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ABSTRACT

Kekildinen, Jukka

Maintenance of genetic variation in sexual ornamentation - role of
precopulatory and postcopulatory sexual selection

Jyvéaskyld: University of Jyvaskyld, 2010, 52 p.

(Jyvéaskyla Studies in Biological and Environmental Science

ISSN 1456-9701; 216)

ISBN 978-951-39-4130-7

Yhteenveto: Seksuaaliornamenttien geneettisen muuntelun sdilyminen -

parittelua edeltdvéan ja sen jédlkeisen seksuaalivalinnan merkitys
Diss.

According to the lek paradox, secondary sexual ornaments are under strong
directional selection, which should deplete additive genetic variation of these
traits. I studied the signalling content of male and female secondary sexual
ornaments and the potential factors that may help to maintain the genetic
variation of these traits and thus contribute to the resolution of the lek paradox.
The results of my thesis are based on three fish species, the Eurasian minnow
(Phoxinus phoxinus), the Arctic charr (Salvelinus alpinus) and the whitefish
Coregenus lavaretus. In minnows, multiple sexual ornamentation of the males
signalled dominance status, courtship activity, parasite resistance and condition
of the individuals. Females differed in their ornament-based mating preferences
on these traits. In whitefish, the ornamentation of both sexes predicted genetic
differences in offspring post-hatching performance, and female ornamentation
was positively associated with the size of the offspring and their yolk reserves.
However, offspring fitness was also dependent on the parental genetic
combination. In the Arctic charr, the intensity of the male breeding colouration
was positively associated with their sperm quality (velocity) and potentially
also with offspring viability. On the other hand, it could not be ruled out that
the cryptic female choice criteria are at least partly inconsistent (non-
directional) with the criteria used in pre-copulatory mate choice. My results on
charr major histocompatibility complex genes also show that the superiority of
the heterozygote individuals may lead to disassortative mating, where females
prefer to pair with genetically dissimilar males. All of these factors (varying
female preferences, selection on compatible or dissimilar genes and non-
directional cryptic female choice) may weaken the directional selection on
ornamental traits and thus maintain the genetic variation of the traits. Together,
they may provide light on a way towards the resolution of the lek paradox.

Keywords: Coregenus lavaretus; genetic benefits; lek paradox; Phoxinus phoxinus;
Salvelinus alpinus; sexual ornamentation; sexual selection.
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INTRODUCTION

Most of the species-specific characteristics are adaptations that help the
performance of organisms in their environment via natural selection. Elaborate
secondary sexual ornaments of males contradict this general view since they
often have negative impacts on survival. Darwin (1871) resolved the
contradiction with his theory of sexual selection, which states that secondary
sexual traits have evolved because they produce fitness advantages in
reproduction. According to this theory, the reduced survival probability of
highly ornamented males is more than compensated for because females prefer
to mate with them (inter-sexual selection) and/or because such males are
efficient competitors in order to achieve mating opportunities (intra-sexual
selection). Thus, sexual signals often have a dual function both in female choice
and male-male competition (Berglund et al. 1996, Alonzo-Alvarez et al. 2004).

The signalling content of secondary sexual ornaments can be divided into
two classes, namely direct and indirect benefits. Direct benefit models propose
that females base their choice on the male’s resources, such as nuptial gifts,
territory quality and parental care (Trivers 1972, Forsgren et al. 1996, Oneal et
al. 2007). Instead, models of indirect benefits predict that female choice is based
on genetic benefits and thus fitness benefits for the offspring (e.g. Fisher 1930,
Zahavi 1975). Although the relative importance of these alternative
explanations for the evolution of ornamental traits has been under considerable
debate, both of them may act together (e.g. Oneal et al. 2007).

The evolution of animal signalling systems requires that signals must alter
the behaviour of the other organism, i.e. receivers must respond to the signals.
This in turn requires that the signal receiver should benefit from assessing the
signal rather than ignoring it. In other words, signals must be honest. If the
signal is not honest, the receiver should evolve to ignore the signal, which
means that signalling is no longer beneficial to the signaller either and the
whole signalling system should disappear. Therefore, in order to understand
the evolution of animal communication, we must understand the factors that
maintain the honesty of signalling.
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1.1 What maintains the reliability of sexual signalling?

In many species, the only contribution of males to reproduction is to produce
sperm to fertilize the eggs, which often means that the reproductive
investments of the females are higher than the males. Therefore, females are
expected to benefit if selectively reproducing only with high quality (i.e. highly
ornamented) males. Instead, males often maximize their fitness by mating as
frequently as possible. Thus, if there were no constraints, poor and high quality
males could equally benefit from producing a similar “high quality” signal
(Searcy & Nowicki 2005, see also Maynard-Smith & Harper 2003). However, if
all of the males, regardless of their quality, produce a similar signal, such a
signal is inevitably uninformative with respect to male quality. In this case,
females should be selected to ignore the signal and males should cease to
produce it. Therefore, some mechanism must sustain the honesty of signalling.
A potential solution to the dilemma is that the signals are costly (Zahavi 1975,
Grafen 1990). Signals are reliable if the costs increase with the expression of the
signal and if high quality individuals pay lower relative costs of signalling than
lower quality individuals or if higher quality signallers have greater marginal
fitness returns from an incremental increase in the signal (Getty 2002).

Sexual signalling of animals is mostly based on visual, chemical, acoustic,
tactile or behavioural cues or, as in some cases, nuptial gifts. A vast number of
species mainly rely on colour signals, which often consist of various carotenoid
pigments. Since animals cannot synthesize these pigments, they must acquire
carotenoids from food (Fox 1976), which makes carotenoid-based ornaments
energetically costly to produce (Kodric-Brown 1998). Along with secondary
sexual characters, carotenoids are also important for the immune system
(Lozano 1994), suggesting that there should be a trade-off in carotenoid
allocation between maintaining health and elaborate ornamentation (Blount et
al. 2003). Thus, higher quality, i.e. healthier, males should be able to allocate a
higher proportion of pigments to ornamental display. For this reason,
carotenoid-based ornaments are believed to be reliable indicators of health and
the phenotypic quality of the individual (e.g. Goodwin 1984, Badyaev & Hill
2000). However, a signal does not necessarily need to be energetically costly to
be honest. For example, dark melanin pigments are synthesised from amino
acids as a by-product of metabolism (Fox 1976), which makes them a much
cheaper signal than carotenoids (Badyaev & Hill 2000). However, despite the
low energetic costs, some other mechanism can maintain the reliability of
melanin ornamentation. Melanin pigments have been demonstrated to reflect,
for example, the competitive ability and dominance status of individuals, i.e.
they act as status signals (Kodric-Brown 1998, McGraw et al. 2003, see also
Roulin 2004, McGraw 2005, Wedekind et al. 2008a for other fitness benefits of
melanin). Melanin ornamentation can be costly because the reliability of status
signals is continually tested by competitors (Berglund et al. 1996, Tarof et al.
2005). If only the dominant males are able to pay the cost of increased
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aggressiveness from the other males, dishonest signalling is prevented (social
control hypothesis: Rohwer 1975, Candolin 1999, 2000a, b).

In many animal species sexual signals consist of several different signal
components (multiple cues: Candolin 2003), which can be grouped into 1.
informative cues or 2. uninformative cues. Informative cues provide
information about mate quality (see above), for example, whereas
uninformative cues are unreliable indicators of quality and can increase the
fitness of the receiver, decrease it (through intersexual conflict: Holland & Rice
1998, see also Leonard & Hedrick 2009) or be selectively neutral. Thus, not all of
the signals (or signal components) are beneficial to the receiver. The evolution
of uninformative signal components can be understood if they produce indirect
fitness benefits through other signal components or if they are the remnants
from past selection. Uninformative cues can produce fitness benefits to the
receiver if they facilitate, for example, the detection of some other signal
components and thus reduce mate choice errors or costs related to the choice.
Therefore, sexual signals can evolve without being attractive to females if they
expose cues that are informative about male quality or, in other words, if they
amplify previously recognized differences in male quality (“amplifier”
hypothesis: Hasson 1989, 1990, 1997, Ljetoff et al. 2007). For example,
energetically cheap melanin ornaments are not necessarily attractive to females
by themselves, but they can accentuate the patterns of the carotenoids, making
them more conspicuous and thus improving the females” ability to discriminate
between males (Brooks 1996). Therefore, melanin ornamentation may coevolve
with the preferred ornament, without having an independent signalling
function in the mate choice.

On the other hand, several studies have demonstrated that different
females can base their mating preferences on different male ornamental traits
(e.g. Brooks & Endler 2001, Coleman et al. 2004, see also Hunt et al. 2005), and
that females show temporal variations in mating preferences (e.g. Jennions &
Petrie 1997, Cotton et al. 2006). These observations suggest that the existence of
multiple male traits can be explained by multiple female mating preferences
(Brooks & Endler 2001). The demonstration of multiple mating preferences can
be difficult since it requires experimental manipulation of male traits and
intensive monitoring of females throughout the mate choice process (Coleman
et al. 2004). Thus, variation in female preferences may prove to be more
common than is currently assumed. The important, but rarely studied,
consequence of multiple female preferences is that they may reduce the
strength of sexual selection on individual male traits. Therefore, this preference
variation may have important evolutionary consequences, as it may be one
important mechanism of maintaining the variation in secondary sexual
characters.
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1.2 Sexual selection for attractive genes and good genes

Despite it being commonly accepted that secondary sexual traits evolved
through sexual selection, the exact evolutionary mechanism behind their
existence is still under debate. Two main genetic hypotheses exist: runaway
selection (“sexy son” hypothesis: Fisher 1930) and the handicap theory (“good
genes” hypothesis: Zahavi 1975). Although these hypotheses have traditionally
been referred to as alternative evolutionary mechanisms, Kokko et al. (2002)
showed that this dichotomy may be unnecessary. In either case, according to
Fisher’s theory, secondary sexual traits are under strong female preference and
females tend to pair with males who have the strongest expression of the trait.
Females who mate with these males will have male offspring that inherit the
“attractive” genes of their fathers, whilst female offspring will inherit their
mother’s preference genes for mating with the elaborately ornamented males.
Thus, male ornaments would have been evolved together with the females’
preference for ornaments, at an ever-increasing speed. Female preference
supposedly originally arose because, early on, male traits were positively
associated with survival, but female preference remained because the genes for
preference hitchhiked with the genes producing male attractiveness traits.

The handicap theory predicts that ornaments have evolved because they
help females to detect differences between males in genetic quality. For
example, Hamilton & Zuk (1982) suggested that sexual ornamentation signalled
the genetic ability of the males to resist predominant parasite species (see also
Folstad & Karter 1992). This theory predicts that the secondary sexual
ornaments of the males act as handicaps which reduce their survival and that
only the high quality males can survive despite the costs of elaborate signalling.
In this case, females that mate preferentially with the handicapped males will
mate with the individuals with good genes. In general, female choice will be
favoured by selection if the fitness advantage from superior genes outweighs
the cost of handicaps. The basic requirement of this theory is that there must be
variation in male genetic quality, i.e. heritability of fitness. In addition, the
ornamental trait must capture additive genetic variation among individuals
(Rowe & Houle 1996, Tomkins et al. 2004, Neff & Pitcher 2005).

Good gene models assume that certain genes increase the fitness of the
offspring despite the structure of the remaining genome, i.e. that the same high
quality males are good mates for all females (Colegrave et al. 2002, Neff &
Pitcher 2005). Therefore, there should be a strong directional selection on male
traits since all of the females are expected to prefer highly ornamented males.
This should deplete additive genetic variation in male traits and exhaust genetic
variation in viability (Tomkins et al. 2004, Kotiaho et al. 2008). However, it has
been demonstrated that despite the directional selection, genetic variance
remains (Houle 1992, Pomiankowski & Maeller 1995, but see Blows et al. 2004,
Hine et al. 2004). This raises a well-known paradox, a lek paradox: what
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maintains additive genetic variation in fitness-related traits? Several hypotheses
have presented (e.g. Hamilton & Zuk 1982, Kotiaho et al. 2001, Tomkins et al.
2004, Kotiaho et al. 2008, Radwan 2008), but no general agreement has been
reached.

1.3 Sexual selection for genetic compatibility (compatible genes)

Increasing numbers of studies suggest that, in addition to good genes, mate
choice is often based on genetic compatibility between male and female
genomes (Zeh & Zeh 1996, 1997, Tregenza & Wedell 2000, Colegrave et al. 2002,
Mays & Hill 2004, Neff & Pitcher 2005, Kempenaers 2007). The genetic
compatibility hypothesis predicts that individual females (or males) differ in
their mate preferences because the genetic quality of the potential mate
depends on the interaction between male and female genotypes (non-additive
genetic variation). Thus, a “compatible gene” cannot go to fixation because it is
only beneficial in combination with another gene (Kempenaers 2007). Although
non-additive variation can theoretically be under directional selection, this may
happen only under specific circumstances (Lynch & Walsh 1998). Thus,
directional selection on non-additive genetic benefits might be rare. However,
Neff & Pitcher (2008) demonstrated that non-additive genetic variation can
sometimes (mainly in small populations) be “inherited” from parent to
offspring, which suggest that directional mating preferences can occasionally
produce non-additive genetic benefits (see also Reid 2007, Fromhage et al.
2009). However, the predominant view is still that sexual selection for genetic
compatibility cannot be based on quality indicators, but that it requires direct
assessment of the mates (Zez & Zeh 1997, Tregenza & Wedell 2000, Colegrave et
al. 2002).

The fitness effects of genetic compatibility can arise via two mechanisms:
1. interactions between genes in different loci (epistasis) or 2. genetic
interactions within a locus (overdominance). Epistasis means that the effect of a
particular genotype on the phenotype is dependent on the genetic background
of the individual, i.e. the phenotypic effect of one locus depends on the
genotype at one or several other loci (Carlborg & Haley 2004). In other words,
the phenotype of a given genotype cannot be predicted by the sum of its
component single-locus effects (Philips 1998). In overdominance, the fitness of
the heterozygote genotype is higher than that of either of the homozygote
genotypes within a locus (Doherty & Zinkernagel 1975). This should lead to
negative assortative (disassortative) mating where different females are
expected to pair with different males in order to produce genetically compatible
(heterozygote) offspring. For example, aa females are expected to mate with AA
males, whereas AA females should pair with aa males. Instead, Aa individuals
could mate with any other individual, since in all cases half of the offspring are
heterozygotes (and half are homozygotes).
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One of the model gene groups with the greatest potential for studying
sexual selection for genetic compatibility is the major histocompatibility
complex (MHC) genes (Potts & Wakeland 1990, Apanius et al. 1997, Edwards &
Hedrick 1998, Penn & Potts 1999, Sommer 2005, Piertney & Oliver 2006). The
primary role of the MHC is to encode molecules that recognize foreign proteins,
present them to T-cells and initiate an immune response (Langefors et al. 2001,
Piertney & Oliver 2006). The crucial function of MHC molecules in the adaptive
immune response suggests that pathogens and parasites are the most important
agents of selection for MHC polymorphism (Landry & Bernatchez 2001,
Wegner et al. 2003a, b, 2004, Froeschke & Sommer 2005, Harf & Sommer 2005,
de Eyto et al. 2007, Turner et al. 2007). On the other hand, MHC genes are also
closely linked to individual recognition, which suggests that MHC genes have
an important function in mate choice. The reason why MHC genes are linked to
genetic compatibility is the observation that MHC heterozygosity is often
associated with increased fitness (Tregenza & Wedell 2000). This is also
supported by the fact that many small and isolated natural populations show
strong homozygote deficiencies, which may, for example, indicate that
disassortative mating is common.

1.4 Simultaneous selection for good genes and compatible genes

Many studies have proposed that female choice yields genetic benefits either in
the form of good or compatible genes (e.g. Pryke et al. 2010), but only a very
few studies have investigated both of these genetic mechanisms
simultaneously. Roberts & Gosling (2003) studied the relative importance of
good genes and compatible genes in mate choice decisions by female mice.
Females were allowed to choose between males that differed in scent-marking
rate (good gene indicator) and in the degree of MHC-dissimilarity (compatible
gene trait). The results showed that females base their choice on both traits
simultaneously but that the relative importance of the traits varies depending
on the available variation in the traits. Since it is often impossible to optimize
both traits simultaneously, the females are expected to face a trade-off when
choosing between different mate choice criteria. Neff & Pitcher (2005) proposed
that two types of mating systems define a continuum. In a population where
good gene (additive) effects dominate, females are expected to base their choice
on good genes. Similarly, if compatible gene (non-additive) effects dominate,
directional selection on indicator traits should be weak and selection on genetic
compatibility should dominate. By using the model developed by Colegrave et
al. (2002), Neff & Pitcher (2005) demonstrated that natural selection may lead to
an evolutionarily stable strategy, where both mate choice criteria coexist. This
requires that both additive and non-additive effect variations are present at
intermediate levels. Then, natural selection may lead to two different
equilibrium conditions (evolutionarily stable strategy, ESS): 1. a mate choice
that optimally trades off fitness benefits from both good genes and compatible
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genes, or 2. two alternative strategies in which some females choose males for
good genes and other individuals rely on compatible genes. In the latter case,
ESS is stable if the abundance of different female types fluctuates (negative
frequency-dependent selection). The alternative scenario is that the population
cycles between a state where additive genetic variation is abundant, and a state
where most of the genetic variation is non-additive. This should lead to
temporal fluctuations in the prevalence of mating types.

According to the lek paradox, directional selection on male traits should
erode additive genetic variation in the traits, in which case the benefits of choice
should disappear. But how strong is directional selection on male traits? The
abovementioned results demonstrate that when both mate choice mechanisms
operate simultaneously, selection for genetic compatibility can weaken the
directional selection on ornamental traits. In addition, the narrow-sense
heritability of fitness (ratio of the additive genetic variance to the total
phenotypic variance: Va/Vp) seems to be low, which also indicates that the
potential fitness benefits of female choice on good genes may be minor (but still
important in the evolutionary time scale) (Alatalo et al. 1998, Moller & Alatalo
1999, Puurtinen et al. 2009). If directional selection on ornamental and
associated fitness traits proves to be weak, female choice may not be strong
enough to deplete the additive genetic variance in these traits. Therefore, it is
not even clear whether the lek paradox actually exists (Ritchie 1996, Kotiaho et
al. 2008).

1.5 Genetic benefits and post-copulatory sexual selection

Sexual selection for genetic benefits does not end with copulation (e.g.
Wedekind 1994). Female choice continues after copulation in a form of cryptic
female choice, i.e. the ability of the females to bias the fertilization success of the
copulating males (Birkhead & Pizzari 2002). As well as pre-copulatory female
choice, its post-copulatory analogue can result in directional or non-directional
selection. In directional cryptic female choice, females bias the paternity
towards the males they preferred in pre-copulatory selection (Pizzari &
Birkhead 2000, Evans et al. 2003). In non-directional cryptic female choice,
females selectively favour the sperm of more compatible (or less incompatible)
males. The existence of pre-copulatory sexual selection for genetic compatibility
may require that females know both their own genotype as well as the
genotypes of their potential mates, which may often be an unrealistic
assumption. Thus, it is possible that cryptic female choice could often be the
only mechanism enabling mate choice for compatible genes (Zeh & Zeh 1997,
Jennions & Petrie 2000, Puurtinen et al. 2009, but see Olsén et al. 1998, Carroll et
al. 2002). This suggests that post-copulatory sexual selection for genetic
compatibility may be highly dependent on the occurrence of polyandry (when a
female mates with several males) or, to be precise: sperm competition
(Colegrave et al. 2002).



14

Sperm competition refers to the competition between the sperm of
different males to fertilize the eggs of the female (Parker 1970). The
simultaneous occurrence of sperm from several males enables the female to
directly assess the compatibility of potential mates at the gametic level (e.g. Zeh
& Zeh 1997, Martin-Villa et al. 1999, Birkhead 2000, Pitnick & Brown 2000,
Birkhead & Pizzari 2002). In externally fertilizing fish, an important component
of cryptic female choice is ovarian fluid (Turner & Montgomerie 2002, Urbach et
al. 2005, Nordeide 2007, Liljedal et al. 2008, Rosengrave et al. 2008). Ovarian
fluid is the liquid matter that surrounds the eggs in the female gonads and
which is released with the eggs during spawning. Earlier studies have
demonstrated that ovarian fluid can affect the various sperm characteristics,
mainly sperm longevity, swimming speed and the proportion of motile sperm
in the ejaculate (Litvak & Trippel 1998, Lahnsteiner 2002, Turner &
Montgomerie 2002, Elofsson et al. 2003). This suggests that cryptic female
choice in externally fertilizing fish species could be mainly dependent on
female-specific variations in ovarian fluid composition (Rosengrave et al. 2008).

Several hypotheses have been proposed to explain the evolution of
polyandry. In addition to genetic incompatibility avoidance, there are several
other genetic hypotheses. Two of them, the “sexually selected sperm
hypothesis” (“sexy sperm hypothesis”) and the “intrinsic male-quality
hypothesis” (“good sperm hypothesis”) are directly comparable to the pre-
copulatory “sexy son” and “good genes” hypotheses. According to the sexy
sperm hypothesis, sperm competition allows females to mate with males who
have high fertilization efficiency and thus produce male offspring that are
successful in sperm competition (Keller & Reeve 1995). The good sperm
hypothesis predicts that males who are more successful in sperm competition
produce more viable offspring than their less successful counterparts (Madsen
et al. 1992, Yasui 1997, Fisher et al. 2006). Furthermore, sperm competition can
also produce fitness benefits by increasing offspring diversity or reducing the
costs of mate choice errors (“bet-hedging” hypothesis) (Zeh & Zeh 2001).

As mentioned above, post-copulatory sexual selection can either favour
the same traits as pre-copulatory sexual selection or it can operate in different
directions (Danielsson 2001, Birkhead & Pizzari 2002). The phenotype-linked
fertility hypothesis states that male sexual ornaments have evolved as reliable
signals of male fertilization ability (Sheldon 1994). Therefore, males who are
successful in obtaining matings (i.e. are favoured in pre-copulatory sexual
selection) are expected to produce sperm that are also successful in post-
copulatory sexual selection. This hypothesis has been under intensive study in
recent years, but these studies have yielded contradictory results (e.g. Pizzari et
al. 2004, Malo et al. 2005, Parker et al. 2006, Rogers et al. 2008). Thus, the idea is
currently under debate.



15

1.6 Could males also be choosy?

A quick look at the sexual selection literature (and above) reveals that the term
“mate choice” is almost invariably used as a synonym for “female choice”. Is
there any possibility that males could sometimes be choosy? Although the
conditions for the evolution of male choice may be more restricted than the
evolutionary prerequisites for female choice (Servedio & Lande 2006, Servedio
2007, Candolin & Salesto 2009, Barry & Kokko 2010), the answer clearly seems
to be positive. Male choice can evolve when females differ in their ability to
produce offspring, when male mating and/or parental care is costly and when
the fertilization opportunities of males exceed the number of eggs they can
fertilize (Parker 1983, Johnstone et al. 1996, Kokko & Monaghan 2001,
Cornwallis & O’Connor 2009). These requirements are expected to be readily
fulfilled in mating systems where males can copulate with several females,
which often leads to sperm limitation and the costly production of ejaculates
(Dewsbury 1982, Nakatshuru & Kramer 1982, Pitnick 1996, Olsson et al. 1997,
Preston et al. 2001, Cornwallis & O’Connor 2009).

Although ignored in many studies, secondary sexual characters of females
are common in many species (Clutton-Brock 2007, 2009). Female ornamentation
is conventionally considered as a genetically correlated response to selection for
male ornamentation (e.g. Lande 1980) or to similar selection pressures in both
sexes (Kraaijeveld et al. 2007). On the other hand, many studies have
demonstrated that female ornamentation can be under the direct sexual
selection by males (Jones & Hunter 1993, Amundsen et al. 1997, Jones & Hunter
1999, Amundsen & Forsgren 2001) and also under selection via reproductive
competition (Watson & Simmons 2010a, b). However, the exact signalling
content of female ornamentation is often unclear. In particularly, it is not
known whether female ornaments can be honest indicators of genetic quality
(Fitzpatrick et al. 1995, see also Berglund et al. 1997, LeBas et al. 2003). This is
because the resources that females invest in their sexual ornamentation are
often believed to reduce the resources they can invest in offspring. Despite this
trade-off, females can be expected to invest in secondary sexual characters if the
fitness benefits of investing in both ornamentation and offspring exceed the
fitness benefits of the strategy where females only invest in offspring (no
ornamentation). This would mean that ornamented females might sacrifice part
of their fecundity if some other fitness component, such as increased quality of
the offspring, compensates for their reduced fecundity. However, it should be
mentioned that this trade-off may only be present if sexual ornaments are
energetically costly to produce. As mentioned above, not all honest ornaments
are energetically costly because some other mechanisms can also maintain the
reliability of signalling (Berglund et al. 1997, Maynard-Smith & Harper 2003,
chapter 1.1).

Mate choice is commonly assumed to be a one-sided process where one
sex (usually the female) chooses and other (usually the male) is just a passive
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object of the selection (Cunningham & Birkhead 1998, Bergstrom & Real 2000).
However, this is often an overly simplistic view. In many species, elaborate
ornamental traits are expressed in both sexes (mutual ornamentation: Rowland
1982, Verrel 1995, Saether et al. 2001, Kraaijeveld et al. 2007). Thus, it seems
likely that mutual ornaments function as mate choice or status signals in both
sexes (mutual sexual selection).

1.7 Aims of the study

The aim of my thesis was to study the information content of secondary sexual
ornaments in different fish species with a non-resource-based mating system
and no parental care. More specially, I investigated whether secondary sexual
ornaments of males and females indicate the potential genetic quality of the
individuals (“good genes”). Since good gene models of sexual selection predict
that directional selection on ornamental traits should erode the variation of
fitness-related traits, I tried to find potential explanations for why the variation
in these traits does not seem to disappear.

In first two papers, I studied whether the multiple sexual ornaments of
male minnows indicate male dominance status and courting activity (I), as well
as parasite resistance and condition (II). The main aim in both studies was to
investigate the relative importance of different “good gene” indicators
(colouration, breeding tubercles and odour) in determining female mating
preference. In study III, I studied the mechanisms that maintain genetic
variability of the major histocompatibility complex (MHC) genes in a natural
Arctic charr population. Since MHC heterozygote individuals can recognize a
wider range of pathogens, selection should favour the production of
heterozygote offspring. Thus, the aim of this paper was also to test whether
sexual selection for genetic compatibility could play a role determining female
mating preferences in nature. In study IV, I studied whether the mutual
ornamentation of whitefish is linked to offspring post-hatching performance.
The aim of the study was to compare the relative importance of good gene and
compatible gene effects on offspring fitness variation. In the last two studies (V
and VI), I studied cryptic female choice in the Arctic charr. The aim of these
studies was to test the “phenotype-linked fertility hypothesis” and to find out
whether females could gain genetic benefits from polyandrous mating,.



2 METHODS

2.1 Study species

The results of my thesis are based on studies on three fish species: Eurasian
minnow (Phoxinus phoxinus) (I and II), Arctic charr (Salvelinus alpinus) (11, V,
VI), and whitefish Corefonus lavaretus (IV). All of these species develop breeding
ornamentations during their spawning seasons which have been linked to
various fitness traits (minnow: Miiller & Ward 1995, Jacob et al 2009, Arctic
charr: Skarstein & Folstad 1996, Masveer et al. 2004, whitefish: Wedekind et al.
2001, 2008b, Huuskonen et al. 2009). Furthermore, all of these species have a
non-resource-based mating system, all of them produce a relatively large
number of externally fertilized eggs and they do not provide parental care for
their offspring. Thus, females of these species should not gain any direct
material benefits from mating, which suggests that the sexual ornamentation of
the males should mainly reflect genetic (indirect) benefits.

The Eurasian minnow is a small (5-7 cm) cyprinid fish that lives in
relatively cold and well-oxygenated running and still waters. Prior to
spawning, the males develop a conspicuous breeding colouration with a bright
red, carotenoid-based abdomen colour, red lips (Tack 1940, Miiller & Ward
1995, 1998) and a dark lateral skin with a metallic green appearance. In
addition, secondary sexual characters include breeding tubercles on the head
(e.g. Jacob et al. 2009). Male minnows are capable of rapidly changing their
colouration (ephemeral colour change), which occurs more often during
agonistic interactions between males and when courting the females. Therefore,
the signalling system of male minnows is an ideal model system for studying
multiple sexual signals. Secondary sexual characters of the females are less
developed, but they can sometimes be conspicuous, particularly in large
females.

The Arctic charr is a salmonid fish with the most northerly distribution of
any freshwater fish species in the world. It is a diverse species, with several
ecotypes and morphotypes that differ in their migration behaviour, nutrition
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and morphology. As with minnows, Arctic charr develop a carotenoid-rich
orange-red spawning colouration, which is also present in the females. Arctic
charr have a lek-like breeding system where both sexes mate with several other
individuals (e.g. Figenschou et al. 2004). During egg release, one large male is
usually in close contact with the female (Sigursjénsdoéttir & Gunnarson 1989)
and generally fertilizes the largest proportion of the eggs (Blanchfield &
Ridgway 1999). However, several smaller males are also usually present in the
vicinity of the female and these sneaky males fertilize a proportion of the eggs,
leading to intense sperm competition between the males (Rudolfsen et al. 2006).

Departing from the abovementioned species, the whitefish is a silvery
layered salmonid fish that does not develop a breeding colouration. Instead, the
males, and in many populations also the females, develop keratinized
epidermal tubercles prior to the spawning season (Wiley & Collette 1970,
Wedekind et al. 2001, Wedekind et al. 2008b) that are distributed over the entire
lateral sides of the fish and are also present on the head. The primary function
of these tubercles is believed to be in the maintenance of contact between
individuals during spawning, but they can also act as visual, tactile and
hydrotactile signals in mate choice (Wiley & Collette 1970).

2.2 Male dominance, courtship and female mate preference

Male dominance and courtship behaviour was studied in minnows (I) in two
sequential (10 min) experiments. In the first experiment, the aggressive
behaviour of two size-matched males was observed when only these two fish
were present in the experimental aquarium. In the second experiment, a
sexually active, gravid female was added to the same experimental aquarium
with the males and, in addition to aggressive behaviour, the courting activity of
the males was also observed. The primary aim of this procedure was to study
the effect of female presence on male behaviour and their visual signalling
(colouration).

Female preference towards the males was studied in two separate
experiments. In study I, the females were allowed to choose between two males
in a three-part glass aquarium when only visual cues were present. In this
visual preference experiment the same males as in the abovementioned
dominance and courtship trials were used. Therefore, the females were allowed
to directly observe the behaviour of males during male-male competition and
thus could gather information from the male behaviour and sexual signalling
patterns, which was expected to facilitate later visual mate preference of the
females. In study II, female preference behaviour was studied when only
olfactory signals were present. Again, the females were allowed to gather
information from the potential mates during 10 min in the same aquarium with
the two size-matched males. Then, all of the fish were placed into the mate
choice fluviarium (Hirvonen et al. 2000). Water flowed from two (left and right)
male compartments (100 ml min-?) through the fluviarium so that females were
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able to smell but not see the males; furthermore, all visual and olfactory
contacts between the males were prevented. In both tests, female behavioural
preference towards the male signals was followed for 10 min by measuring the
time the female spent on each male’s side in the experimental
aquarium/fluviarium.

2.3 Artificial fertilization and offspring fitness measurements

In study 1V, artificial fertilization was used to study whether male and female
ornamentation of the whitefish signalled potential genetic differences in the
post-hatch size (body length and yolk volume) and performance (swimming
and predator avoidance ability) in the offspring. A total of 10 females and 10
males were haphazardly selected and stripped for their gametes. The parental
fish were then crossed in all possible combinations to produce 100 sibling
groups (North Carolina II breeding design). All of the families were randomly
divided into two replicates (ca. 150 eggs/replicate) and the eggs were incubated
in 600 1 cooled and aerated tanks in non-chlorinated tap water at 4 °C until the
time of hatching. About seven days after hatching, five haphazardly selected
offspring from each of the 100 families were placed into a 9 mm diameter
swimming tube with gravity-driven flow (6.2 cm s?), as described in
Huuskonen et al. (2009). The fish were forced to swim against a current at 6 °C
water temperature and their time to fatigue was recorded as the time at which
they drifted against a net placed at the rear end of the tube and could not
continue swimming within 10 s. After the experiments, the larvae were killed in
an overdose of tricaine methanesulphonate (MS-222, Sigma®, Sigma Chemical
Co., USA). The total length of the larvae was measured, and the length and
height of the yolk were also measured to calculate yolk volume (V) using the
equation for a prolate spheroid:

V =0.5236 x length x height? (Blaxter & Hempel 1963).

After the swimming experiments, the 100 families were ranked according to
their mean swimming performance and then 20 families (every fifth) were
systematically selected for the predator avoidance experiment. In these
experiments, three whitefish larvae were picked from the selected families and
placed in the experimental aquarium with five haphazardly selected predators
(one-year-old Arctic charr). The predator-avoidance time of the offspring was
determined by measuring the time from the start of the experiment to the
moment when two out of three offspring had been predated. Six sequential
replicates were made for all families. To avoid satiation, all of the predators
were changed after each replicate.

General linear mixed effect models (LME) with restricted maximum
likelihood (REML) were used to analyse the parental effects on offspring size
and swimming performance. Female and male identity and their interactions
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were used as random factors in the models. The significance of random factors
was tested using likelihood ratio (G?) statistics (Sokal & Rohlf 1995, Quinn &
Keough 2003). The relative importance of good genes and compatible genes
(additive and non-additive genetic effects) were calculated as 4 x the sire, dam
and sire x dam components of variance (Lynch & Walsh 1998). The maternal
environmental effects for swimming performance were estimated as the
difference between the variances associated with dam and sires (dam minus
sire).

In study V, artificial fertilization was used to investigate the potential
fitness benefits of polyandry (sperm competition of two males) in the Arctic
charr. A total of 10 small (mean total length 50.5 cm, range 46.6-53.6 cm) and
ten large (mean total length 60.1 cm, range 55.7-70.2 cm) males and three
females (50.8, 55.3 and 57.9 cm) were randomly selected from a common brood
stock for the experiment. The eggs of each female were stripped and divided
into 30 equally large batches (approximately 100 eggs/batch) of which 10 were
fertilized with the sperm of small males, 10 with the sperm of large males and
10 with the sperm of both small and large males simultaneously (sperm
competition treatment). To exclude material benefits (sire environmental
effects), the same volume of spermatozoa was used in each fertilization. In other
words, the total volume of spermatozoa/male in the sperm competition trials
was only half of the volume used in the single male trials. All egg batches were
randomly divided into two independent containers where they were incubated
until time of hatching.

The number of dead eggs was counted and removed weekly until all of
the fish had hatched (V). Total mortality of the embryos was defined as the
percentage of offspring remaining from the initial number of eggs. After
hatching, a haphazard sample of 20 (10 x 2) offspring from each of the single
male batches and 40 (20 x 2) offspring from the sperm competition batches were
collected. Due to the high mortality among one female’s eggs, the offspring of
only two females were sampled for further analyses. All of the offspring were
killed by an overdose of tricaine methanesulphonate (MS-222), photographed
and their body mass was individually measured to 1 mg precision. The total
length of the fish to the nearest 0.01 mm and the size of the yolks were
measured from the digital images using Image-Pro Plus 3.0 graphic software
(Media Cybernetics, Inc., Silver Spring, MD, USA). The volume of the yolk was
again calculated according to Blaxter & Hempel (1963).

2.4 Ornament measurements

In study I, the intensity of male colouration, i.e. darkness (lightness) of the
lateral and redness (hue) of the ventral skin, was visually ranked by two
independent observers. Since minnows are capable of altering their colour
signalling within seconds, visual colour ranking was considered to be the best
method of estimating individual colour differences. The colouration of each



21

male was ranked four times: before the experiments and after each of the three
experiments (chapter 2.2). Both colour traits were ranked using a scale of 0-4,
where rank 0 means a totally pale colouration and rank 4 means a maximal
dark lateral or red ventral colouration. The mean values of the ranks of the two
observers were used in the statistical analyses.

In study 1I, all of the males were photographed after the female odour
preference experiments under standardized lighting conditions with a Sony
DSC-F828 digital camera. The digital photographs were further analysed using
the graphical user interface developed at the InFotonics Center, University of
Eastern Finland. The colouration was measured using HSL (hue, saturation,
lightness) colour coordinates from two standardized areas: a rectangle with the
four corners defined by the origins of the pectoral fins and the end of the gill
covers, and a rectangular area between the ventral fins.

The same graphical user interface was also used to study the association
between breeding colouration (HSL) and parasite abundance on naturally
spawning male minnows (II) and to investigate the breeding colouration
intensity of the Arctic charr (VI). In study VI, mean numerical RGB (red, green,
blue) values were calculated from two specified ventral areas (Fig. 1. in VI).
Then, red intensity was calculated according the formula:

Ir = red/ (red+green+blue) (Liljedal et al. 2008).

The arc-sine square-root transformed Ir values were used in statistical analyses.

In order to measure the size of the breeding tubercles of the whitefish (IV),
plaster casts were made from the lateral side of the parental fishes, as described
by Wedekind et al. (2001), and the average cast depth (with 0.01 mm accuracy)
of 10 tubercles in the middle row anterior to the anal fin was measured using a
dial indicator (Mitutoyo Co., Aurora, IL).

2.5 Parasite abundance, condition and mortality

Diphyllobothrium cysts from the body cavity and muscles of the Arctic charr
were counted and the thickness of the belly flap was measured for charr over
300 mm using a micrometer (Mitutoyo Co., Aurora, IL) (III). The mortality of
Arctic charr under gill-netting stress was estimated by calculating the total
numbers of dead and alive individuals found from the gill-nets. To avoid any
time effects on mortality, the gill nets were examined once a day, approximately
at the same time every day.

In naturally spawning male minnows (II), all parasite fauna of the body
cavity and eyes were determined. Also, the condition factor of the males was
determined using the equation:

K =1000 x fish weight (g)/ (body total length (mm))?,
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where b is the slope of a regression of logio (weight) on logio (length) of the
males (Bolger & Connolly 1989).

2.6 Sperm motility analyses

Spermatocrit (the percentage of a given volume of semen that is occupied by
cells) of Arctic charr (V, VI), was measured by centrifuging a homogenized
proportion of the milt in a capillary tube for 3 min at 11,500 rpm (5396 g) using
a mini-centrifuge (Compur-electronic Gmbh). Sperm velocity and the
percentage of motile sperm cells of Arctic charr (V, VI) were determined using
computer-assisted sperm analysis (CASA). Sperm activity was initially video-
recorded for 40 s after activation, that is, from the precise moment the
subsample of pure milt was exposed to 4.5 pl ovarian fluid (2 ovarian fluid:1
water -mixture) of the females on a cooled (ca. 5 °C) microscope slide (Leja
Products BV, Nieuw-Vennep, The Netherlands). Recordings were made using a
CCD B/W video camera (Sony XC-ST50CE PAL, Tokyo, Japan) attached to a
negative phase-contrast microscope (Olympus CH30, Tokyo, Japan) with a x10
magnification objective. Video recordings were later analysed using the HTM-
CEROS sperm tracker software (CEROS v.12, Hamilton Thorne Research,
Beverly, MA, USA). The variables measured included: average path velocity
(VAP), straight line velocity (VSL) and curvilinear velocity (VCL) (Rurangwa et
al. 2004). The velocity estimates were based on the mean velocity of all motile
cells (i.e. those that exceeded the pre-determined threshold values of VAP > 10
pm s and VSL > 20 pm s7) recorded at 10, 20, 30 and 40 s after activation. The
average values of the replicated measures for each male were used for statistical
analyses. The percentage of motile cells 40 s after activation was used as an
estimate of sperm longevity (VI).

2.7 MHC and microsatellite analyses

In study III, DNA was extracted from tissue samples as described in Viha et al.
(2007). Arctic charr MHC II B sequence specific primers MHC-int-F and MHC-
int-R were designed using the program PRIMER3 (Rozen & Skaletsky 2000).
The MHC-int-F-primer had a 40 bp ‘CG clamp’ added to the 3’-end to prevent
total denaturation of the samples (Sheffield et al. 1989) in denaturing gradient
gel electrophoresis (DGGE) (Myers et al. 1987). The 25 pl PCR mixture
contained approximately 100 ng of DNA, 0.75 U of BioTaq polymerase (Bioline),
12.5 pmol of each primer, 1x PCR reaction buffer, 60 pmol of MgCl, and 6.25
pmol of ANTPs. The PCR program consisted of an initial 2 min denaturation at
95 °C, followed by 30 cycles of denaturation for 1 min at 94 °C, annealing for 1
min at 56 °C and extension for 1 min at 72 °C. The final extension was for 10
min at 72 °C.
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Denaturing gradient gel electrophoresis was performed using 9.5 pl of the
PCR product in 9 % 19:1 acrylamide:bisacrylamide gels containing 1x TAE
buffer and a gradient of urea and formamide (Hayes et al. 1999). The gels were
cast with a gravitational gradient maker and DGGE was performed in a DGGE
system buffer tank (C.B.S. Scientific Inc.) filled with 0.5% TAE and heated to 60
°C. The gels were stained with ethidium bromide for 10 min after
electrophoresis and the stained DNA was visualized using a BioRad ChemiDoc
XRS imaging system, after which the individuals were genotyped by eye. The
genotypes of 14 individuals from the Peltojdarvi population were confirmed by
sequencing directly from both DGGE PCR products and full-length PBR
fragments cloned to pGEM-T plasmids (Promega Corporation), according to
manufacturer’s instructions.

The level of neutral microsatellite variation in the studied fish was
ascertained using 11 microsatellite markers. Polymerase chain reaction was
carried out on two 10 pl multiplexes using the QIAGEN Multiplex PCR Kit,
according to the manufacturer’s instructions, with the annealing temperature of
the recommended PCR program set to 56 °C. The forward primer for each locus
was end labelled with a fluorescent dye and a GTTT tail was added to each
reverse primer to ensure the addition of an A-overhang to each PCR fragment
by Taq polymerase (Brownstein et al. 1996). The microsatellites were genotyped
using the same methods as described in Vihi et al. (2007).



3 RESULTS AND DISCUSSION

3.1 Information content of secondary sexual ornamentation

3.1.1 Social status and courting activity

The signals used during aggressive male-male interactions are expected to be
important cues in female choice since the reliability of such traits is continually
tested by competitors and thus cannot be faked without incurring high costs
(Berglund et al. 1996, Hoi & Griggio 2008). Although high dominance status of
the male has occasionally been shown to reduce female fitness through sexual
conflict (e.g. by overriding female preference) (Arnqvist 2004, Wong &
Candolin 2005), high male status can also produce various direct benefits to
females, for example, in the form of high quality resources (e.g. breeding sites)
or reduced mating costs (e.g. risk of injuries or death) (Le Boeuf & Mesnick
1990, Andersson et al. 1994). Furthermore, social status can also indicate the
genetic quality of a male (e.g. Cox & Le Boeuf 1977, Rantala & Kortet 2004).

In male minnows, dominant males courted the females more actively and
had a redder and/or darker skin colouration than the subordinate males (I).
These results suggest that both ornament traits either signal the dominance
status or courting activity of the males, or both. Several studies have
demonstrated that male ornaments often have a dual function in both male-
male competition and female choice (e.g. Kodric-Brown 1996, Tarof et al. 2005,
Griggio et al. 2007, Hoi & Griggio 2008, see also Candolin 2004), which suggests
that this could also be the case in minnows. The results of study I also show that
the darkness difference between subordinate and dominant males increased in
the presence of a female, which suggests that male-male competition may
increase the honesty of signalling and thus facilitate female choice (Candolin
1999, 2000a). Instead, the carotenoid-based red colouration was found to be a
more stable indicator of male quality, which suggests that carotenoid
ornaments may, besides being positively associated with dominance status, also
signal a different aspect of male quality or signal quality over longer time
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scales. Although the results of study I demonstrate that melanin-based
ornaments may have their own signalling function, the possibility that they
mainly act as an amplifier of carotenoid ornamentation could not be ruled out
(Brooks & Caithness 1995, Brooks 1996).

3.1.2 Health and condition

Hamilton & Zuk (1982) proposed that females would mate with highly
ornamented males because elaborate male ornaments act as honest signals of
male resistance ability against concurrent parasite species. In paper II, this
hypothesis was tested in minnows. In support of the hypothesis, males with a
more saturated (redder) belly colouration had fewer Philometra ovata
(Nematoda) parasites than their less ornamented counterparts. This parasite
species can severely impair the fitness of its host, for example, by causing
parasitic castration, chronic inflammation and tissue necrosis (Moravec 2006,
Saraiva et al. 2008), and by increasing the predation risk of the host individuals
(Saraiva et al. 2008). Therefore, the saturation of belly colouration may be an
honest signal of the health status and overall quality of the male in the studied
minnow population.

Since the sexual signalling system of the minnow contains several
signalling components and different signals can have different signalling
functions, the potential signalling content of the breeding tubercles and the
quality (hue) of the belly colouration were also studied. The results of the paper
show that both of these traits were associated with the condition factor of the
males: redder (lower hue) and more tubercled males were in better condition
than their less ornamented counterparts. Thus, different ornaments and even
the different components of the same ornamental trait (belly colouration) may
have different signalling functions (Wedekind et al. 1998, Candolin 2003,
Grether et al. 2004). Interestingly, a similar phenomenon was also previously
found in another cyprinid fish, the roach (Rutilis rutilus). The lateral breeding
tubercle ornamentation of the male roach was associated with parasite
resistance (Taskinen & Kortet 2002) and front head breeding tubercles were
associated with condition (Kortet & Taskinen 2004). Together, these studies
support the multiple messages hypothesis of sexual ornamentation (Moller &
Pomiankowski 1993, Johnstone 1997, Ligon et al. 1998, Marchetti 1998, Candolin
2003). According to this hypothesis, receivers evaluate all signals together in
order to estimate the general quality of the mate, or different receivers base
their choice on different aspects of mate quality, i.e. different signals (Wedekind
1992, Candolin 2003).

3.1.3 Offspring performance

The association between secondary sexual traits and survival of the offspring
has previously been demonstrated in numerous studies (see e.g. Moller &
Alatalo 1999), but less is known about whether sexual ornamentation can
indicate the physical performance of offspring, such as locomotor or predator
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avoidance ability. The results of paper IV indicate that in a mutually
ornamented fish species (whitefish), both male and female secondary sexual
ornaments (size of the breeding tubercles) are positively associated with
offspring post-hatching swimming performance, which was in turn positively
associated with offspring predator avoidance ability. Furthermore, highly
ornamented females produced larger offspring that also had greater yolk
reserves than less ornamented individuals. Since the vast majority of the total
mortality in many fish populations takes place in the early life stages, mainly
due to predation and starvation (Fuiman & Magurran 1994, Fuiman & Cowan
2003), variations in this post-hatching performance probably have a high
evolutionary significance (Elliot 1989).

The mutual sexual selection hypothesis predicts that selection for the same
ornamental traits in both sexes should result in assortative mating (MacDougal
& Montgomerie 2003, Sieferman & Hill 2005). When mutual ornamentation is
positively associated with some aspects of individual quality, directional
selection for the mutual ornamentation may lead to a situation where both
sexes prefer to pair with highly ornamented partners, which would leave less
ornamented individuals to pair among themselves (McLain & Boromisa 1987).
As an indirect support of this view, the offspring swimming performance was,
on average, better in highly ornamented parental combinations than when both
parents were less ornamented.

Together, the results of paper IV suggest that mutual sexual selection may
have an important role in whitefish mating and that mutual ornamentation may
have evolved through mutual mate preferences. However, the exact signalling
function of breeding tubercles in whitefish mating is currently unclear. Thus, it
is possible that the breeding tubercles are also (or solely) used in reproductive
competition in both sexes (Watson & Simmons 2010a, b). In other words,
breeding tubercles may act as badges of status or weapons in intra-sexual
contests, which may promote directional selection on ornamental traits even
without ornament-based mating preferences.

3.1.4 Sperm quality and offspring survival

The phenotype-linked fertility hypothesis predicts that females gain direct
benefits from mating with highly ornamented males because these individuals
are also highly fertile males. The theoretical basis of this hypothesis rests on the
observation that both primary and secondary sexual traits (carotenoid-based
ornaments) are often promoted by the same sex hormones, the androgens
(Folstad & Skarstein 1997, Hillgarth et al. 1997). Thus, the expression of
carotenoid colour traits is expected to be directly associated with the males’
capacity for sperm production. A positive correlation between the traits may
arise either because intense secondary sexual ornamentation may signal low
overall immune activity within the body and reduced exposure of “nonself”
sperm cells to autoimmune attack (Folstad & Skarstein 1997, Liljedal et al. 1999)
or because intense ornamentation may indicate high body supplies of
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antioxidants, which may reduce the susceptibility of sperm to oxidative stress
(Greco et al. 2005).

The results of paper VI give support to the phenotype-linked fertility
hypothesis. This paper shows that the carotenoid-based abdominal colouration
(red intensity) of the Arctic charr males was positively associated with their
sperm swimming velocity. Sperm velocity has been shown to be the most
important factor predicting the paternity of males during sperm competition
and in monogamous matings (Lahnsteiner et al. 1998, Froman et al. 1999,
Levitan 2000, Kupriyanova & Havenhand 2002, Gage et al. 2004, Liljedal et al.
2008). Interestingly, the results of paper V demonstrate that male sperm velocity
of the Arctic charr is positively associated with not only paternity, but also with
offspring survival. Thus, these results are in line with the good sperm
hypothesis which predicts that the sperm which are more successful in
competition for fertilizing the eggs are also more effective in producing viable
offspring. In both studies (V and VI), the experimental fish originated from the
same Lake Inari population, but they represented different hatchery
generations (V: Fs4, VI: F1 and F»). Thus, the results of these studies are not
necessarily directly comparable. However, when viewed together, they indicate
that male secondary sexual ornamentation may signal both sperm velocity and
offspring viability. This may in turn mean that Arctic charr females bias
paternity towards the highly ornamented males (directional cryptic female
choice) (Pizzari & Birkhead 2000, Evans et al. 2003). However, since the nature
of the association between primary and secondary sexual traits in the fourth
hatchery generation (V) is unknown, further studies are needed to test this
hypothesis.

3.2 Potential factors maintaining the variation of ornamental
traits

Directional female mating preferences on male viability traits should rapidly
exhaust the additive genetic variability of male traits and drive them to fixation
(Tomkins et al. 2004). For example, studies on Drosophila serrata have
demonstrated that sustained sexual selection can reduce genetic variation in
male traits in the direction of sexual selection (Blows et al. 2004, Hine et al.
2004). As a result, females will no longer gain benefits from discriminating
between males based on these traits, which in turn should lead to the
disappearance of female mating preferences. Thus, it is paradoxical why
females of many species still show preferences for male ornamental traits.
Numerous studies have presented potential resolutions to this question (lek
paradox), but an unequivocal answer remains to be found. The potential
explanations can be divided to two classes (Tomkins et al. 2004). The fluctuating
selection hypothesis argues that the optimal phenotype will vary in space or
time, for example, because of continually evolving parasites (Hamilton & Zuk
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1982) when genetic variation is maintained by cycles of host-parasite co-
evolution. The mutation-selection balance hypothesis assumes that
continuously accumulating mutations generate new genetic variation as quickly
as directional selection reduces it (Rowe & Houle 1996, Tomkins et al. 2010). In
the following chapters, I present some potential factors that may contribute to
the maintenance of variation in secondary sexual traits. They partly support the
fluctuating selection hypothesis, but also give some other insights to this long-
lasting dilemma.

3.2.1 Sexual selection for multiple sexual signals

Papers I and II indicate that secondary sexual traits of male minnows consist of
multiple signals which can contain visual (carotenoid and melanin colouration),
olfactory, tactile (breeding tubercles) and behavioural (courtship behaviour)
components (chapters 3.1.1 and 3.1.2). Furthermore, even the same ornamental
trait can include several signal components (e.g. hue and saturation of the
carotenoid traits). Female minnows were observed to have behavioural
preferences towards the more colourful males when only visual cues were
present (I). The selected males were both redder and darker (50 % of trials),
only redder (25 %), only darker (19 %) or darker but less red (6 %). Thus, some
females may have a primary preference for red carotenoid ornaments, whereas
other individuals may have a preference for the dark melanin ornaments.
Although the possibility that melanin traits are just amplifiers of carotenoid
ornaments could not be ruled out, these results may indicate that different
females have differential ornament preferences (Brooks & Endler 2001). Paper I1
demonstrates that within male pairs (pale vs. saturated colouration) females
preferred the odour of individuals with a saturated (i.e. redder) belly
colouration. Although no evidence was found for female odour preferences for
the other traits (belly hue and breeding tubercle number), these traits signalled
male condition (chapter 3.1.2). Thus, it is possible that in more natural
conditions (e.g. when visual and tactile signals are also present), female mating
decisions may rest on multiple cues or females may utilize different cues in
different situations or mating seasons.

One important consequence of varying preferences is that it could
contribute to the maintenance of variation in secondary sexual ornaments and
fitness related traits (Candolin 2003, Lehtonen et al. 2010). Preference variation
can act either within individuals (individuals show temporal variation in
mating preferences) or between individuals (different individuals differ in their
preferences). Female preferences can change, for example, depending on her
age, current condition and the environmental conditions (Jennions & Petrie
1997, Cotton et al. 2006, Bleay & Sinervo 2007, Milner et al. 2010, see also
Holveck & Riebel 2010). Temporal changes in mating preferences may be more
common than has traditionally been believed. In fact, a recent meta-analysis
suggested that mate preference behaviour is one of the least repeatable
behavioural traits (Bell et al. 2009). Thus, strong directional selection on
ornamental traits could be an artefact, resulting in short-term studies that
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cannot capture fluctuations in selection gradients (Bro-Jergensen 2010). When
different genotypes are superior in different environments, i.e. when there is a
strong genotype-by-environment interaction, selection on individual
ornamental traits can, in fact, be rather weak (Danielson-Francois et al. 2006,
Bussiére et al. 2008, Bro-Jergensen 2010). Thus, dynamic variation in selection
pressures may effectively prevent the erosion of additive genetic variation in
ornamental traits and explain the evolution and maintenance of multiple sexual
signals.

In addition to temporally fluctuating mating preferences, between-
individual variations in mating behaviour could also maintain variations in
sexual traits (Jennions & Petrie 1997, Widemo & Seether 1999, Murphy &
Gerhardt 2000, Brooks & Endler 2001, Coleman et al. 2004). Brooks & Endler
(2001) found that female guppies vary in their responsiveness, discrimination
between males and mate preferences. Thus, no universally attractive male
phenotype was found for all females. Even if some ornamental traits are
generally not preferred, they could still be maintained by frequency-dependent
selection, if at least a minor proportion of females prefer these traits (Partridge
& Hill 1984, Partridge 1988, Brooks & Endler 2001, see also Kokko et al. 2007).
Therefore, it is possible that the complex sexual signalling system of male
minnows has evolved as a result of multiple female preferences, which in turn
may contribute to the maintenance of additive genetic variation in individual
traits. In addition, it seems plausible that temporal variations in female
preferences may also have an important role in the evolution of this multiple
signalling system. However, long-term studies are needed to confirm this
hypothesis.

3.2.2 Sexual selection for genetic compatibility

The mate choice for genetic compatibility (non-additive genetic benefits) differs
radically from traditional good gene models of sexual selection. When mate
choice is based on compatibility, different individuals are expected to differ in
their mating preferences (Tregenza & Wedell 2000). Thus, the mate choice for
non-additive genetic benefits should not exhaust additive genetic variance in
fitness and associated ornamental traits (Kriiger et al. 2001, Reinhold 2002,
Hoffman et al. 2007, Lehmann et al. 2007, Reid 2007, Fromhage et al. 2009, Neff
& Pitcher 2008, 2009). In paper III, major histocompatibility complex
heterozygote Arctic charr individuals were observed to be superior over the
both homozygote genotypes (overdominance). More specifically, heterozygote
individuals had fewer Diphyllobothrium parasites, were in better condition and
had higher survival rates under stress than either of the homozygotes. These
results suggest that overdominance can be an important evolutionary
mechanism contributing to MHC polymorphism in the wild, but because
heterozygosity cannot be directly inherited by the offspring, it is inevitability
non-additive. When non-additive genetic benefits are large, directional selection
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on ornamental traits should be weak. In support of this view, my preliminary
analyses showed that the secondary sexual ornaments (belly colouration) of the
Arctic charr were not associated with MHC genotype (unpublished data).
Therefore, MHC related mate choice in this Arctic charr population may be
mainly based on genetic compatibility. However, it is possible that secondary
sexual ornaments of the Arctic charr indicate some other aspects of genetic
quality, i.e. some “good genes” other than the MHC genes. Thus, good genes
and compatible genes can act together and the final mating decision could be a
result of their interaction (Roberts & Gosling 2003).

Paper IV shows that both mate choice criteria really could act together.
The results of this paper suggest that although secondary sexual ornamentation
indicates offspring fitness (chapter 3.1.3), fitness is also dependent on the
parental combination (Zeh & Zeh 1996, Johnsen et al. 2000, Tregenza & Wedell
2000, Rudolfsen et al. 2005). Furthermore, the correlation between breeding
ornamentation and offspring fitness was relatively weak, although highly
ornamented males, females and their combinations had higher quality offspring
than their less ornamented counterparts, on average. Therefore, when both
selection mechanisms act together, the directional selection on ornamental traits
may be weak (Colegrave et al. 2002) and the indicator value of ornamentation
relatively low. However, as pointed out by Alatalo et al. (1998), even relatively
weak fitness benefits can maintain the honesty of sexual signalling. In addition,
the fitness benefits of mate choice do not need to be large to be important in the
evolutionary time scale (Moller & Alatalo 1999).

3.2.3 Post-copulatory sexual selection

The fact that female choice often continues after copulation in a form of cryptic
female choice has been largely ignored in sexual selection studies (Birkhead &
Pizzari 2002). Since cryptic female choice criteria are not necessarily consistent
with the criteria used in pre-copulatory mate choice, our current understanding
of the strength of directional sexual selection may not always be valid. Several
studies have found that sperm velocity in ovarian fluid and male fertilization
ability are strongly dependent on male-female interactions (Prout & Clark 1996,
Wilson et al. 1997, Urbach et al. 2005, Rosengrave et al. 2008), suggesting that
non-directional cryptic female choice may be widespread (Birkhead & Pizzari
2002). Thus, apparently strong directional pre-copulatory mating preferences
may be revealed as being much weaker when both pre- and post-copulatory
sexual selection processes are viewed together.

Even though indirect support for the phenotype-linked fertility hypothesis
and thus directional cryptic female choice was found (V, VI), it was not possible
to rule out the possibility that female Arctic charr also use post-copulatory
sexual selection to bias paternity towards unrelated or genetically compatible
males (Bilde et al. 2007, see also Konior et al. 2005). In fact, since the genetic
variability of many natural Arctic charr populations is extremely low (III,
Conojeros et al. 2008), incompatibility avoidance can be an important
mechanism explaining the polyandry of Arctic charr. However, as pointed out
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by Ivy (2007), the evolution and maintenance of polyandry are most easily
explained if females gain both additive and non-additive genetic benefits, rather
than just one. Together, these observations again suggest that directional post-
copulatory sexual selection may occur (V, VI), but cryptic female choice for
compatibility may weaken the indicator value of ornamentation and thus
maintain additive genetic variation in secondary sexual traits. Further studies
utilizing breeding designs that can partition fitness variations among both good
genes and compatible genes (e.g. North Carolina II) are required in order to
determine the generality of these findings.



4 CONCLUSIONS

Good gene models of sexual selection propose that females selectively mate
with highly ornamented males because these traits are honest indicators of male
genetic quality (Zahavi 1975). The basic assumption of these models is that the
same high quality, i.e. highly ornamented, males are good mates for all females
(Colegrave et al. 2002, Neff & Pitcher 2005). This should lead to directional
selection on male ornamental traits, which in turn should deplete additive
genetic variation in male traits and exhaust genetic variation in viability
(Tomkins et al. 2004, Kotiaho et al. 2008). However, a vast number of studies
have demonstrated that despite directional mating preferences, this variation
does not disappear. This observation is the basis of one of the major, unresolved
questions in evolutionary biology, the lek paradox: why do females of many
species still prefer to mate with highly ornamented males even though the
signalling value of secondary sexual traits should have disappeared? The aim of
this thesis was to study the signalling content of secondary sexual ornaments
and to discover potential factors that may maintain genetic variability and the
information content of these traits.

In papers I and II, on minnows, I show the multiple sexual ornamentation
of the males’ signal dominance status and/or courtship activity (I), parasite
resistance and condition (II), all of which, in addition to direct benefits, can also
indicate indirect benefits, i.e. the genetic quality of the individuals. In whitefish,
female ornamentation was positively associated with the size of the offspring
and their yolk reserves (IV). Furthermore, the ornamentation of both sexes (i.e.
mutual ornamentation) predicted genetic differences in the post-hatching
performance of the offspring. Moreover, in the Arctic charr, the intensity of
male breeding colouration was positively associated with their ejaculate quality
(sperm cell velocity), and seemingly also with their offspring viability (V, VI).
Together, these studies suggest that male (and female) ornamentation is a
reliable indicator of various fitness benefits in the studied fish species.
However, they also indicate that directional selection on ornamental traits may
not be strong enough to exhaust the additive genetic variation in these traits.
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I found several potential mechanisms that may weaken the directional
selection on ornamental traits. In minnows (I, II), I showed that females
probably vary in their ornament-based mating preferences and that individuals
may additionally show temporal variation in their preferences. This variation
should weaken the directional selection on each individual signal component.
Directional selection on ornamental traits can also be weak if the fitness of the
offspring is mainly dependent on the genetic compatibility of the parents. The
simplest mechanism driving the genetic compatibility effects is overdominance
(III), where the fitness of the heterozygote individuals is higher than that of
either of the alternative homozygote genotypes. In this scenario, the directional
selection on any ornamental trait should be weak because individual males and
females are expected to mate disassortatively (with different mates), depending
on their own genotype. As demonstrated in paper 1V, both good genes and
compatible genes may have simultaneous effects on offspring fitness. The
results of this paper suggest that simultaneous selection for genetic
compatibility weakens the directional selection on ornamental traits and thus
also the indicator value of ornamentation. In papers V and VI, I studied the
potential mechanism for genetic compatibility selection, post-copulatory sexual
selection (cryptic female choice). Interestingly, although cryptic female choice is
often referred to as a mechanism for the incompatibility avoidance of gametes,
the results of these papers indicate that it may also be directional, favouring the
same, brightly coloured males as pre-copulatory sexual selection. However, it
also seems likely that non-directional cryptic female choice (genetic
compatibility) plays an important role in determining the paternity of males
under sperm competition. If post-copulatory sexual selection is non-directional
or only weakly directional, it may contribute the maintenance of variation in
secondary sexual traits.

Taken together, in line with good gene models of sexual selection, I found
that secondary sexual ornaments signal various fitness benefits. Despite the fact
that this should lead to strong directional selection on ornamental traits, the
results of my thesis also suggest that the directional selection on these traits
may be too weak and too variable to deplete the additive genetic variation in
these traits. Thus, these results might also provide light on a way towards the
resolution of the lek paradox.
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YHTEENVETO (RESUME IN FINNISH)

Seksuaaliornamenttien geneettisen muuntelun sdilyminen - parittelua
edeltivin ja sen jilkeisen seksuaalivalinnan merkitys

"Hyvidt geenit” -hypoteesin mukaan naaraiden odotetaan pariutuvan
sekundaarisilta seksuaalipiirteiltddn (ornamenteiltaan) koreiden koiraiden
kanssa, koska koiraiden ornamentit ovat usein yksiloiden geneettisen
laadukkuuden  rehellinen  signaali. Naaraiden oletetaan  suosivan
parinvalinnassaan tiettyja laadukkaita koirasgeenejd, koska niiden uskotaan
lisddvan jdlkeldisten kelpoisuutta riippumatta muun perimédn rakenteesta.
Toisin sanoen hypoteesi olettaa tiettyjen laadukkaiden (koreiden) koiraiden
olevan hyvid pariutumiskumppaneita kaikille naarasyksilille, minka tulisi
johtaa voimakkaaseen, koiraiden sekundaarisia seksuaalipiirteitd suosivaan
suuntaavaan valintaan. Suuntaavan valinnan puolestaan oletetaan johtavan
koiraiden ornamenttien ja niiden heijastamien kelpoisuusetujen additiivisen
geneettisen muuntelun hévidmiseen. Useissa tutkimuksissa on kuitenkin
havaittu, ettd suuntaavasta valinnasta huolimatta ornamenttien geneettinen
muuntelu on usein varsin runsasta. Tam&d havainto on pohjana yhdelle
evoluutiobiologian  keskeiselle  ratkaisemattomalle arvoitukselle, ns.
soidinparadoksille: mikd ylldpitdd ornamenttien ja niiden heijastamien
kelpoisuusetujen geneettistd muuntelua? Paradoksille on olemassa lukuisia
vaihtoehtoisia ratkaisuehdotuksia, mutta yksiselitteistd vastausta ei ole
loydetty. Vditoskirjani tavoitteena on tutkia koiraiden ja mnaaraiden
seksuaaliornamenttien informaatiosisdltod sekd potentiaalisia ornamenttien
geneettistd muuntelua ylldpitavia tekijoita.

Viitoskirjani osatutkimukset perustuvat kolmeen Suomessa esiintyvidn
kalalajiin: mutu (Phoxinus phoxinus), nierid (Salvelinus alpinus) ja siika Coregenus
lavaretus. Kaikilla lajeilla tavataan kutuaikaisia seksuaaliornamentteja ja
kaikkien pariutumisjdrjestelmd perustuu geneettisiin hyotyihin (engl. non-
resource based mating system). Lisdksi kaikkien lajien naaraat tuottavat suuria
maédrid ulkoisesti hedelmditettdvid munia, joista ei huolehdita hedelmdoityksen
jdlkeen (ei vanhempien hoivaa). Ndiden parinvalinnan ominaispiirteiden takia
seksuaaliornamenttien voidaan olettaa heijastavan ldhinnd geneettisid
(epdsuoria) kelpoisuusetuja.

Muduilla havaitsin koiraiden eri seksuaaliornamenttien (kutuvarityksen
varikylldisyys ja -sdvy sekd kutukyhmyt) signaloivan yksiloiden sosiaalista
asemaa, kosiskeluaktiivisuutta, loisvastustuskykyd ja kuntoa. Siioilla
molempien sukupuolten ornamentit (kutukyhmyt) heijastivat poikasten
kuoriutumisen jalkeistd uinti- ja pedonvalttamiskykyd. Lisdksi siialla naaraan
ornamenttien koko korreloi positiivisesti poikasten yksilokoon sekéd poikasten
ruskuaisvarastojen koon kanssa. Nieridlld koiraiden kutuvarityksen intensiteetti
ilmensi koiraiden sperman laatua (siittididen uintinopeutta) ja mahdollisesti
myos poikasten eloonjddmistodenndkoisyyttd. Siten osatutkimuksieni tulokset
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osoittavat, ettd tutkittujen kalalajien koiraiden ja naaraiden seksuaaliornamentit
voivat olla luotettava yksiloiden kelpoisuuseduista kertova indikaattori.

Toisaalta tutkimukseni osoittavat, ettd tietyt ennen pariutumista ja sen
jalkeen ilmenevit mekanismit voivat heikentdd ornamentteihin kohdistuvaa
suuntaavaa valintaa. Muduilla havaitsin, ettd naaraiden koiraiden ornamentteja
kohtaan osoittamat parinvalintapreferenssit eroavat eri naarasyksiléiden valilld
ja mahdollisesti my0s ajallisesti kullakin naarasyksilolld. Tulokset viittaavat
sithen, ettd mikddn yksittdinen koirasfenotyyppi ei ole paras
lisdédntymiskumppani kaikille naaraille tai kaikissa tilanteissa. Siten suuntaava
valinta kutakin yksittdistd ornamenttia kohtaan voi olla suhteellisen heikko.
Suuntaavaa valintaa heikentid myos tilanne, jossa poikasten kelpoisuus on
riippuvainen naaraiden ja koiraiden geneettisestd yhteensopivuudesta.
Yksinkertaisimmillaan tdm&d voi tarkoittaa ns. ylidominanssia (engl
overdominance), jossa genotyypiltddn heterotsykoottisten  yksiloiden
kelpoisuus  on  suurempi  kuin = kummallakaan  vaihtoehtoisista
homotsygoottisista genotyypeistd. Luonnonvaraisella nieridpopulaatiolla tehty
tutkimukseni osoittaa, ettd major histocompatibility complex -geeneiltddn
heterotsykootit yksilot voivat olla loisvastustuskyvyltddn, kunnoltaan ja
eloonjddmistodenndkoisyydeltdan homotsykootteja laadukkaampia. Téssa
tapauksessa ornamenttipiirteisiin kohdistuva suuntaava valinta on oletettavasti
heikko, koska suotuisa, poikasten kelpoisuuden maksimoiva koirasgenotyyppi
riippuu naaraan omasta genotyypistd (ja pdinvastoin). Siten kaikki yksilot eivat
todennikdisesti voi suosia samoja geenejd kantavia yksiloitd, kuten “hyvét
geenit” -hypoteesi olettaa. Siioilla tehty tutkimukseni osoittaa, ettd eri
parinvalintamekanismit (hyvét geenit ja yhteensopivat geenit) voivat kuitenkin
vaikuttaa samanaikaisesti. Tdméad todenndkoisesti heikentdd ornamenttien
kohdistuvaa suuntaavaa valintaa sekd ornamenttien ja poikasten kelpoisuuden
valistd korrelaatiota.

Parittelua edeltdvdn seksuaalivalinnan ohella my6s sen jdlkeinen, ns.
naaraan piilovalinta on tdrked, joskin suhteellisen vdhdn tutkittu
seksuaalivalinnan komponentti. Nieridlld tehdyt tutkimukseni osoittavat, etta
vaikka naaraiden piilovalinnan on usein oletettu olevan ldhinnad sukusolujen
geneettisen yhteensopivuuden testaamiseen kehittynyt mekanismi, piilovalinta
voi my0s suosia samoja koiraiden ominaisuuksia (ornamentteja) kuin parittelua
edeltdva seksuaalivalinta (suuntaava piilovalinta). Toisaalta on todennakdistd,
ettd nieridnaaraiden piilovalinta toimii samanaikaisesti myo6s geneettisesti
yhteensopimattomien geenikombinaatioiden syntyd kontrolloivana
mekanismina. Koska monien luonnonvaraisten nieridpopulaatioiden
geneettinen muuntelu on hyvin vihdistd, geneettisen yhteensopimattomuuden
valttimismekanismit voivat olla erittdin merkittdvd evolutiivinen tekija
naaraiden polyandrian (naaras parittelee usean koiraan kanssa) kehittymisen
taustalla. Siten havainnot viittaavat siithen, ettd suuntaavaa naaraiden
piilovalintaa voi nierigilli esiintyd, mutta piilovalinta geneettisen
yhteensopivuuden varmistamiseksi voi heikentdd ornamentteihin kohdistuvan
suuntaavan valintapaineen voimakkuutta ja siten ylldpitdd ornamenttien
geneettistd muuntelua.
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Yhteenvetona esitdn, ettd kaikki edelld esitetyt mekanismit (naaraiden
valintapreferenssien ~ vaihtelu, valinta geneettisen yhteensopivuuden
varmistamiseksi ja ei-suuntaava piilovalinta) todenndkoisesti heikentdvéat
ornamentteihin kohdistuvaa suuntaavaa valintaa ja siten ehkdisevit
ornamenttien ja niiden indikoivien kelpoisuusetujen geneettisen muuntelun
haviamistd. Siten vditoskirjani tulokset voivat osaltaan helpottaa
soidinparadoksin ymmartamista ja mahdollisesti auttaa sen ratkaisussa.
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lien evoluutio. 44 p. (96 p.). Yhteenveto 3 p.
2000.

MarriLa, ELisa, Factors limiting reproductive
success in terrestrial orchids. - Kimmekoiden
lisdantymismenestystd rajoittavat tekijit. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

KareLs, AarNoO, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at biochemical,
individual, population and community levels.
-Sellu-ja paperiteollisuuden jitevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista seka
populaatio-ja yhteisovasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.
AAaLTONEN, TuuLa, Effects of pulp and paper
mill effluents on fish immune defence. - Met-
sdteollisuuden jatevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p.)- 2000.

HEeLEnmus, MERjA, Aging-associated changes in
NF-kappa B signaling. - Ikdantymisen vaiku-
tus NF-kappa B:n signalointiin. 75 p. (143 p.).
Yhteenveto 2 p. 2000.
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SiPPONEN, MATTI, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.
Lammi, AntT, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.
Niva, Teuvo, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.
PuLkkINEN, KaTjA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

ParRri, SiLja, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).

Yhteenveto 2 p. 1999.
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HuoviNeN, Pirjo, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettiséteilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja eldinplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

PAAKKONEN, JARI-PEkKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
kayton erityispiirteet: sopeumia pohja-
eldmdan? 33 p. (79 p.). Yhteenveto 2 p. 2000.
LaAsoNEN, Pexka, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaeldimistéon. 32 p. (101
p-)- Yhteenveto 2 p. 2000.

PasoNEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepolykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

SALMINEN, Esa, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den ja jdtteiden anaerobinen késittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

SaLO, HARRI, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
séteilyn vaikutus kalan immunologiseen
puolustusjérjestelméan. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

Musrajirvi, Kaisa, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
tekijoiden vaikutus pienten mékitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.
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Tixka, PAvi, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden siilyttdminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

Sutari, HeL, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettindon ekologinen mer-
kitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden viliset erot rummuttavan
haméahakin Hygrolycosa rubrofasciata) kasvus-
saja kdyttaytymisessd. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

HaapaLa, ANTTI, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten mets&jokien pohja-
eldinyhteisoille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto 2
Pp- 2001.

NissINEN, Lusa, The collagen receptor integrins
- differential regulation of their expression and
signaling functions. - Kollageeniin sitoutuvat
integriinit - niiden toisistaan eroava séétely ja
signalointi. 67 p. (125 p.) Yhteenveto 1 p. 2001.
AnLrOTH, MERV], The chicken avidin gene
family. Organization, evolution and frequent
recombination. - Kanan avidiini-geeniperhe.
Organisaatio, evoluutio ja tihed
rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.
2001.

HyoOTYLAINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation. - Kreosootilla saastuneen
jarvisedimentin ekotoksikologisen riskin

ja kunnostuksen arviointi. 59 p. (132 p.)
Yhteenveto 2 p. 2001.

SULKAVA, PEKKA, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity in
boreal forest soil. - Maaperin elioyhteison ja
hajotusprosessien viliset vuorovaiku-tukset
suhteessa mikroilmastoon ja laikut-taisuuteen.
36 p. (94 p.) Yhteenveto 2 p. 2001.

LarmNeN, OLLi, Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-diinin
kvaterndérirakenteen ja fysioke-miallisten
ominaisuuksien muokkaus seka avidiinin
kaltaisten proteiinien karakteri-sointi. 81 p.
(126 p.) Yhteenveto 2 p. 2001.

LYYTINEN, ANNE, Insect coloration as a defence
mechanism against visually hunting
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106

107
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110

111

predators. - Hyonteisten véritys puolustukses-
sa vihollisia vastaan. 44 p. (92 p.) Yhteenveto
3 p. 2001.

NIKKILA, ANNA, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesielivilla. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

Luri, Mira, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperan
hajottajaelidston monimuotoisuuden merkitys
metsdekosysteemin toiminnassa ja hairion-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.
KoskeLa, Tanja, Potential for coevolution in a
host plant - holoparasitic plant interaction. -
Isantdkasvin ja tdysloiskasvin vélinen vuoro-
vaikutus: edellytyksid koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

LaPPIVAARA, JaRMO, Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

Eccarp, Jana, Effects of competition and
seasonality on life history traits of bank voles.
- Kilpailun ja vuodenaikaisvaihtelun vaikutus
metsdmyyréan elinkiertopiirteisiin.

29 p. (115 p.) Yhteenveto 2 p. 2002.

NIEMINEN, Jount, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperdravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto

2 p. 2002.

NYKANEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissd. Sellobiohydrolaasi I:'n, ohran
kysteiiniproteinaasin seké vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa. 107
p- (173 p.) Yhteenveto 2 p. 2002.

TuroLa, MArjA, Phylogenetic analysis of
bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kiytto bakteeridiver-
siteetin fylogeneettisessd analyysissa. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkavaAra, JoHanNa, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindon
ekologinen merkitys hedelmi& sydvien eldin-
ten ja hedelmékasvien vilisissa vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MARTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seki
oligomerisaation muokkaus: uusia tyokaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, Jar, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikasittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipaastojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OxsaNeN, TuuLa, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddntymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENo, JaNi, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsdmaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KoRTET, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisddntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLAMPI, JUHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAIVINEN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissa eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkédrangattomien, vesisammalten ja kalojen
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yhteistrakenne pohjoisissa virtavesissa -
saannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihaméhékilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, PrRasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, JaNi, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLUND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestdvyydenja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAkl, Tivo J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

PonNio, Tiia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, HoNng, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisddntyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kéyttaytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.



132

133

134

135

136

137

138

139

140

141

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

KumruLaINEN, Tomr, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisddntymisstrategioiden evoluutio ja séily-
minen pussikehréadjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirsl, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittdminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-Lnisa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MARI, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujdrvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PeTRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, NiNa, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, ANssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan valilla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, Marl, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissa. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HYNYNEN, Junani, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteisojen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PAvi, Atypical Aeromonas salmonicida
-infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epatyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PuurTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.
ToLvaNeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto
4 p. 2004.
Boapi, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympé-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.
Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.
MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jitevesista
yhdyskuntajatevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.
KarisoLa, Pia, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian p&éallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.
BAGGE, ANNA MARI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteisgjen rakenteeseen ja kehitykseen
vaikuttavat tekijit sisdvesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.
JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintdmenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienvéliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.
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HakaLaHT, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LoTTA-RIINA, Flavobacterium
columnare in Finnish fish farming:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalat ja ultraviolettisateily: UV-siteilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VAINIKKA, ANssI, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sarkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteisto- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, HOst manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.

SuurINiEMI, M1a, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikkka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien seki virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INEs, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijatteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.
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ILMARINEN, KATJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissa. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JoHN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kdyttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdadntymisen kustannukset jyvikuoriaisella:
kvantitatiivisen genetiikan ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OyaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MaTiLAINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Sy6véan suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KaLrio, Eva R., Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsamyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PmHLAJA, MARJO, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIrRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, MIra, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SmusaLo, Tuura, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Perdmeren ja Saimaan norpan
suolistoloisyhteisét ja niiden hyodyntdminen
hylkeen yksil6llisen ravintoekologian selvitta-
misessd. 38 p. (84 p.) Yhteenveto 2 p. 2007.



175

176

177

178

179

180

181

182

183

184

185

186

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

TorvaNeN, Tero, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwig, GiLBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijat. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KeroLa, TArRMO, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TuOMas, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BaNDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinnan ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvi, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

RourtTu, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakarpasilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BeNesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakédkarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyviaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p. 2007.

TarpALE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjérvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIKKO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorMUNEN, KarMarkus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyodyntamiseksi ja
padstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community

187

188

189

190

191

192

193

194

195

196

dynamics and diversity.- Ympériston vaihte-
lutja saalistus muokkaavat yhteison dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JARI, Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartTiLa, NiINA, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UpLaA, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisddnmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KeskiNeN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkéytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tarkeiden proteiinien tuotto hyonteissolussa
sekéd niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpstepT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavét vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BomAN, SaNNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijoiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
leviamismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisadnmeno ihmisen sy&pésoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LEeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
pariutumiskayttaytyminen. Geneettiset tekijat
ja fysiologiset seuraukset . 32 p. (111
p-)Yhteenveto 2 p. 2008.



197

198

199

200

201

202

203

204

205

206

207

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

KakkoNEN, ELINA, Regulation of raft-derived
endocytic pathways - studies on echovirus 1
and baculovirus. - Echovirus 1:n ja
bakuloviruksen soluun sisidnmenon reitit ja
séddtely. 96 p. (159 p.) Yhteenveto 2 p. 2009.
TenHOLA-ROININEN, TEA, Rye doubled haploids
- production and use in mapping studies. -
Rukiin kaksoishaploidit - tuotto ja kaytto
kartoituksessa. 93 p. (164 p.) Yhteenveto 3 p.
2009.

TreBATICKA, LENKA, Predation risk shaping
individual behaviour, life histories and
species interactions in small mammals. -
Petoriskin vaikutus yksilon kéyttaytymiseen,
elinkiertopiirteisiin ja yksiloiden vélisiin
suhteisiin. 29 p. (91 p.) Yhteenveto 3 p. 2009.
PIETIKAINEN, ANNE, Arbuscular mycorrhiza,
resource availability and belowground
interactions between plants and soil microbes.
- Arbuskelimykorritsa, resurssien saatavuus ja
maanalaiset kasvien ja mikrobien viliset
vuorovaikutukset. 38 p. (119 p.) Yhteenveto

2 p. 2009.

ARrovnra, JuKka, Predictive models in
assessment of macroinvertebrates in boreal
rivers. - Ennustavat mallitjokien
pohjaeldimiston tilan arvioinnissa. 45 p.

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Saya, Biogas composition and upgrading
to biomethane. - Biokaasun koostumus ja
puhdistaminen biometaaniksi. 76 p.

(135 p.) Yhteenveto 3 p. 2009.

PAKKANEN, Kirsl, From endosomes onwards.
Membranes, lysosomes and viral capsid
interactions. - Endosomeista eteenpdin.
Lipidikalvoja, lysosomeja ja viruskapsidin
vuorovaikutuksia. 119 p. (204 p.) Yhteenveto
2 p. 2009.

MARKKULA, EVELIINA, Ultraviolet B radiation
induced alterations in immune function of
fish, in relation to habitat preference and
disease resistance. - Ultravioletti B -séteilyn
vaikutus kalan taudinvastustuskykyyn ja
immunologisen puolustusjirjestelméan toimin-
taan. 50 p. (99 p.) Yhteenveto 2 p. 2009.
InALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
miikka parvovirus infektiossa. 86 p. (152 p.)
Yhteenveto 3 p. 2009.

Kunttu, Hepl, Characterizing the bacterial fish
pathogen Flavobacterium columnare, and some
factors affecting its pathogenicity. - Kalapato-
geeni Flavobacterium columnare -bakteerin
ominaisuuksia ja patogeenisuuteen vaikutta-
via tekijoitd. 69 p. (120 p.)

Yhteenveto 3 p. 2010.

KoriLaNeN, TiTT4, Solar UV radiation and
plant responses: Assessing the methodo-
logical problems in research concerning
stratospheric ozone depletion . - Auringon
UV-siteily ja kasvien vasteet: otsonikatoon
liittyvien tutkimusten menetelmien arviointia.
45 p. (126 p.) Yhteenveto 2 p. 2010.

208

209

210

211

212

213

214

215

216

EmNoLa, JuHa, Biotic oxidation of methane in
landfills in boreal climatic conditions . -
Metaanin biotekninen hapettaminen kaatopai-
koilla viile&ssa ilmastossa. 101 p. (156 p.)
Yhteenveto 3 p. 2010.

PurOINEN, SAnja, Range expansion to novel
environments: evolutionary physiology and
genetics in Leptinotarsa decemlineata. - Lajien
levinneisyysalueen laajeneminen:
koloradonkuoriaisen evolutiivinen fysiologia
ja genetiikka. 51 p. (155 p.) Yhteenveto 3 p.
2010.

NIskaNEN, EmNarl, On dynamics of parvoviral
replication protein NS1. - Parvovirusten
replikaationproteiini NS1:n dynamiikka.

81 p. (154 p.) Yhteenveto 3 p. 2010.

PEkkALA, SATU, Functional characterization of
carbomoyl phosphate synthetase I deficiency
and identification of the binding site for
enzyme activator.- Karbamyylifosfaatti
syntetaasi I:n puutteen patologian toiminnalli-
nen karakterisaatio ja entsyymin aktivaattorin
sitoutumiskohdan identifikaatio.

89 p. (127 p.) Yhteenveto 2 p. 2010.

HaLmeg, Panu, Developing tools for
biodiversity surveys - studies with wood-
inhabiting fungi.- Tytkaluja monimuotoisuus-
tutkimuksiin - tutkimuskohteina puulla elavat
sienet. 51 p. (125 p.) Yhteenveto 2 p. 2010.
JaLasvuorl, MATTI, Viruses are ancient
parasites that have influenced the evolution of
contemporary and archaic forms of life. -
Virukset ovat muinaisia loisia, jotka ovat
vaikuttaneet nykyisten ja varhaisten elaman-
muotojen kehitykseen. 94 p. (192 p.) Yhteenve-
to 2 p. 2010.

PostiLa, PEkKa, Dynamics of the ligand-
binding domains of ionotropic glutamate
receptors. - lonotrooppisten glutamaatti-
reseptoreiden ligandin-sitomisdomeenien
dynamiikka. 54 p. (130 p.) Yhteenveto 3 p.
2010.

PoikoNeN, Tanja, Frequency-dependent
selection and environmental heterogeneity as
selective mechanisms in wild populations.

- Frekvenssistd riippuva valinta ja ympariston
heterogeenisyys luonnonvalintaa ohjaavina
tekijoind luonnonpopulaatiossa. 44 p. (115 p.)
Yhteenveto 4 p. 2010.

KEKALAINEN, JUKKA, Maintenance of genetic
variation in sexual ornamentation — role of
precopulatory and postcopulatory sexual
selection. - Seksuaaliornamenttien geneettisen
muuntelun sdilyminen — parittelua edeltdvan
ja sen jalkeisen seksuaalivalinnan merkitys.
52 p. (123 p.) Yhteenveto 3 p. 2010.



	ABSTRACT
	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	INTRODUCTION
	1.1 What maintains the reliability of sexual signalling?
	1.2 Sexual selection for attractive genes and good genes
	1.3 Sexual selection for genetic compatibility (compatible genes)
	1.4 Simultaneous selection for good genes and compatible genes
	1.5 Genetic benefits and post-copulatory sexual selection
	1.6 Could males also be choosy?
	1.7 Aims of the study

	2 METHODS
	2.1 Study species
	2.2 Male dominance, courtship and female mate preference
	2.3 Artificial fertilization and offspring fitness measurements
	2.4 Ornament measurements
	2.5 Parasite abundance, condition and mortality
	2.6 Sperm motility analyses
	2.7 MHC and microsatellite analyses

	3 RESULTS AND DISCUSSION
	3.1 Information content of secondary sexual ornamentation
	3.2 Potential factors maintaining the variation of ornamental traits

	4 CONCLUSIONS
	Acknowledgements
	YHTEENVETO (RÉSUMÉ IN FINNISH)
	REFERENCES


<<
  /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
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




