
that females use to bias paternity (Evans & 
Simmons 2008). Simmons and Kotiaho 
(2007) found support for this prediction in 
the dung beetle (Onthophagus taurus), 
providing the best evidence so far for the 
“good sperm” process. In dung beetles, the 
trait that determines fertilisation success in 
males is sperm size and the mechanism that 
females use to bias paternity is the size of 
the spermatheca (García-Gonzalez & 
Simmons 2007).  

Simmons (2005) argues that the reason for 
scarce empirical evidence in support of the 
“good sperm” hypothesis is due to the fact 
that only recently suitable experiments to 
show it have been performed. Confounding 
maternal effects and the difficulty of 
estimating fertilisation success before 
embryo mortality make it difficult to 
distinguish between the genetic 
compatibility and the “good sperm” 
hypothesis (Simmons 2005; García-
González 2008). Recently, a quantitative 
genetic approach has been used to show that 
males differ in their ability to sire offspring 
with high embryo viability (García-
González & Simmons 2005). In fact, several 

studies have now shown that the “good 
sperm” and the compatibility hypotheses are 
not mutually exclusive, but that both 
processes can simultaneously act at 
fertilisation and during offspring 
development (Wedekind et al. 2001; Evans 
et al. 2007; Ivy 2007). 

1.2 Non-adaptive polyandry 
In addition to adaptive hypotheses of female 
multiple mating, Halliday and Arnold 
(1987) proposed a non-adaptive hypothesis. 
They suggested that selection on male 
mating tendency leads to a correlated 
response in females. This requires that 
selection on mating tendency is stronger on 
males than females. So far one study has 
supported this hypothesis: in the burying 
beetle (Nicrophorus vespilloides), mating 
frequency and mating speed were positively 
genetically correlated between males and 
females (House et al. 2008). However, 
several other studies have not supported this 
hypothesis (Sgro et al. 1998, Drosophila 
melanogaster; Grant et al. 2005, the stalk-
eyed fly Cyrtodiopsis dalmanni; Harano & 
Miyatake 2007, the adzuki bean beetle 
Callosobrochus chinensis). A few earlier 
studies on the subject suffered from various 
limitations that may have affected 
interpretations of the results (Arnold & 
Halliday 1992; Butlin 1993). 

The other non-adaptive hypothesis, the 
sexual conflict hypothesis, is also based on 
the assumption that selection on mating 
tendency is stronger on males than females. 
Such selection can favour traits that increase 
male mating success even if those traits 
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harm females (Parker 1979; Rice 1996; 
Chapman et al. 2003; Arnqvist & Rowe 
2005). However, females may evolve 
counter-adaptations that reduce male-
induced harm, which may lead to an 
antagonistic co-evolutionary arms race 
between sexes (Parker 1979; Holland & 
Rice 1998; Gavrilets et al. 2001). Empirical 
support for the sexual conflict hypothesis 
comes for example from studies that have 
shown that under strict monogamy, males 
evolve to be less harmful to females 
(Holland & Rice 1998; Martin & Hosken 
2003). 

1.3 Cost of mating 
The reason why female multiple mating is 
so puzzling is that mating is often (if not 
always) costly. First of all, it takes time and 
energy, but it can also make females more 
susceptible to predators and parasite or 
microbial infections (Daly 1978; Rowe 
1994). In the meal worm beetle (Tenebrio 
molitor), mating reduces immune function 
(Rolff & Siva-Jothy 2002). Some seminal 
fluid products that males transfer during 
copulation are harmful to females and 
decrease their life-span (Chapman et al. 

1995). In addition, specific structures in 
male copulatory organs may injure females 
during copulation (Crudgington & Siva-
Jothy 2000; Stutt & Siva-Jothy 2001; 
Blanckenhorn et al. 2002).  

Polyandry itself may create costs that are 
related to genetic differences among the 
males that a female mates with (see Box 3). 
In the leaf-cutting ant (Atta colombica), 
queens that had stored sperm from many 
mating partners had a weaker immune 
response than queens that had stored a 
similar amount of sperm from fewer 
partners, implying a cost of storing 
genetically different ejaculates (Baer et al. 
2006). When broods have multiple sires, the 
decrease in within-brood relatedness may 
make the offspring less cooperative than 
broods with only one sire (Hamilton 1964), 
as shown by Evans and Kelley (2008) in the 
shoaling behaviour of guppies. In viviparous 
species, a conflict of interest between 
maternal and paternal genomes arises during 
the gestation period (review in Crespi & 
Semeniuk 2004). If broods have multiple 
sires, a conflict may also arise between 
different paternal genomes (see Box 3). 
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Box 2. Parent-offspring conflict. 

The optimal amount of parental investment is different for a parent and its offspring, because 
the offspring is more related to itself than it is to the parent and the parent is more related to 
itself than to its offspring (Trivers 1974). A parent is selected to leave resources for its future 
offspring and thus an offspring maximises its fitness at a higher parental investment than the 
parent maximises its own fitness. This discrepancy in optimal parental investment leads to 
parent-offspring conflict. Hamilton’s rule predicts that offspring also disagree among 
themselves about the amount of parental investment they should get (Hamilton 1964). Each 
offspring values its own inclusive fitness higher than that of its siblings and is expected to 
seek more than its fair share of maternal resources (Hamilton 1964; Wells 2003). As females 
often mate with different males during the same reproductive season or between different 
seasons, also paternally and maternally inherited genes in the offspring have different optima 
of parental investment. Paternal alleles are selected to extract more resources from their 
mother than the mother is willing to give as she is selected to save resources for her future 
offspring (Haig & Westoby 1989; Moore & Haig 1991). The mother’s future offspring are of 
no interest for the paternal allele if the female mates with a different male during the next 
reproductive event. In its extreme, this conflict between maternally and paternally inherited 
genes in the offspring over parental care, may lead to genomic imprinting (Haig 2000). The 
activity of an imprinted gene depends on its parent of origin (Haig 2000). 

Traditionally, parent-offspring conflict has been modelled with begging level of chicks of 
birds in mind (Mock & Parker 1997). That is because begging may be the easiest to study in 
this context. The models of intrabrood competition predict that the loudness of begging 
increases as the within-brood relatedness decreases (Macnair & Parker 1979; Parker & 
Macnair 1979), because offspring selfishness increases when relatedness decreases (Hamilton 
1964). This result has been confirmed in an experimental study on barn swallows 
(Boncoraglio & Saino 2008). Haig (1996) modelled the production of a hypothetical placental 
hormone that increases the nutrient content of maternal blood and predicted how much 
hormone maternal and foetal genes are selected to produce given variation in mating system, 
litter-size and parental origin of the foetal genes. The difference between begging calls and 
placental hormone production is that in the latter case, the mother is not likely to know who is 
begging. Placental hormones circulate in maternal blood streams and “cannot convey specific 
information about individual embryos, but only aggregate information about the litter as a 
whole” (Haig 1996). Thus parent-offspring conflict decreases offspring growth in multiply 
sired litters when begging means an altruistic production of hormones that increase nutrient 
supply from the mother. 
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1.4 Male choice 
Male choice is much less studied than 
female choice. However, males are expected 
to exhibit choice over mating partners when 
females differ in fecundity, the operational 
sex ratio is female biased or the risk of 
sperm competition differs between females 
(Parker 1983; Anderson 1994). The most 
commonly observed male mating 
preferences are those that maximize a 
male’s expected fertilisation success in each 
mating (Bonduriansky 2001). Such 
preferences tend to favour female 
phenotypes associated with high fecundity 
or reduced sperm competition intensity 
(Bonduriansky 2001). Male choosiness is 
expected to increase when male parental 
investment increases as shown by Simmons 
(1992) and Gwynne (1993). However, if the 
variance in female quality is large, males 
can be choosy even if their investment in 
each mating is insignificant compared to 
females’ investment (Parker 1983). 

The family Poeciliidae is an example of 
fishes in which males have a low parental 
investment (males only provide sperm) (Farr 
1989). Despite the low parental investment, 
male preference for large females has been 
found in all species studied in this respect. 
The species in question are the eastern 
mosquito fish (Gambusia holbrooki) 
(Bisazza  et al. 1989; Hoysak & Godin 
2007; but see McPeek 1992), the sailfin 
molly (Poecilia latipinna) (Ptacek & Travis 
1997; Gabor 1999), the guppy (Poecilia 
reticulata) (Dosen & Montgomerie 2004a; 
Herdman  et al. 2004), the Atlantic molly 
(Poecilia mexicana) (Plath et al. 2006) and 

the western mosquito fish (Gambusia 
affinis) (Deaton 2008). In Brachyrhapsis 
rhabdophora only large males prefer large 
females (Basolo 2004). In poeciliid fishes, 
as in fish in general, fecundity increases 
with size (Bagenal & Braum 1978; Travis et 
al. 1990; Herdman et al. 2004), and thus 
males mating with large females gain 
benefits in terms of offspring number or 
quality. 

In addition to fecundity, males may also 
differentiate females based on their expected 
success in sperm competition as 
demonstrated by Schwagmeyer and Parker 
(1990) in the thirteen-lined ground squirrel 
(Spermophilus tridecemlineatus). Dosen and 
Montgomerie (2004b) showed that male 
guppies are sensitive to the risk of sperm 
competition and prefer to associate with 
females that have not been recently 
inseminated. Also eastern mosquito fish 
males react to the perceived risk of sperm 
competition (Wong & McCarthy 2009). In 
insects, males have been shown to prefer 
virgin (Lewis & Iannini 1995: Tribolium 
castaneum; Carazo et al. 2004: Tenebrio 
molitor) or young (Simmons et al. 1994: 
Requena verticalis) females to maximise 
their share of paternity. 

2. Aims of the thesis 

This thesis has the following aims: 

1) To test the effect of polyandry on 
female fitness by manipulating i) the 
number of mates a female mates with 
and ii) the genetic constitution of the 
brood a female carries when the 
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number of mates is kept constant but 
the relatedness of males differs (I). So 
far experiments examining the effects 
of polyandry on female fitness have 
been mainly performed on insects. In 
viviparous animals, the parent-
offspring conflict is likely to arise and 
may affect offspring provisioning in 
multiply sired broods. However, this 
aspect has not been previously studied. 

2) To measure the severity of inbreeding 
depression in male reproductive 
behaviour and several life-history 
traits (II), because not much is known 
about the effects of inbreeding on 
behaviour. Reproductive behaviour is 
likely to be closely related to fitness 
and is therefore expected to show 
inbreeding depression. 

3) To test if females are polyandrous in 
order to avoid inbreeding (III). 
Previously most studies have used 
only offspring paternity at birth as a 
measure of inbreeding avoidance. I 
want to include a measure for 
inbreeding avoidance after copulation 
but before fertilisation (stored sperm). 
Based on the results from study II, I 
will see how the severity of inbreeding 
depression relates to the evolution of 
inbreeding avoidance mechanisms. 
The severity of inbreeding depression 
is known for very few of those species 
in which inbreeding avoidance has 
been assessed. 

4) To study male mate choice in relation 
to female size, female mating status 
and the paternity pattern of females 

(i.e. do females predominantly 
produce offspring of the first or the 
second male to mate) (IV). 

3. Study species 

Heterandria formosa, the least killifish, is a 
small (1.3 to 4 cm) live-bearing poeciliid 
fish found in a variety of habitats in the 
coastal plain of the south-eastern USA 
(Martin 1980). Fertilisation is internal and 
the ovary of the least killifish is a single sac-
like oval structure dorsally suspended in the 
body cavity, as in other poeciliid fishes 
(Fraser & Renton 1940). The trait that 
makes these fish different from many other 
related species is matrotrophy, which means 
that females provide embryos with resources 
for development through a placenta-like 
structure (Fraser & Renton 1940; 
Scrimshaw 1944), resembling the 
mammalian offspring provisioning. The 
maternal-foetal interface consists of the 
maternal ovarian follicle and the pericardial 
sac of the offspring (Grove & Wourms 
1991; 1994). The offspring of one female 
can be seen to form one large continuous 
brood, as females simultaneously carry up to 
six broods of different developmental stages 
(Travis et al. 1987) (called superfetation) 
and thus a large number of offspring 
simultaneously share the maternal 
environment. Because of superfetation, 
females give birth to several young every 
few days and they gestate their whole 
reproductive life. This is another trait that 
makes the least killifish different from most 
poeciliid fishes.  
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The least killifish has a resource free mating 
system (males provide sperm only) and the 
reproductive behaviour of males consists 
mainly of forced copulations, so called 
gonopodial thrusts (Farr 1989; Bisazza & 
Pilastro 1997). During a copulation attempt, 
the male swings his gonopodium 
(intromittent organ) forward, approaches the 
female from behind and tries to reach the 
female genital opening (gonopore) with the 
tip of the gonopodium. Females rarely 
cooperate with males at mating (personal 
observation). Even though courtship 
behaviour has not been described in this 
species (Farr 1989), Aspbury and Basolo 
(2002) report “courtship-like” behaviour in 
their study on female choice in the least 
killifish. I also commonly observed 
behaviour that looks like courtship, and 
therefore I included measures of “courtship-
like” behaviour in my study. Females of this 
species have been shown to prefer large 
males when given a choice between a small 
and a large male (Aspbury & Basolo 2002), 
but large males had a better mating success 
(measured as the number of successful 
copulations divided by the total number of 
copulation attempts) only when they mated 
first. Thus female preference for large males 
did not lead to a higher mating success of 
those males (Aspbury & Basolo 2002). An 
unanswered question is whether preferred 
males have a higher paternity success than 
unpreferred males. 

In nature, least killifish populations often 
have high densities (Leips & Travis 1999). 
However, population sizes have been shown 

to collapse during droughts and recover 
slowly (Ruetz et al. 2005). As re-
colonisation of sites after a drought is 
primarily from reproduction by surviving 
individuals and not by migrants (Ruetz et al. 
2005), mating between relatives is quite 
likely to occur. Hence, inbreeding and 
possibly inbreeding depression may be an 
important part of this species’ biology. In 
the least killifish, females should be the 
choosier sex in terms of inbreeding 
avoidance, because females make a 
substantial investment in the developing 
embryos whereas males provide sperm only. 
Sperm choice may be the most appropriate 
form of female choice in this species, 
because females are often unable to perform 
pre-copulatory choice but are most of the 
time forcibly inseminated (Farr 1989; 
Bisazza & Pilastro 1997; Birkhead 1998). 

4. Material and methods 

All studies in this thesis were experimental. 
I performed them in the aquarium facilities 
of the Department of Biological and 
Environmental Sciences, University of 
Helsinki. The experimental fish were 
aquarium born offspring of fish collected 
from two field locations, the Saint Johns 
River system and the Otter Creek river in 
Florida, US. The original sizes of the 
laboratory populations were about six 
hundred fish for the Saint Johns population 
and eight hundred fish for the Otter Creek 
population. The fish were maintained in 
several mixed-sex stock tanks (40 l) at a 
14:10 light:dark photoperiod at 28 oC and 
fed ad lib twice a day with frozen Artemia 
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in the morning and frozen mosquito larvae 
in the afternoon. Newborn offspring were 
collected from stock tanks in order to raise 
virgin females. When males started to 
develop the gonopodium, they were moved 
to separate tanks. Similarly, females were 
moved to separate “virgin female” tanks 
when they developed black spots that 
indicate sexual maturity (Fraser & Renton 
1940) on their anal fin and around their 
gonopore.  

For the studies II and III, I needed to have 
sibling fish. These were created by allowing 
randomly selected pairs of virgin females 
and stock tank males to mate. Their 
offspring were raised as family groups. 
When the offspring started to mature, they 
were separated into different aquaria 
according to sex. Virgin females of a family 
were kept together in one aquarium. All the 
males of a family were housed together with 
two unrelated females in one aquarium. This 
ensured that the males were sexually active 
and producing sperm when used in the 
experiments. In the related guppy, the 
presence of females increases sperm 
production of males (Bozynski & Liley 
2003).  

Mate choice tests 

I performed dichotomous mate choice test to 
assess possible pre-copulatory mate 
preferences of males and females. In study 
III I used this method to examine whether 
males or females avoid their siblings as 
mates pre copula, and in study IV to test 
whether males prefer females of certain size 
or mating status. This method is commonly 

used in mate choice studies in Poeciliidae 
(Houde 1997).  

In short, in the dichotomous mate choice test 
the focal fish was put in the centre section of 
an aquarium, which was divided into three 
compartments using opaque dividers. The 
two stimulus fish were enclosed in small 
transparent containers and placed in each 
end compartment. To allow possible 
olfactory cues, the lids of the containers 
were patterned with small slits (width 1 
mm) covering about 40 % of the lid area 
(III and IV). In study III, small holes were 
drilled (diameter 2 mm) into the walls of the 
containers (6 per side) to increase the water 
flow between the container and the 
aquarium. All fish were left to acclimatize 
for 5 minutes. After this, the dividers were 
removed and the focal fish was free to swim 
anywhere in the aquarium, but not inside the 
containers housing the stimulus fish. The 
behaviour of the focal fish was observed for 
2 x 15 minutes. After the first observation 
period, the focal fish was again enclosed in 
the middle section by replacing the dividers, 
and the positions of the containers holding 
stimulus fish were switched. This was done 
in order to control for possible side 
preferences of focal fish. After this the 
dividers were again removed and the 
behaviour was observed for another 15 
minutes. Mate preference was defined as the 
time the focal fish was interacting with the 
stimulus fish.  
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Paternity analysis with DNA microsatellite 
markers 

In studies I, II and III, I performed paternity 
tests with DNA microsatellite markers. I 
used four loci developed for related species 
that had been tested and optimized for the 
least killifish (see Soucy & Travis 2003; 
Nakamura 2001). 

5. Main results and 
discussion 

5.1 Costs and benefits of 
polyandry in the least killifish 
I found both benefits and costs of polyandry 
in the least killifish (I). Females mated to 
multiple males were more likely to become 
pregnant (Table 3). In the ‘single-male’ 
treatment a remarkably large proportion of 
females remained non-fertile. However, 
offspring of females mated to four males 
took longer to reach sexual maturity than 
offspring of females mated to one male, 
implying a cost of polyandry. 

Table 3. The proportion of females 
producing offspring in the multiple mating 
experiment. 

Treatment One 
male 

Two 
males 

Four 
males 

Proportion of 
females 
producing 
offspring 

7/19  
(37 %) 

12/17 
(71 %)  

16/18 
(89 %) 

 
The aim of the second experiment of this 
study was to manipulate within-brood 
relatedness to uncover possible parent-

offspring conflict over offspring 
provisioning. All females were mated to 
three males, but the males differed in 
relatedness. In the ‘relatedness’ treatment, 
the males were full-siblings (but unrelated to 
the female) and in the ‘diversity’ treatment, 
the three males were unrelated to each other 
and to the female.  

In this ‘diverse versus related broods’ 
experiment, I found that females mated to 
three unrelated males had a shorter life span 
than females mated to three siblings. 
However, this effect was only seen at such 
high age that females do not normally reach 
in nature. The other aspect, in which these 
treatments differed, was how offspring size 
at birth changed over time. In the 
relatedness treatment offspring size at birth 
was independent of birth order, whereas in 
the diversity treatment later-born offspring 
were smaller. This finding is partly in 
accordance with Haig’s (1996) model of 
placental hormone production. In that 
model, all litter members share the benefits 
of the hormone production, but the costs of 
the production are borne by individual 
offspring. Litters that produce more 
hormone raise fitter offspring but when the 
relatedness within litters decreases, the 
cooperation between offspring decreases as 
the number of potential freeloaders 
increases. Thus decreased relatedness within 
litters leads to decreased hormone 
production and decreased size of newborn 
offspring. The problem with this 
interpretation of my result is that there is 
initially no difference in offspring sizes 
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between treatments, but only an interaction 
effect. 

An alternative explanation to the decrease in 
offspring size over time is that females 
invest more in early offspring when 
offspring are genetically diverse. Because 
investment is costly, fewer resources are left 
to be invested in the later-born offspring. In 
addition, this costly investment may also 
lead to earlier death of those females. 

Earlier studies on the least killifish have 
found evidence for both offspring control of 
maternal provisioning (Schraeder & Travis 
2008) and maternal control of provisioning 
(Leips et al. 2009). When Schraeder and 
Travis (2008) crossed fish from a highly 
polyandrous population and a nearly 
monandrous population, they found that 
offspring of males from the more 
polyandrous population extracted more 
resources from their mother than offspring 
of males from the nearly monandrous 
population, in which the parent-offspring 
conflict is expected to be smaller. On the 
other hand, Leips et al. (2009) found that at 
high population density, females produced 
larger offspring than at low density, 
presumably because it is better to have 
fewer large offspring when intra-specific 
competition is high, implying an adaptive 
maternal response on offspring size. 

However, the ‘higher investment in diverse 
broods’ interpretation does not explain why 
females mated to four males produced 
offspring with longer maturation time in the 
multiple mating experiment. This finding 
could be explained by the lower demand of 
maternal resources by the genetically 

unrelated litter members, as predicted by 
Haig (1996). It is possible that offspring in 
the four-male treatment were less developed 
than offspring in the single-male and two-
male treatments, even if there was no 
difference in offspring size at birth. 

5.2 Inbreeding depression and 
inbreeding avoidance in the 
least killifish 

Inbreeding depression 

I found strong inbreeding depression in male 
reproductive behaviour (II). Inbred males 
performed less copulation attempts than 
outbred males. The standardized coefficient 
of inbreeding depression (Lande & 
Schemske 1985) for this behaviour was δ = 
0.38. This trait is closely related to fitness, 
as the number of copulation attempts 
correlated with paternity success. Only few 
other studies have looked at the effects of 
inbreeding on male reproductive behaviour. 
In Drosophila montana, inbreeding 
decreases courtship song frequency (Aspi 
2000); in song sparrows (Melospiza 
melodia), it decreases courtship song 
repertoire (Reid et al. 2005); and in guppies 
(Poecilia reticulata), it decreases courtship 
behaviour (van Oosterhout et al. 2003; 
Mariette et al. 2006). Thus our result is in 
line with the earlier studies suggesting that 
reproductive behaviour is susceptible to 
inbreeding depression.  

I also found that two important life history 
traits showed inbreeding depression. Inbred 
females gave birth to a lower proportion of 
live offspring (δ = 0.06) and inbred 
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offspring took longer to mature (δ = 0.19 for 
males and δ = 0.14 for females). Increases in 
age at maturity and in juvenile mortality are 
predicted to have large impacts on fitness 
(Stearns 1992). 

The level of inbreeding depression that I 
found might be strong enough to select for 
the evolution of inbreeding avoidance 
mechanisms. Theoretically, if fitness loss 
due to inbreeding depression exceeds δ = 
1/3, females should prefer unrelated males 
over brothers as their mates (Parker 1979, 
Kokko & Ots 2006). On the other hand, 
males should avoid mating with sisters only 
if the fitness loss due to inbreeding 
depression is more than 2/3 (Parker 1979, 
Kokko & Ots 2006). Inbreeding depression 
in male gonopodial activity (δ = 0.38) 
exceeds the threshold value 1/3, at which 
females should avoid their brothers as 
mates, and inbreeding depression in male 
and female maturation times is also high (δ 
= 0.19 and 0.14). However, from these 
values it is difficult to estimate what the 
actual fitness loss of a female mating with a 
brother is. In any case, it certainly comes 
close to the threshold where she should 
avoid mating with her brother. A female 
mating with a brother would most likely 
produce male offspring with low 
reproductive success for at least three 
reasons. Firstly, inbred males would have a 
lower probability to reach maturity because 
of their longer development time compared 
to outbred males (this also applies to female 
offspring). Secondly, their lower mating 
activity would most likely lead to poor 
paternity success. Thirdly, their smaller size 

as compared to outbred males (II) may 
make them less desirable mating partners as 
females of the least killifish have been 
shown to prefer larger males (Aspbury & 
Basolo 2002). 

Inbreeding avoidance 

Based on the severity of inbreeding 
depression in the least killifish, it seems that 
inbreeding avoidance mechanisms might 
have been favoured over the course of this 
species’ evolution. I measured inbreeding 
avoidance at three stages of reproduction: i) 
before copulation, ii) after copulation but 
before fertilisation and iii) at birth. I found 
that neither males nor females discriminated 
against their siblings in a dichotomous pre-
copulatory mate choice test. An interesting 
finding was that when females had mated 
with their brothers, less sperm could be 
flushed from their reproductive system than 
when they had mated with a non-sibling. 
This suggests that an inbreeding avoidance 
mechanism has evolved in this species. 
However, when I compared the paternity 
success of brothers and unrelated males, I 
found no difference in the proportion of 
offspring sired.  

Why did I not find a difference in the 
paternity success of brothers and unrelated 
males even though there was a difference in 
the number of sperm collected from females 
mated to brothers and unrelated males? I 
think that I may have missed the conditions 
that allow female control of paternity. In my 
experiment, females stayed one week with 
the first male and one week with the second 
male. This led to a situation where the first 
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male sired most of the offspring in all 
treatments, and larger females were more 
likely to carry offspring of two males. One 
possible explanation for this finding is that 
the first male filled the sperm storage sites 
of the female and only larger females had 
space for the second male’s sperm. Thus if 
the mating period had been shorter, I might 
have seen an effect of relatedness on 
paternity success of males. In the seaweed 
fly (Coelopa frigida), females are able to 
bias paternity when they are mated to two 
males in quick succession but not when the 
time interval between matings is long (Blyth 
& Gilburn 2005). In any case, these results 
suggest that any female control of paternity 
must happen quite early on after 
insemination, possibly before sperm enter 
the storage sites, and it seems that females 
have no post-fertilisation measures, such as 
selective abortion, to bias paternity. 

What about the effect of male relatedness on 
the number of sperm collected from 
females? Is that a male or a female effect? 
Unfortunately, a definite answer to this 
question cannot be given with my 
experimental set-up. The number of 
copulations males performed and the 
number of sperm they transferred was not 
controlled, and it is thus possible that 
unrelated males invested more in 
copulations with unrelated females and 
therefore we retrieved more sperm out of 
unrelated females. 

Males are selected to invest different 
amounts of sperm in matings with different 
kinds of females, depending on their 
expected returns in each case (Wedell et al. 

2002; Engqvist & Reinhold 2006). 
Differential sperm investment has been 
found in another poeciliid fish, Poecilia 
mexicana, where males invested less sperm 
in matings with asexual P. formosa females 
than in matings with conspecifics (Schlupp 
& Plath 2005). This differential investment 
was also visible in male reproductive 
behavior. Males also attempted copulations 
more often with conspecifics than with P. 
formosa  females (Schlupp & Plath 2005). 
Here I found no evidence that males would 
have behaved differently towards their 
siblings and non-siblings in the pre 
copulatory male choice test. In fact, males 
spent more time in a sneaking position 
looking for a suitable moment for a sneak 
copulation with their siblings than non-
siblings during the mating trials in a no-
choice situation. 

In the least killifish, females should be the 
choosier sex in terms of inbreeding 
avoidance, because females make a 
substantial investment in the developing 
embryos (Fraser & Renton 1940; Scrimshaw 
1944; Grove & Wourms 1991) whereas 
males only provide sperm (Farr 1989). 
Hence it seems likely that the difference in 
sperm numbers that I found between sibling 
and non-sibling matings is a result of female 
decisions rather than male decisions. In 
addition to this theory-based argument, male 
behaviour also suggests that they do not 
avoid inbreeding.  

This study shows that measuring only 
paternity success or pre-copulatory 
behaviour may not tell the whole story about 
inbreeding avoidance. Decrease in sperm 
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numbers after sibling matings, but no 
relatedness effect after fertilisation, suggests 
a conflict over inbreeding. Possibly, females 
try to avoid inbreeding by decreasing the 
amount of sibling sperm, but they are not 
able to bias paternity since males, at least in 
laboratory conditions, are very successful at 
performing sneak copulations. 

5.3 Males prefer small females 
So far in all Poeciliidae species studied, 
male preference for large females has been 
found (see introduction). Unexpectedly, I 
found that least killifish males prefer to 
interact with small females instead of large 
ones in a dichotomous male choice test, 
even though large females are more fecund 
(Schraeder & Travis 2008). I suggest that 
this unique preference for small females 
results from strong first male sperm 
precedence in this species (see section 5.2, 
inbreeding avoidance). Smaller females are 
younger and therefore more likely to be 
virgin, which probably makes them more 
profitable mates for males. However, during 
the free-swimming choice experiment, in 
which a male was freely interacting with 
both a small and a large female 
simultaneously, males did not discriminate 
between females based on their size. Males 
did not try to copulate more often with small 
females than large ones or follow small 
females longer than large ones. Even though 
the results of these two tests differ, they 
both suggest males do not prefer large 
females in this species, as they do in other 
poeciliids studied in this respect (see 
Introduction). 

When presented with a virgin and a mated 
female of similar size, males showed no 
preference for either type. In some species 
of poeciliids, for example P. latipinna 
(Ptacek & Travis 1997) and the guppy 
(Herdman et al. 2004), males exhibit 
gonopore nipping behaviour possibly to 
assess female sexual pheromones and to 
detect female post-partum state. This 
behaviour is not shown by the least killifish. 
As the least killifish superfetates, it does not 
have a post-partum non-pregnant state like 
non-superfetating poeciliids do. Therefore, 
there may not have been selection on males 
to develop the ability to assess female 
mating status based on pheromone or other 
cues, and hence not the ability to distinguish 
virgin females from non-virgin females. 
Instead, the least killifish males may use 
female size as a proxy for virginity.  

6. Unresolved issues and 
suggestions for future 
studies 

It turned out to be surprisingly difficult to 
induce multiple paternity in the least 
killifish. The proportion of females 
producing multiply sired offspring was the 
highest (8 out of 12, 67 %) when females 
spent 30 days with three males in the 
“diverse versus related broods” experiment 
(I). When females were sequentially mated 
to two males, the proportion of multiply 
sired litters varied from 8 % (I) to 20 % 
(III). Even when females were sequentially 
mated to four males, only 20 % produced 
offspring of two males (I). I never detected 
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more than two sires among offspring of a 
single female. These results are in 
accordance with the amount of multiple 
paternities found in nature (Soucy & Travis 
2003). The proportion of females carrying 
offspring of multiple males varies from 
15 % to 66 % in different populations, and it 
is positively correlated with population 
density (Soucy & Travis 2003). Soucy and 
Travis (2003) did not report any cases of 
litters sired by more than two males. Thus it 
seems that the low degree of multiple 
paternity is characteristic for this species 
and not an artefact of my experimental 
designs.  

The level of multiple paternity is lower in 
the least killifish than in many other 
poeciliid fishes (see Soucy & Travis (2003) 
for a comparison). Why this is the case has 
not been resolved. The least killifish differs 
from most poeciliids in that it is 
matrotrophic and it superfetates. Both of 
these traits make it more vulnerable to 
parent-offspring conflict over maternal 
provisioning as compared to most poeciliids, 
because offspring may have access to 
maternal resources and a large number of 
offspring simultaneously share the maternal 
environment. Because multiple paternity 
may lead to a conflict over resource 
allocation between offspring and therefore 
to low offspring quality, females may have 
benefited from the ability to control 
paternity or sperm storage to avoid or at 
least decrease this conflict. Unfortunately, 
the existence of this conflict could not be 
unequivocally demonstrated in my thesis. 
There is evidence in this direction, but 

further studies are needed to verify this. The 
interpretation of a conflict between 
offspring of multiple males is currently 
weakened by the fact that multiply sired 
litters at birth were so few. It might be 
worthwhile to check whether artificial 
insemination would induce higher rates of 
multiple paternity. 

The way in which females might control 
paternity of their offspring is an open 
question. My finding that fewer sperm could 
be retrieved from females mated to brothers, 
compared to females mated to unrelated, 
males warrants further studies. Controlling 
the number of sperm inseminated through 
artificial insemination and then measuring 
paternity success of brothers and unrelated 
males would shed more light on the question 
whether it is the female or the male that is 
behind the effect on sperm numbers. If 
females inseminated with a mixture of 
sperm from a brother and an unrelated male 
produced more offspring of unrelated males, 
it would mean that females may have a way 
to control paternity. In that case, a likely 
mechanism of cryptic female choice would 
be sperm-female interaction (Bishop 1996; 
Bishop et al. 1996). On the other hand, if the 
mechanism of cryptic female choice were 
the ejection of unwanted sperm (Pizzari & 
Birkhead 2000), there probably would be no 
difference in paternity success of related and 
unrelated males when sperm mixtures are 
used. 

Another possible mechanism of female 
control may be delayed offspring 
production. Females mated to one random 
male very rarely produced offspring. That 
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was not only obvious in the multiple mating 
experiment (I) (table 3), but during the 
whole thesis work when my aim was to 
produce families for different experiments. 
However, when the time a pair of fish were 
together increased, pregnancy success also 
increased (see II). It was therefore very 
surprising that there is such a strong first 
male sperm precedence in this species (III). 

7. Conclusions 

The main question of this thesis was “why 
do females mate with more than one male?” 
My answer based on my results is “because 
they cannot avoid it”. Of course, females 
mated to more than one male were more 
likely to become pregnant, which is clearly a 
major benefit. How that relates to the mating 
system of the least killifish is less clear. 
Presumably females do not have much 
control over mating in this species as males 
mainly rely on sneak copulations (Bisazza & 
Pilastro 1997). However, the success rate of 
sneak copulations is very low (4 to 20 %, 
Bisazza & Pilastro 1997; Aspbury & Basolo 
2002). It then seems likely that a female gets 
successful copulations from a random subset 
of males, unless she has a way to avoid 
unwanted copulations. Thus a female is 
likely to get copulations from more than one 
male even without actively searching for 
them. 

I believe that the least killifish females 
actively avoid producing offspring of 
multiple males, because it leads to a 
decrease in offspring quality in terms of 
longer times to reach sexual maturity (I). 

One explanation for this might be an 
increased conflict between offspring of 
multiple males over maternal provisioning.  

I did not find clear support for the 
hypothesis that females would be 
polyandrous in order to avoid inbreeding 
(III), but I found an inbreeding avoidance 
mechanism in this species. Less sperm was 
retrieved from females mated to brothers as 
compared to females mated to unrelated 
males. It was not surprising to find an 
inbreeding avoidance mechanism in the 
least killifish as this species suffers from 
strong inbreeding depression in male mating 
behaviour and in two important life history 
traits (II). Population sizes of the least 
killifish often collapse during droughts and 
recover slowly (Ruetz et al. 2005). During 
re-colonisation, mating between relatives is 
quite likely to occur (Ruetz et al. 2005), 
which may have selected for the evolution 
of inbreeding avoidance mechanisms. 

I also found that males are choosy (IV). 
Males are expected to invest more in 
matings with high quality females, even if 
their investment in each mating is small 
(Parker 1983). The trait signalling high 
female quality may be for example her size, 
age or probability of sperm competition. 
How males assess these qualities depends on 
the mating system and natural history of the 
species in question. In contrast to earlier 
studies on Poeciliidae, male preference for 
large females was not found. Instead, males 
preferred to interact with small females in a 
dichotomous choice test. Because smaller 
females are more likely to be virgin (as they 
are younger) and the first male to mate sires 
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most of the offspring, I suggest that males 
view smaller females as more profitable 
mating partners. 

8. Acknowledgements 

I want to thank Kai Lindström for taking me 
in his group and giving me pretty much free 
hands with this project. The amount of 
optimisms you have is unbelievable! Even 
when two years of hard work had produced 
no data, you did not lose faith in this project, 
but always encouraged me to go on. Thanks 
for that. 

Tove, Jokke, Laura S., Laura T., Elisa, 
Johanna, Emilia, Bea and Annika did their 
Master’s thesis projects under my Ph.D. 
project. I want to thank you all for your 
effort. You were a great help for me! Many 
of you also had to share the frustration of 
failed experiments with me, thanks for 
carrying part of that load with me. Laura T. 
and Bea were also extremely reliable 
research assistants, which made it possible 
for me to have a holiday every now and 
then. 

Thanks to all the people who got me started 
with DNA work and helped me in the MES-
lab, especially Hannu Mäkinen and Heikki 
Ryynänen. Also Leena and Toshka always 
had time for my questions. 

Jon Brommer, Hanna Kokko and the “Fish 
group”, alias Katja Heubel, Jan Heuschele, 
Hope Klug, Minna Saaristo, Ulla 
Tuomainen and Leon Vlieger gave valuable 
comments on my manuscripts. Thank you 
all. In addition, I thank Katja H., Hope, 

Minna Saaristo, Kai L., Marja, Päivikki and 
Ian for comments on the summary. 

I was lucky to have excellent pre-examiners. 
Jon Evans and Arja Kaitala gave excellent 
suggestions and constructive comments on 
my thesis. I thank Jon also for answering my 
questions about poeciliids several times 
during this project. Sheryl Soucy-Loubell 
was also very quick in answering any 
Heterandria questions I had and Colette 
StMary made the field trip to Florida very 
enjoyable. 

I thank Lotta Sundström for being my 
kustos and helping me with the bureaucracy 
of the final stages of this project. 

The graduate school of evolutionary ecology 
arranged excellent annual meetings. I want 
to thank the leader of the graduate school, 
Rauno Alatalo, for the inspiration and 
support those meetings gave me. 

Liz Boulding pushed me to think myself 
what I would like to do my Ph.D. about, and 
still I am not tired of post-copulatory sexual 
selection. Thanks Liz! Inna Sokolova helped 
me a lot at the earliest stages of this project 
and was also a great friend in Canada. 

Next, I want to thank the members of our 
group. I thank Marja, Maria and Topi for a 
nice office atmosphere and Maarit for 
sharing the boringness of fish maintenance 
and the cellary atmosphere of the aquarium 
facilities. 

Katja Enberg and Kata Valosaari have been 
great friends before, during and after your 
own thesis work and mine. I also want to 
thank all the other Ph.D. students and other 
people of the department for a nice working 



29 

atmosphere. Henna & Marianne, my fellow 
moms, thanks for sharing the pregnancy and 
baby stories. 

Numerous friends outside university have 
made it possible to forget work related 
issues every now and then. Thanks to you 
all! 

Kiitos äidille, isälle ja Marjalle tuesta 
väitöskirjatyön aikana. 

Pekka has helped me in innumerable ways 
during this project starting from technical 
problems with the computer and computer 
programs and being my AD whenever I had 
to make a poster or a presentation. Thanks 
for tolerating fish maintenance tasks during 
several Christmas holidays. Without your 
love and support this project would have 
been so much harder. Juho and Urho, the 
moment you come home, there is no time 
for work-related thoughts. Thank you for 
showing a completely different world to me. 

This work was financially supported by the 
Academy of Finland, the Finnish Cultural 
Foundation, Ella and Georg Ehrnrooth’s 
Foundation, Oskar Öflund’s Foundation, 
Waldemar von Frenckell’s Foundation, the 
Rector and the Chancellor of the University 
of Helsinki, Vanamo and the Finnish 
Concordia Fund. 

9. References 

Andersson M. 1994. Sexual selection. 
Princeton university press, Princeton, NJ. 

Armbruster P., and D. H. Reed. 2005. 
Inbreeding depression in benign and 
stressful environments. Heredity 95:235-
242.  

Arnold S. J., and T. Halliday. 1992. 
Multiple mating by females - the design 
and interpretation of selection 
experiments. Anim Behav 43:178-179.  

Arnqvist G., and L. Rowe. 2005. Sexual 
conflict. Princeton University Press, 
Princeton, New Jersey.  

Arnqvist G., and T. Nilsson. 2000. The 
evolution of polyandry: multiple mating 
and female fitness in insects. Anim 
Behav 60:145-164.  

Aspbury A. S., and A. L. Basolo. 2002. 
Repeatable female preferences, mating 
order and mating success in the poeciliid 
fish, Heterandria formosa. Behav Ecol 
Sociobiol 51:238-244.  

Aspi J. 2000. Inbreeding and outbreeding 
depression in male courtship song 
characters in Drosophila montana. 
Heredity 84:273-282.  

Baer B., and P. Schmid-Hempel. 1999. 
Experimental variation in polyandry 
affects parasite loads and fitness in a 
bumble-bee. Nature 397:151-154.  

Baer B., S. A. O. Armitage, and J. J. 
Boomsma. 2006. Sperm storage induces 
an immunity cost in ants. Nature 
441:872-875.  



30 

Bagenal T. B., and E. Braum. 1978. Eggs 
and early life history. Pp. 165-201 in T. 
B. Bagenal, ed. Methods for assessment 
of fish production in fresh waters. 
Blackwell Scientific, Oxford.  

Barton N. H., and R. J. Post. 1986. Sibling 
competition and the advantage of mixed 
families. J Theor Biol 120:381-387.  

Basolo A. L. 2004. Variation between and 
within the sexes in body size preferences. 
Anim Behav 68:75-82.  

Bateman A. J. 1948. Intra-sexual selection 
in Drosophila. Heredity 2:349-368.  

Bernasconi G., and L. Keller. 2001. Female 
polyandry affects their sons' reproductive 
success in the red flour beetle Tribolium 
castaneum. J Evol Biol 14:186-193.  

Birkhead T. R. 1998. Cryptic female choice: 
criteria for establishing female sperm 
choice. Evolution 52:1212-1218.  

Birkhead T. R., and A. P. Møller, eds. 1998. 
Sperm competition and sexual selection. 
Academic Press, Cambridge.  

Birkhead T. R., J. G. Martinez, T. Burke, 
and D. P. Froman. 1999. Sperm mobility 
determines the outcome of sperm 
competition in the domestic fowl. Proc R 
Soc Lond B 266:1759-1764.  

Birkhead T. R., N. Chaline, J. D. Biggins, T. 
Burke, and T. Pizzari. 2004. 
Nontransitivity of paternity in a bird. 
Evolution 58:416-420.  

Bisazza A., and A. Pilastro. 1997. Small 
male mating advantage and reversed size 
dimorphism in poeciliid fishes. J Fish 
Biol 50:397-406.  

Bisazza A., A. Marconato, and G. Marin. 
1989. Male mate preferences in the 
mosquitofish Gambusia holbrooki. 
Ethology 83:335-343.  

Bishop J. D. D. 1996. Female control of 
paternity in the internally fertilizing 
compound ascidian Diplosoma 
listerianum. I. Autoradiographic 
investigation of sperm movements in the 
female reproductive tract. Proc R Soc 
Lond B 263:369-376.  

Bishop J. D. D., C. S. Jones, and L. R. 
Noble. 1996. Female control of paternity 
in the internally fertilizing compound 
ascidian Diplosoma listerianum. II. 
Investigation of male mating success 
using RAPD markers. Proc R Soc Lond 
B 263:401-407.  

Blanckenhorn W. U., D. J. Hosken, O. Y. 
Martin, C. Reim, Y. Teuschl, and P. I. 
Ward. 2002. The costs of copulation in 
the dung fly Sepsis cynipsea. Behav Ecol 
13:353-358.  

Bloch Qazi M. C. B. 2003. A potential 
mechanism for cryptic female choice in a 
flour beetle. J Evol Biol 16:170-176.  

Blyth J. E., and A. S. Gilburn. 2005. The 
effect of an inversion system and the time 
interval between matings on 
postcopulatory sexual selection in the 
seaweed fly, Coelopa frigida. Heredity 
95:174-178.  

Boncoraglio G., and N. Saino. 2008. Barn 
swallow chicks beg more loudly when 
broodmates are unrelated. J Evol Biol 
21:256-262.  



31 

Bonduriansky R. 2001. The evolution of 
male mate choice in insects: a synthesis 
of ideas and evidence. Biol Rev 76:305-
339.  

Bozynski C. C., and N. R. Liley. 2003. The 
effect of female presence on spermiation, 
and of male sexual activity on 'ready' 
sperm in the male guppy. Anim Behav 
65:53-58.  

Bretman A., N. Wedell, and T. Tregenza. 
2004. Molecular evidence of post-
copulatory inbreeding avoidance in the 
field cricket Gryllus bimaculatus. Proc R 
Soc Lond B 271:159-164.  

Bussiere L. F., J. Hunt, M. D. Jennions, and 
R. Brooks. 2006. Sexual conflict and 
cryptic female choice in the black field 
cricket, Teleogryllus commodus. 
Evolution 60:792-800.  

Butlin R. K. 1993. A comment on the 
evidence for a genetic correlation 
between the sexes in Drosophila 
melanogaster. Anim Behav 45:403-404.  

Carazo P., E. Sanchez, E. Font, and E. 
Desfilis. 2004. Chemosensory cues allow 
male Tenebrio molitor beetles to assess 
the reproductive status of potential mates. 
Anim Behav 68:123-129.  

Chapman T., L. Liddle, J. Kalb, M. 
Wolfner, and L. Partridge. 1995. Cost of 
mating in Drosophila melanogaster 
females is mediated by male accessory 
gland products. Nature 373:241-244.  

Chapman T., G. Arnqvist, J. Bangham, and 
L. Rowe. 2003. Sexual conflict. Trends 
Ecol Evol 18:41-47.  

Charlesworth D., and B. Charlesworth. 
1987. Inbreeding depression and its 
evolutionary consequences. Ann Rev 
Ecol Syst 18:237-268.  

Clark A. G., E. T. Dermitzakis, and A. 
Civetta. 2000. Nontransitivity of sperm 
precedence in Drosophila. Evolution 
54:1030-1035.  

Clark A. G., D. J. Begun, and T. Prout. 
1999. Female x male interactions in 
Drosophila sperm competition. Science 
283:217-220.  

Crespi B., and C. Semeniuk. 2004. Parent-
offspring conflict in the evolution of 
vertebrate reproductive mode. Am Nat 
163:635-653.  

Crudgington H. S., and M. T. Siva-Jothy. 
2000. Genital damage, kicking and early 
death - The battle of the sexes takes a 
sinister turn in the bean weevil. Nature 
407:855-856.  

Daly M. 1978. The cost of mating. Am Nat 
112:771-774.  

Deaton R. 2008. Factors influencing male 
mating behaviour in Gambusia affinis 
(Baird & Girard) with a coercive mating 
system. J Fish Biol 72:1607-1622.  

Denk A. G., A. Holzmann, A. Peters, E. L. 
M. Vermeissen, and B. Kempenaers. 
2005. Paternity in mallards: effects of 
sperm quality and female sperm selection 
for inbreeding avoidance. Behav Ecol 
16:825-833.  



32 

DeRose M. A., and D. A. Roff. 1999. A 
comparison of inbreeding depression in 
life-history and morphological traits in 
animals. Evolution 53:1288-1292.  

Dosen L. D., and R. Montgomerie. 2004a. 
Female size influences mate preferences 
of male guppies. Ethology 110:245-255.  

--- 2004b. Mate preferences by male 
guppies (Poecilia reticulata) in relation 
to the risk of sperm competition. Behav 
Ecol Sociobiol. 55:266-271.  

Eberhard W. G. 1996. Female control: 
Sexual selection by cryptic female 
choice. Princeton University Press, 
Princeton.  

Edvardsson M., and G. Arnqvist. 2000. 
Copulatory courtship and cryptic female 
choice in red flour beetles Tribolium 
castaneum. Proc R Soc Lond B 267:559-
563.  

Elgar M. A., J. M. Schneider, and M. E. 
Herberstein. 2000. Female control of 
paternity in the sexually cannibalistic 
spider Argiope keyserlingi. Proc R Soc 
Lond B 267:2439-2443.  

Engqvist L., and K. Reinhold. 2006. 
Theoretical influence of female mating 
status and remating propensity on male 
sperm allocation patterns. J Evol Biol 
19:1448-1458.  

Evans J. P., R. C. Brooks, S. R. K. 
Zajitschek, and S. C. Griffith. 2008. Does 
genetic relatedness of mates influence 
competitive fertilization success in 
guppies? Evolution 62:2929-2935.  

Evans J. P., and J. L. Kelley. 2008. 
Implications of multiple mating for 
offspring relatedness and shoaling 
behaviour in juvenile guppies. Biol Lett 
4:623-626.  

Evans J. P., and L. W. Simmons. 2008. The 
genetic basis of traits regulating sperm 
competition and polyandry: can selection 
favour the evolution of good- and sexy-
sperm? Genetica 134:5-19.  

Evans J. P., F. Garcia-Gonzalez, and D. J. 
Marshall. 2007. Sources of genetic and 
phenotypic variance in fertilization rates 
and larval traits in a sea urchin. Evolution 
61:2832-2838.  

Falconer D. S. 1989. Introduction to 
quantitative genetics, 3rd edn. Longman, 
New York.  

Farr J. A. 1989. Sexual selection and 
secondary sexual differentiation in 
poeciliids:determinants of male mating 
success and the evolution of female 
choice. Pp. 91-123 in G. K. Meffe and F. 
F. Snelson, eds. Ecology & Evolution of 
Livebearing Fishes (Poeciliidae). 
Prentice Hall, Englewood Cliffs.  

Firman R. C., and L. W. Simmons. 2008. 
Polyandry facilitates postcopulatory 
inbreeding avoidance in house mice. 
Evolution 62:603-611.  

Fisher D. O., M. C. Double, S. P. Blomberg, 
M. D. Jennions, and A. Cockburn. 2006. 
Post-mating sexual selection increases 
lifetime fitness of polyandrous females in 
the wild. Nature 444:89-92.  



33 

Fitzpatrick J. L., R. Montgomerie, J. K. 
Desjardins, K. A. Stiver, N. Kolm, and S. 
Balshine. 2009. Female promiscuity 
promotes the evolution of faster sperm in 
cichlid fishes. Proc Natl Acad Sci USA 
106:1128-1132.  

Fox C. W., K. L. Scheibly, and D. H. Reed. 
2008. Experimental evolution of the 
genetic load and its implications for the 
genetic basis of inbreeding depression. 
Evolution 62:2236-2249.  

Fraser E. A., and R. M. Renton. 1940. 
Observation on the breeding and 
development of the viviparous fish, 
Heterandria formosa. Quart Journ Micr 
Sci 81:479-516.  

Gabor C. 1999. Association patterns of 
sailfin mollies (Poecilia latipinna): 
alternative hypotheses. Behav Ecol 
Sociobiol 46:333-340.  

Gage M. J. G., C. P. Macfarlane, S. Yeates, 
R. G. Ward, J. B. Searle, and G. A. 
Parker. 2004. Spermatozoal traits and 
sperm competition in Atlantic salmon: 
Relative sperm velocity is the primary 
determinant of fertilization success. Curr 
Biol 14:44-47. 

Gage M. J. G. 1994. Associations between 
body-size, mating pattern, testis size and 
sperm lengths across butterflies. Proc R 
Soc Lond B 258:247-254.  

Garcia-Gonzalez F. 2008. Male genetic 
quality and the inequality between 
paternity success and fertilization 
success: Consequences for studies of 
sperm competition and the evolution of 
polyandry. Evolution 62:1653-1665.  

Garcia-Gonzalez F., and L. W. Simmons. 
2007. Paternal indirect genetic effects on 
offspring viability and the benefits of 
polyandry. Curr Biol 17:32-36.  

--- 2005. The evolution of polyandry: 
intrinsic sire effects contribute to embryo 
viability. J Evol Biol 18:1097-1103.  

Garner T. W. J., and B. R. Schmidt. 2003. 
Relatedness, body size and paternity in 
the alpine newt, Triturus alpestris. Proc 
R Soc Lond B 270:619-624.  

Gavrilets S., G. Arnqvist, and U. Friberg. 
2001. The evolution of female mate 
choice by sexual conflict. Proc R Soc 
Lond B 268:531-539.  

Grant C. A., T. Chapman, A. 
Pomiankowski, and K. Fowler. 2005. No 
detectable genetic correlation between 
male and female mating frequency in the 
stalk-eyed fly Cyrtodiopsis dalmanni. 
Heredity 95:444-448.  

Grove B. D., and J. P. Wourms. 1994. 
Follicular placenta of the viviparous fish, 
Heterandria formosa .2. Ultrastructure 
and development of the follicular 
epithelium. J Morphol 220:167-184. 

--- 1991. The follicular placenta of the 
viviparous fish, Heterandria formosa. I. 
Ultrastructure and development of the 
embryonic absorptive surface. J Morphol 
209:165-284.  

Gwynne D. T. 1993. Food quality controls 
sexual selection in mormon crickets by 
altering male mating investment. Ecology 
74:1406-1413.  



34 

Haig D. 2000. The kinship theory of 
genomic imprinting. Ann Rev Ecol Syst 
31:9-32.  

--- 1996. Placental hormones, genomic 
imprinting, and maternal-fetal 
communication. J Evol Biol 9:357-380.  

Haig D., and M. Westoby. 1989. Parent-
specific gene-expression and the triploid 
endosperm. Am Nat 134:147-155.  

Halliday T., and S. J. Arnold. 1987. 
Multiple mating by females - a 
perspective from quantitative genetics. 
Anim Behav 35:939-941.  

Hamilton W. D. 1964. Genetical evolution 
of social behaviour I. J Theor Biol 7:1-
16.  

Harano T., and T. Miyatake. 2007. No 
genetic correlation between the sexes in 
mating frequency in the bean beetle, 
Callosobruchus chinensis. Heredity 
99:295-300.  

Harcourt A. H., P. H. Harvey, S. G. Larson, 
and R. V. Short. 1981. Testis weight, 
body-weight and breeding system in 
primates. Nature 293:55-57.  

Herdman E. J. E., C. D. Kelly, and J. G. J. 
Godin. 2004. Male mate choice in the 
guppy (Poecilia reticulata): Do males 
prefer larger females as mates? Ethology 
110:97-111.  

Holland B., and W. R. Rice. 1998. 
Perspective: Chase-away sexual 
selection: Antagonistic seduction versus 
resistance. Evolution 52:1-7.  

Hosken D. J. 1997. Sperm competition in 
bats. Proc R Soc Lond B 264:385-392.  

Hosken D. J., and P. I. Ward. 2001. 
Experimental evidence for testis size 
evolution via sperm competition. Ecol. 
Lett. 4:10-13.  

Houde A. E. 1997. Sex, color, and mate 
choice in guppies. Princeton University 
Press, Princeton, NJ.  

Houle D. 1992. Comparing evolvability and 
variability of quantitative traits. Genetics 
130:195-204.  

House C. M., G. M. V. Evans, P. T. 
Smiseth, C. E. Stamper, C. A. Walling, 
and A. J. Moore. 2008. The evolution of 
repeated mating in the burying beetle, 
Nicrophorus vespilloides. Evolution 
62:2004-2014.  

Hoysak D. J., and J. J. Godin. 2007. 
Repeatability of male mate choice in the 
mosquitofish, Gambusia holbrooki. 
Ethology 113:1007-1018.  

Hunter F. M., and T. R. Birkhead. 2002. 
Sperm viability and sperm competition in 
insects. Curr Biol 12:121-123.  

Ivy T. M. 2007. Good genes, genetic 
compatibility and the evolution of 
polyandry: use of the diallel cross to 
address competing hypotheses. J Evol 
Biol 20:479-487.  

Jennions M. D., and M. Petrie. 2000. Why 
do females mate multiply? A review of 
the genetic benefits. Biol Rev Camb 
Philos Soc 75:21-64.  



35 

Jennions M. D., J. M. Drayton, R. Brooks, 
and J. Hunt. 2007. Do female black field 
crickets Teleogryllus commodus benefit 
from polyandry? J Evol Biol 20:1469-
1477.  

Keller L., and H. K. Reeve. 1995. Why do 
females mate with multiple males - the 
sexually selected sperm hypothesis. 
Advances in the Study of Behavior 
24:291-315.  

Keller L. F., and D. M. Waller. 2002. 
Inbreeding effects in wild populations. 
Trends Ecol Evol 17:230-241.  

Klemme I., H. Ylonen, and J. A. Eccard. 
2008. Long-term fitness benefits of 
polyandry in a small mammal, the bank 
vole Clethrionomys glareolus. Proc R 
Soc Lond B 275:1095-1100.  

Kokko H., and I. Ots. 2006. When not to 
avoid inbreeding. Evolution 60:467-475.  

Konior M., J. Radwan, and M. 
Kolodziejczyk. 2001. Polyandry 
increases offspring fecundity in the bulb 
mite. Evolution 55:1893-1896.  

Kraaijeveld-Smit F. J. L., S. J. Ward, P. D. 
Temple-Smith, and D. Paetkau. 2002. 
Factors influencing paternity success in 
Antechinus agilis: last-male sperm 
precedence, timing of mating and genetic 
compatibility. J Evol Biol 15:100-107.  

Kärkkäinen K., H. Kuittinen, R. van 
Treuren, C. Vogl, S. Oikarinen, and O. 
Savolainen. 1999. Genetic basis of 
inbreeding depression in Arabis petraea. 
Evolution 53:1354-1365.  

LaMunyon C. W., and S. Ward. 1998. 
Larger sperm outcompete smaller sperm 
in the nematode Caenorhabditis elegans. 
Proc R Soc Lond B 265:1997-2002.  

Lande R., and D. W. Schemske. 1985. The 
evolution of self-fertilization and 
inbreeding depression in plants. I. 
Genetic models. Evolution 39:24-40.  

Lane J. E., S. Boutin, M. R. Gunn, J. Slate, 
and D. W. Coltman. 2007. Genetic 
relatedness of mates does not predict 
patterns of parentage in North American 
red squirrels. Anim Behav 74:611-619.  

Leips J., and J. Travis. 1999. The 
comparative expression of life-history 
traits and its relationship to the numerical 
dynamics of four populations of the least 
killifish. J Anim Ecol 68:595-616.  

Leips J., J. M. L. Richardson, F. H. Rodd, 
and J. Travis. 2009. Adaptive maternal 
adjustments of offspring size in response 
to conspecific density in two populations 
of the least killifish, Heterandria 
formosa. Evolution 63:1341-1347.  

Lewis S. M., and J. Iannini. 1995. Fitness 
consequences of differences in male 
mating-behavior in relation to female 
reproductive status in flour beetles. Anim 
Behav 50:1157-1160.  

Lewis S. M., and S. N. Austad. 1990. 
Sources of intraspecific variation in 
sperm precedence in red flour beetles. 
Am Nat 135:351-359.  



36 

Liersch S., and P. Schmid-Hempel. 1998. 
Genetic variation within social insect 
colonies reduces parasite load. Proc R 
Soc Lond B 265:221-225.  

Lynch M., and B. Walsh. 1998. Genetics 
and analysis of quantitative traits. 
Sinauer Associates, Inc., Sunderland, 
MA.  

Mack P. D., B. A. Hammock, and D. E. L. 
Promislow. 2002. Sperm competitive 
ability and genetic relatedness in 
Drosophila melanogaster: Similarity 
breeds contempt. Evolution 56:1789-
1795.  

Macnair M. R., and G. A. Parker. 1979. 
Models of parent-offspring conflict. III. 
Intra-brood conflict. Anim Behav 
27:1202-1209.  

Madsen T., R. Shine, J. Loman, and T. 
Hakansson. 1992. Why do female adders 
copulate so frequently. Nature 355:440-
441.  

Mariette M., J. L. Kelley, R. Brooks, and J. 
P. Evans. 2006. The effects of inbreeding 
on male courtship behaviour and 
coloration in guppies. Ethology 112:807-
814.  

Martin F. D. 1980. Heterandria formosa 
Agassiz, least killifish. Pp. 547 in D. S. 
Lee, C. R. Gilbert, C. H. Hocutt, R. E. 
Jenkins, D. E. McAllister and J. R. 
Stauffer Jr, eds. Atlas of North American 
Fishes. North Carolina State Museum of 
Natural History, Raleigh, NC.  

Martin O. Y., and D. J. Hosken. 2003. Costs 
and benefits of evolving under 
experimentally enforced polyandry or 
monogamy. Evolution 57:2765-2772.  

McPeek M. A. 1992. Mechanisms of sexual 
selection operating on body size in the 
mosquitofish (Gambusia holbrooki). 
Behav Ecol 3:1-12.  

Miller G. T., and S. Pitnick. 2002. Sperm-
female coevolution in Drosophila. 
Science 298:1230-1233.  

Mock D. W., and G. A. Parker. 1997. The 
evolution of sibling rivalry. Oxford 
university press, Oxford.  

Moore T., and D. Haig. 1991. Genomic 
imprinting in mammalian development - 
a parental tug-of-war. Trends Genet 7:45-
49.  

Mousseau T. A., and D. A. Roff. 1987. 
Natural-Selection and the Heritability of 
Fitness Components. Heredity 59:181-
197.  

Møller A. P. 1998. Sperm competition and 
sexual selection. Pp. 55-90 in T. R. 
Birkhead and A. P. Møller, eds. Sperm 
competition and sexual selection. 
Cambridge univeristy press, Cambridge.  

Nakamura K. 2001. Isolation and 
characterization of nuclear 
microsatellitemarkers in the sailfin molly, 
Poecilia latipinna. MSc Thesis, Florida 
International University.  

Neff B. D., and T. E. Pitcher. 2005. Genetic 
quality and sexual selection: an 
integrated framework for good genes and 
compatible genes. Mol Ecol 14:19-38.  



37 

Olsson M., R. Shine, and T. Madsen. 1996. 
Sperm selection by females. Nature 
383:585.  

Olsson M., T. Madsen, B. Ujvari, E. 
Wapstra, and S. Pitnick. 2004. Fecundity 
and MHC affects ejaculation tactics and 
paternity bias in sand lizards. Evolution 
58:906-909.  

Pai A., and G. Yan. 2002. Polyandry 
produces sexy sons at the cost of 
daughters in red flour beetles. Proc R Soc 
Lond B 269:361-368.  

Palumbi S. R. 1999. All males are not 
created equal: Fertility differences 
depend on gamete recognition 
polymorphisms in sea urchins. Proc Natl 
Acad Sci USA. 96:12632-12637.  

Parker G. A. 1998. Sperm competition and 
the evolution of ejaculates: Towards a 
theory base. Pp. 3-54 in T. R. Birkhead 
and A. P. Moller, eds. Sperm competition 
and sexual selection. Cambridge 
Univerosty Press, Cambridge.  

--- 1983. Mate quality and mating decisions. 
Pp. 141-164 in P. Bateson, ed. Mate 
choice. Cambrdge University Press, 
Cambridge.  

--- 1979. Sexual selection and sexual 
conflict. Pp. 123-166 in M. S. Blum and 
N. A. Blum, eds. Sexual selection and 
reproductive competition in insects. 
Academic Press, New York.  

--- 1970. Sperm competition and its 
evolutionary consequences in insects. 
Biol Rev 45:525-567.  

Parker G. A., and M. R. Macnair. 1979. 
Models of parent-offspring conflict. IV. 
Suppression - evolutionary retaliation by 
the parent. Anim Behav 27:1210-1235.  

Pilastro A., M. Mandelli, C. Gasparini, M. 
Dadda, and A. Bisazza. 2007. Copulation 
duration, insemination efficiency and 
male attractiveness in guppies. Anim 
Behav 74:321-328.  

Pitnick S., and W. D. Brown. 2000. Criteria 
for demonstrating female sperm choice. 
Evolution 54:1052-1056.  

Pizzari T., and T. R. Birkhead. 2000. 
Female feral fowl eject sperm of 
subdominant males. Nature 405:787-789.  

Plath M., U. Seggel, H. Burmeister, K. U. 
Heubel, and I. Schlupp. 2006. Choosy 
males from the underground: male 
mating preferences in surface- and cave-
dwelling Atlantic mollies (Poecilia 
mexicana). Naturwissenschaften 93:103-
109.  

Price T., and D. Schluter. 1991. On the low 
heritability of life-history traits. 
Evolution 45:853-861.  

Ptacek M. B., and J. Travis. 1997. Mate 
choice in the sailfin molly, Poecilia 
latipinna. Evolution 51:1217-1231.  

Radwan J. 1996. Intraspecific variation in 
sperm competition success in the bulb 
mite: A role for sperm size. Proc R Soc 
Lond B 263:855-859.  



38 

Reid J. M., P. Arcese, A. L. E. V. Cassidy, 
A. B. Marr, J. N. M. Smith, and L. F. 
Keller. 2005. Hamilton and Zuk meet 
heterozygosity? Song repertoire size 
indicates inbreeding and immunity in 
song sparrows (Melospiza melodia). Proc 
R Soc Lond B 272:481-487.  

Reynolds J. D. 1996. Animal breeding 
systems. Trends Ecol Evol 11:A68-A72.  

Rice W. R. 1996. Sexually antagonistic 
male adaptation triggered by 
experimental arrest of female evolution. 
Nature 381:232-234.  

Roff D. A. 2002. Inbreeding depression: 
Tests of the overdominance and partial 
dominance hypotheses. Evolution 
56:768-775.  

--- 1997. Evolutionary quantitative genetics. 
Chapman & Hall, New York.  

Roff D. A., and K. Emerson. 2006. Epistasis 
and dominance: Evidence for differential 
effects in life-history versus 
morphological traits. Evolution 60:1981-
1990.  

Rolff J., and M. T. Siva-Jothy. 2002. 
Copulation corrupts immunity: A 
mechanism for a cost of mating in 
insects. Proc Natl Acad Sci USA 
99:9916-9918.  

Rowe L. 1994. The  costs of mating and 
mate choice in water striders. Anim. 
Behav. 48:1049-1056.  

Ruetz III C. R., J. C. Trexler, F. Jordan, W. 
F. Loftus, and S. A. Perry. 2005. 
Population dynamics of wetland fishes: 
spatio-temporal patterns synchronized by 
hydrological disturbance? J Anim Ecol 
74:322-332.  

Sarhan A., and H. Kokko. 2007. Multiple 
mating in the Glanville fritillary 
butterfly: A case of within-generation bet 
hedging? Evolution 61:606-616.  

Schlupp I., and M. Plath. 2005. Male mate 
choice and sperm allocation in a 
sexual/asexual mating complex of 
Poecilia (Poeciliidae, Teleostei). Biol 
Lett 1:169-171.  

Schrader M., and J. Travis. 2008. Testing 
the viviparity-driven-conflict hypothesis: 
Parent-offspring conflict and the 
evolution of reproductive isolation in a 
poeciliid fish. Am Nat 172:807-817.  

Schwagmeyer P. L., and G. A. Parker. 1990. 
Male mate choice as predicted by sperm 
competition in 13-lined ground squirrels. 
Nature 348:62-64.  

Scrimshaw N. S. 1944. Embryonic growth 
in the viviparous poeciliid, Heterandria 
formosa. Biol Bull 87:37-51.  

Sgro C. M., T. Chapman, and L. Partridge. 
1998. Sex-specific selection on time to 
remate in Drosophila melanogaster. 
Anim Behav 56:1267-1278.  



39 

Sherman C. D. H., E. Wapstra, T. Uller, and 
M. Olsson. 2008. Males with high 
genetic similarity to females sire more 
offspring in sperm competition in Peron's 
tree frog Litoria peronii. Proc R Soc 
Lond B 275:971-978.  

Sherman P. W., T. D. Seeley, and H. K. 
Reeve. 1988. Parasites, pathogens, and 
polyandry in social Hymenoptera. Am 
Nat 131:602-610.  

Simmons L. W. 2005. The evolution of 
polyandry: sperm competition, sperm 
selection, and offspring viability. Annu 
Rev Ecol Evol Syst 36:125-146.  

--- 1992. Quantification of role reversal in 
relative parental investment in a bush 
cricket. Nature 358:61-63.  

Simmons L. W., M. Beveridge, N. Wedell, 
and T. Tregenza. 2006. Postcopulatory 
inbreeding avoidance by female crickets 
only revealed by molecular markers. Mol 
Ecol 15:3817-3824. 

Simmons L. W., and J. S. Kotiaho. 2007. 
Quantitative genetic correlation between 
trait and preference supports a sexually 
selected sperm process. Proc Natl Acad 
Sci U S A 104:16604-16608.  

Simmons L. W., T. Llorens, M. Schinzig, D. 
Hosken, and M. Craig. 1994. Sperm 
competition selects for male mate choice 
and protandry in the bush cricket, 
Requena verticalis (Orthoptera, 
Tettigoniidae). Anim Behav 47:117-122. 

Sivinski J. 1984. Sperm in competition. Pp. 
86-115 in R. L. Smith, ed. Sperm 
competition and the evolution of animal 
mating systems. Academic Press, 
London.  

Soucy S., and J. Travis. 2003. Multiple 
paternity and population genetic structure 
in natural populations of the poeciliid 
fish, Heterandria formosa. J Evol Biol 
16:1328-1336.  

Stearns S. C. 1992. The evolution of life 
histories. Oxford University Press, New 
York.  

Stockley P. 2003. Female multiple mating 
behaviour, early reproductive failure and 
litter size variation in mammals. Proc R 
Soc Lond B 270:271-278.  

--- 1997. No evidence of sperm selection by 
female common shrews. Proc R Soc 
Lond B 264:1497-1500.  

Stockley P., M. J. G. Gage, G. A. Parker, 
and A. P. Moller. 1997. Sperm 
competition in fishes: The evolution of 
testis size and ejaculate characteristics. 
Am. Nat. 149:933-954. Stockley P., J. B. 
Searle, D. W. Macdonald, and C. S. 
Jones. 1993. Female multiple mating-
behavior in the common shrew as a 
strategy to reduce inbreeding. Proc R Soc 
Lond B 254:173-179.  

Stutt A. D., and M. T. Siva-Jothy. 2001. 
Traumatic insemination and sexual 
conflict in the bed bug Cimex lectularius. 
Proc Natl Acad Sci USA 98:5683-5687.  



40 

Swindell W. R., and J. L. Bouzat. 2006. 
Selection and inbreeding depression: 
Effects of inbreeding rate and inbreeding 
environment. Evolution 60:1014-1022.  

Tarpy D. R., and T. D. Seeley. 2006. Lower 
disease infections in honeybee (Apis 
mellifera) colonies headed by 
polyandrous vs monandrous queens. 
Naturwissenschaften 93:195-199.  

Teng Z., and L. Kang. 2007. Egg-hatching 
benefits gained by polyandrous female 
locusts are not due to the fertilization 
advantage of nonsibling males. Evolution 
61:470-476.  

Travis J., J. C. Trexler, and M. Mulvey. 
1990. Multiple paternity and its 
correlates in female Poecilia latipinna 
(Poeciliidae). Copeia :722-729.  

Travis J., J. A. Farr, S. Henrich, and R. T. 
Cheong. 1987. Testing theories of clutch 
overlap with the reproductive ecology of 
Heterandria formosa. Ecology 68:611-
623.  

Tregenza T., and N. Wedell. 2000. Genetic 
compatibility, mate choice and patterns 
of parentage: Invited Review. Mol Ecol 
9:1013-1027.  

Trivers R. L. 1974. Parent-offspring 
conflict. Am Zool 14:249-264.  

van Oosterhout C., R. E. Trigg, G. R. 
Carvalho, A. E. Magurran, L. Hauser, 
and P. W. Shaw. 2003. Inbreeding 
depression and genetic load of sexually 
selected traits: How the guppy lost its 
spots. J Evol Biol 16:273-281.  

Wedekind C., R. Muller, and H. Spicher. 
2001. Potential genetic benefits of mate 
selection in whitefish. J Evol Biol 
14:980-986.  

Wedekind C., M. Chapuisat, E. Macas, and 
T. Rülicke. 1996. Non-random 
fertilization in mice correlates with the 
MHC and something else. Heredity 
77:400-409.  

Wedell N., M. J. G. Gage, and G. A. Parker. 
2002. Sperm competition, male prudence 
and sperm-limited females. Trends Ecol 
Evol 17:313-320.  

Wells J. C. K. 2003. Parent-offspring 
conflict theory, signaling of need, and 
weight gain in early life. Q Rev Biol 
78:169-202.  

Wilson N., S. C. Tubman, P. E. Eady, and 
G. W. Robertson. 1997. Female genotype 
affects male success in sperm 
competition. Proc R Soc Lond B 
264:1491-1495.  

Wong B. B. M., and M. McCarthy. 2009. 
Prudent male mate choice under 
perceived sperm competition risk in the 
eastern mosquito fish. Behav Ecol 
20:278-282.  

Yasui Y. 1998. The 'genetic benefits' of 
female multiple mating reconsidered. 
Trends Ecol Evol 13:246-250.  

--- 1997. A "good-sperm" model can explain 
the evolution of costly multiple mating 
by females. Am Nat 149:573-584.  



41 

Zeh J. A., and D. W. Zeh. 1997. The 
evolution of polyandry II: post-
copulatory defences against genetic 
incompatibility. Proc R Soc Lond B 
264:69-75.  

--- 1996. The evolution of polyandry I: 
Intragenomic conflict and genetic 
incompatibility. Proc R Soc Lond B 
263:1711-1717.



 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


