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ABSTRACT

Kortet, Raine
Parasitism, reproduction and sexual selection of roach, Rutilus rutilus L.
Jyväskylä: University of Jyväskylä, 2003, 37 p.
(Jyväskylä Studies in Biological and Environmental Science,
ISSN 1456-9701; 118)
ISBN 951-39-1356-2
Yhteenveto: Loisten ja taudinaiheuttajien rooli kalan lisääntymisessä ja
seksuaalivalinnassa
Diss.

One of the main issues in immunological ecology is the role of immune defence in the
evolution of life-history traits, i.e. the investment in reproduction at the cost of immune
function. Moreover, theories of parasite-mediated sexual selection suggest that
secondary sexual characters are connected to parasitism. For this thesis, I studied
aspects of fish reproduction and sexual selection with respect to defence against
parasites and pathogens. As a model species I used roach, Rutilus rutilus. In the
seasonal cycle of fish immune defence, the relative size of the spleen and the
chemotactic migration activity of head kidney granulocytes decreased immediately
before and after spawning, respectively. However, breeding-related changes in other
measurements (phagocytosis activity of head kidney granulocytes, blood IgM
concentration, white cell count and red cell count) were absent or inconsistent. This
suggests that the different parts of the immune system may have different temporal
patterns. Moreover, epidermal papilloma disease outbreak peaked around the
spawning period in both sexes. Males and large fish had a higher prevalence of
papilloma tumours. The gender dependence in the disease prevalence found in this
study may indicate differences in stress and immunocompetence between male and
female roach. Sexual ornamentation of male roach, the breeding tubercles, signalled a
long-term resistance of males against the locally most abundant parasite in the study,
Rhipidocotyle campanula. Moreover, breeding tubercle ornamentation was associated
with dominance status in intrasexual prespawning interactions. In addition, raised
circulating androgen levels were related to high breeding tubercle ornamentation, but
interestingly, also to increased prevalence of papilloma disease. Thus, I propose that, in
the present system, the character that a male roach signals by his sexual ornamentation
may be resistance against parasites (R. campanula), and that papillomatosis occurring
during spawning is an element which contributes to the honesty of the signal. The
results in the thesis support the hypothesis of a trade-off between reproduction and
immune defence and the hypothesis of parasite-mediated sexual selection. Thus,
parasites and pathogens may have an appreciable impact on the evolution of life
histories and sexual selection of fish.
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hypothesis; immunoecology; life-history theory; parasites; Rutilus rutilus; sexual
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1 INTRODUCTION

1.1   Life-history trade-offs and immune defence

Since an organism can be seen as a way for genes to move to the next
generation, it might seem, at first, logical to assume that an optimal organism
should live as long as possible and reproduce all the time by maximizing all its
fitness-related traits. However, in addition to its genetic constraints, an
organism is bound by phenotypical constraints as well as by constraints of
available energy and nutrients. Effort in one aspect of reproduction detracts
from other aspects. According to life-history theory, organisms are expected to
have trade-offs between different life-history traits, such as age at maturity,
generation time, and number, size, and sex ratio of offspring (Roff 1992, Stearns
1992). Recent results also indicate a trade-off between life-history traits and
immune defence (reviewed by e.g. Lochmiller & Deerenberg 2000, Norris &
Evans 2000). Thus, immunological defence has attracted increasing interest in
ecology and evolutionary biology. One of the main issues in immunological
ecology is the role of immune defence in the evolution of life-history traits, i.e.
the investment in reproduction at the cost of immune function (Sheldon &
Verhulst 1996).

The host immune system fights against parasites and diseases to reduce
the fitness cost of parasitism. In studies of parasite-mediated sexual selection,
host immune functions have been investigated at the time of mating in relation
to the expression of secondary sexual characters (e.g. Folstad & Karter 1992,
Hillgarth & Wingfield 1997). However, immunological parameters may be
subject to rapid temporal changes at the time of breeding due to possible
resource limitations (trade-off between immune system and reproduction), or
either adaptive or nonadaptive immunomodulative action of sex hormones
(Hillgarth & Wingfield 1997). Indeed, according to the immunocompetence
handicap and resource reallocation hypotheses of sexual selection (Folstad &
Karter 1992, Wedekind & Folstad 1994) testosterone reduces immune defence of
males during breeding. The breeding period may also cause physiological
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stress, which can per se affect immune functions (reviewed by Buchanan 2000).
In birds, experimental manipulations of brood size and reproductive effort have
yielded empirical evidence for the immunological cost of reproduction (e.g
Sheldon & Verhulst 1996, Deerenberg et al. 1997, Nordling et al. 1998, Ilmonen
et al. 2000).

The vertebrate immune system is under hormonal control (e.g. sex
hormones and corticosteroids) and is affected by seasonal environmental
changes via the neuroendocrine system (Zapata et al. 1992). In fishes, for
example, sex hormone levels undergo remarkable changes during breeding (e.g.
Rinchard et. al. 1997, Kime 1998, Kestemont et al. 1999) which may affect the
immune system in various ways (Slater & Schreck 1993, Slater & Schreck 1998,
Watanuki et al. 2002). Several studies have demonstrated that organisms show
great flexibility in their physiology (Piersma & Lindström 1997), and measures
of immune response, such as size of lymphoid organs, are often dependent on
condition (Møller et al. 1998). Thus, studying breeding-related physiological
responses to seasonal variation may contribute to our understanding of how
different patterns of life-history traits have evolved.

Seasonal changes in immunocompetence are predicted by the
hypothesised trade-off between reproduction and self-maintenance, whereby
immune function is a measure of self-maintenance and reproductive effort is
seasonally dependent. In general, seasonal changes in the immune system are
found in a wide range of animal species (see reviews in Zapata & Cooper 1990,
Nelson & Demas 1996). The existence of temporal changes in
immunocompetence associated with breeding is widely accepted, yet poorly
studied, especially in wild populations. Earlier studies in captive fishes indicate
dysfunction in immune defence during the reproductive period (Iida et al. 1989,
Slater & Schreck 1998, Hou et al. 1999).

In the first part of my thesis (papers I and II), I studied the role of immune
defence in life-history trade-offs. I examined in two populations how the
seasonality of different aspects of fish immune defence, health state and
condition is connected to the reproduction period (I). I also studied the
spawning-related temporal patterns of epidermic papilloma disease and it’s
dependence on gender (II). Detailed descriptions of the materials and methods
of the studies are given in the original papers.

1.2   Parasite-mediated sexual selection

Darwin (1871) introduced sexual selection as separate from natural selection.
Sexual selection arises when certain individuals have higher mating success
compared to others. It may occur due to choosy partners of the opposite sex or
as a result of intrasexual competition. Sexual selection is suggested to be
strongest in the sex with higher potential reproductive rate and lower
investment in parental care, which is in the most species the male (Clutton-
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Brock & Vincent 1991; Andersson & Iwasa 1996). Moreover, females have been
shown to prefer males with elaborated secondary sexual characters and the
mating skew is notably high in lek-like mating systems (Andersson 1994;
Höglund & Alatalo 1995).

Several theories have been proposed to explain the evolution of
extravagant secondary sexual ornaments. Traditionally, these theories have
been divided to the ‘Fisherian models’ and the ‘good genes’ hypotheses. The
Fisherian self-reinforcing theory (Fisher 1930) suggests that both the male trait
and female preference will be genetically coupled creating a situation often
referred to as “runaway selection”. Traits that were initially attractive because
they revealed the bearer’s ability to adapt to their environment remain
attractive only because they are attractive to females (Pomiankowski & Iwasa
1998). This is unlike the ‘good genes’ hypotheses proposed subsequently.
Zahavi’s handicap hypothesis (1975, 1977) suggests females prefer elaborately
ornamented males, because the handicapping (i.e. disadvantageous to male
survival) ornaments function as honest signals to females of male quality. A
good quality male will survive and succeed in its environment in spite of the
handicap associated with his ornaments. However, currently the dichotomy
between Fisherian runaway process and ‘good genes’ hypothesis is faded off,
since they have been modelled to work as different ends of the same sexual
selection continuum (Kokko et al. 2002). In the recent meta-analysis conducted
by Møller & Alatalo (1999), ‘good genes’ based sexual selection was found to
work widely across taxa, but the effect was relatively minor. Moreover, there
was a reducing effect of publication year on the viability-based sexual selection
indicating publication biases during the paradigm shifts of this debated issue.
Interestingly, in whitefish, potential mate selection in respect to sexual
ornaments has lately been observed to give notable genetic benefits measured
as offspring viability (Wedekind et al. 2001). Likewise, in sticklebacks, offspring
of brightly ornamented males have been found to be more resistant to parasites
than offspring of dully coloured males (Barber et al. 2001).

Hamilton & Zuk (1982) proposed that secondary sexual characters could
specifically signal genetically based parasite resistance, and may have evolved
via mate choice. Thus, by choosing an elaborately ornamented male a female
may acquire for her offspring genes needed for resistance for the predominant
parasites at that time. Since that seminal paper, the role of parasites and
immunological defense in host sexual selection has been a subject of growing
interest. The original hypothesis by Hamilton & Zuk (1982) (HZH) has been
tested by examining male ornamentation in relation to parasite resistance by
using parasite load or immune function as a measure of parasite resistance.
Comparative studies on parasite loads in relation to ornamentation have
yielded mixed evidence for and against the hypothesis as reviewed by e.g.
Hamilton & Poulin (1997) and Møller et al. (1999). In general, studies based on
measures of immune function have provided stronger evidence for the
hypothesis than those based on measures of parasite load (Møller et al. 1999).
However, so far a male's ability to directly eliminate its natural parasites has
not been used as a measure of resistance. This approach would be crucial, since
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the original hypothesis suggests coevolutionary cycles between the host and
parasite as an underlying force in the evolution of sexual selection (Hamilton &
Zuk 1982). Coevolutionary cycles, on the other hand, are most probable among
local hosts and parasite populations specialized to their hosts (Ebert 1994,
Lively 1999).

Folstad & Karter (1992) presented a mechanistic extension to the HZH, -
the immunocompetence handicap hypothesis (ICHH) - which predicts that the
elevated levels of immunosuppressive androgens (or other self-regulating
biochemicals that increase the expression of secondary sexual characters, but
simultaneously reduces the immunity) are unavoidably needed to produce and
maintain effective sexual ornaments. According to the ICHH, male sexual
ornamentation should be an honest indicator to females of male quality, since
only a genetically high quality male can afford and tolerate costs of decreased
defence against parasites and pathogens. In the HZH, the emphasis is in the
coadaptional cycles between host and parasite as an underlying force to
maintaining variation in the traits, while in the ICHH, the emphasis is more in
regulating mechanisms between sexual ornamentation, hormones and quantity
of the immune defence (see also Westneat & Birkhead 1998).

Following the proposition of the ICHH, several empirical studies have
been conducted concerning the issue and the number of these studies is
increasing. Recent results have been both supportive (e.g. Skarstein & Folstad
1996, Saino et al. 1997, Kurtz & Sauer 1999, Verhulst et al. 1999, Evans et al.
2000, Peters 2000, Poiani et al. 2000, Barber et al. 2001, Rantala et al. 2002,
Rantala & Kortet 2002), contrary (Hillgarth & Wingfield 1997, Hasselquist et al.
1999), or ambiguous (Liljedal et al. 1999) to different aspects of the ICHH.
Moreover, some modifications and extensions to the ICHH have been
suggested, e.g. the immune redistribution hypothesis (Braude et al. 1999),
resource allocation hypothesis (Wedekind & Folstad 1994), sperm protection
hypothesis (Folstad & Skarstein 1997, Hillgarth et al. 1997) and the hypothesis
concerning different routes between genes, condition, resistance,
immunopathology and advertising (Westneat & Birkhead 1998). However, the
original ICHH is critisised by Wedekind & Folstad (1994) and by Penn & Potts
(1998) due to hypothesised maladaptivity of immunosuppressive action of
androgens (but see argue against criticism in Hillgarth & Wingfield 1997).
Personally, I think that androgen-mediated immunosuppression is, at least in
some extent, an adaptive resource reallocation process that is limited by
condition, i.e. energy reserves. Immunosuppression may also partly occur due
to adaptive avoidance of autoimmune reactions during an intensive mating
period (Råberg et al. 1998, Westneat & Birkhead 1998). Also in that scenario
female may get reliable information of male’s quality by evaluating his sexual
ornamentation. Anyway, more studies with different species are needed to
verify the predictions of the immunocompetence-related hypotheses of sexual
selection. Most of the studies conducted so far have used birds and have
concentrated on metazoan parasites, but not to bacterial and viral diseases. To
my knowledge, there are no previous studies of the hormonal predictions of the
ICHH in fishes.
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In addition to quality-indicating signals for females, ornaments of sexual
selection have also been found to work as weapons or badges of status in
intrasexual contests (Berglund et al. 1996). Male-male competition may be an
important factor determining reproductive success in lek-like breeding systems
(Andersson 1994, Höglund & Alatalo 1995). When a male is not likely to be
chosen by females, he would benefit by investing more energy in production of
status badges or weapons to aid successful male-male competition (Müller &
Ward 1995). Since the effect of parasitism has been suggested to be important in
intersexual selection, parasitism may play a role also in intrasexual selection
(however, see Hamilton & Poulin 1995, Barber 2002).

In the second part of my thesis (papers III, IV and V), I studied the
predictions of the HZH and ICHH and the roles of the sexual ornamentation
and the papilloma skin disease in male-male prespawning interactions. In
studies III and IV, I monitored the relationships between sexual ornamentation
(i.e. breeding tubercles), parasite load and parasite resistance, androgens and
spawning papillomatosis. The fifth study was a set of behavioural trials, in
which I explored how the breeding tubercles and papillomatosis were related to
male dominance status in intrasexual prespawning interactions. Detailed
descriptions of the materials and methods of the studies are reported in the
original papers (III-V).



2 ROLE OF PARASITES AND PATHOGENS IN
REPRODUCTION AND SEXUAL SELECTION;
RESULTS AND DISCUSSION

2.1   Reproductive biology of the roach (Rutilus rutilus)

Roach (Rutilus rutilus L.) is a cyprinid fish spawning in spring in large groups in
relatively shallow waters. Individuals often migrate to the spawning sites
(Kestemont et al. 1999, L'Abée-Lund & Vøllestad 1985, Mills 1991) such as
littoral area, bays, creeks and small ponds in which water warms early in the
spring. Roach use an external, phyto-lithophil spawning strategy and breeding
sites can vary considerably between populations and locations (Mills 1981,
Diamond 1985, Mills 1991, Gillet & Dubois 1995).

Roach breeds using an intensive and short-term mating system. Female
roach have strong individual preferences and spawning is not random
(Wedekind 1996). Females are often bigger than males (Spivak et al. 1979,
Diamond 1985, Vøllestad & L'Abée-Lund 1987). Roach show no parental care,
and the mating is non-resource based lek-mating as defined by Höglund &
Alatalo (1995): females obtain only genes from the males, and males can not
monopolise resources to gain matings. Moreover, the costs for females of
searching male groups may be low. In some studies, females have been found
to choose males having a territory, and multi-male fertilization is common
(Diamond 1985, Wedekind 1996). However, there is no clear association
between the male chosen and the site of oviposition in roach (Wedekind 1996).
Spawning males can have bourgeois and/or parasitic roles (Wedekind 1996).
Moreover, spawning behaviour of roach is not as clearly territorial as the
spawning of another cyprinid species, the bream (Abramis brama L.) (Svärdson
1951, Mills 1991, Poncin et al. 1996).

Male roach produce sexual ornamentation (breeding tubercles); tubercles
are suggested to give to female detailed information about a male’s parasite
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load (Wedekind 1992). In studies III, IV, V I examined the breeding tubercles of
roach in the context of sexual selection.

There is a high frequency of simultaneous parasitic spawning actions in
roach (Svärdson 1951; Diamond 1985; Wedekind 1996), which may indicate that
sperm competition might be an important intrasexual selective force (Taborsky
1998). However, in roach, parasitic spawning is not a specific alternative tactic
of the male but rather an opportunistic behaviour, since the territory owners
and sneakers do not differ clearly by their morphology, except sometimes in
size, unlike e.g. jacks and hooknoses among salmonids as described by Wootton
(1990).

As an iteroparous species, roach has to balance its reproductive effort
between present and future reprodution, which may lead to fixed physiological
trade-offs in its life-history traits (Roff 1992, Stearns 1992).

2.2 Breeding-related seasonal changes in condition, health state
and immune defence

Life-history theory predicts a trade-off between reproduction and immune
defence (Sheldon & Verhulst 1996). Therefore, in the seasonal pattern of
immunocompetence, there should be a decrease during the breeding period in
species with an active and intensive mating. Since spawning of roach is
physically demanding, I predicted clear breeding related-changes in condition,
health state and immunocompetence. I observed some indication of breeding-
related increase in haematocrit and decrease in relative body weight in study I,
which suggests that the breeding period of roach is physically demanding and
stressfull (Munkittrick & Leatherland 1982, Wester et al. 1994, Bolger &
Connolly 1989).

In study I, the relative size of the spleen decreased in both populations
and in both sexes during breeding. Spleen is assumed to be an essential
secondary lymphatic organ in fishes (Manning 1994). Decreased size of the
spleen in the spawning period and quick recovery after breeding may attest to
the existence of fast physiological trade-offs (see Piersma & Lindström 1997).
Spleen size is also known to decrease during the breeding season in captive
fishes (Zapata et al. 1992) and birds (Nelson & Demas 1996). Furthermore, in
both populations, the chemotactic migration activity of head kidney
granulocytes decreased during mating. The head kidney is presumed to play an
important role as a lymphatic organ in fishes (Manning 1994). Granulocytes are
a part of the non-specific defence in fish (Secombes 1996). The migration
activity of roach granulocytes has been shown to decrease under stress, e.g.
under UV-exposure (Salo et al. 1998).

Unlike in the cases of spleen size and head kidney granulocyte activity,
the breeding-related seasonal changes in the numbers of white blood cells,
blood immunoglobulin concentration and granulocyte phagocytosis activity
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were equivocal. The number of white blood cells reflects the general state of
health and immune response in fish (Wester et al. 1994). An increased number
of leukocytes, especially granulocytes, is a common consequence of infection
(e.g. Ellis 1986). Phagocytosis activity (respiratory burst) of head kidney
granulocytes manifests the function of those cells when challenged. Therefore,
the results of this study suggest that, while some parts of roach immune system
may be suppressed during mating, other parts may remain unaffected. The
present results indicate a breeding-related impairment at least in some parts of
the immune defence system of roach. Thus the results are partly in accordance
with the hypothesised trade-off between reproduction and
immunocompetence.

One of the main results of study I was that I found a remarkable variation
between seasonal patterns of different immunocompetence measures. I also
found seasonal patterns of immune characteristics to differ between
populations and sexes. This may indicate a variation in response of the fish
immune system to temporal and spatial environmental changes (including
pathogens and parasites). Fluctuating seasonality in immunocompetence can
give rise to a problem in studies including a parasite’s role in sexual selection, if
there are interactions between the temporal pattern of different immune
functions and the expression of sexual ornaments and if the immune measures
are studied only during breeding period. Indeed, such an interaction was found
in jungle fowl by Zuk & Johnsen (1998), where differently ornamented males
had disparities in their seasonal immunity patterns. In addition, my results
support the view that the use of any single aspect of immunity as a general
unitary measure of immunocompetence is not to be recommended (Lochmiller
1995, Siva-Jothy 1995, Zuk & Johnsen 1998).

2.3 Epidermic papillomatosis

Epidermal papillomatosis is a virus-induced disease, which has been described
from several fish species (e.g. Bylund et al. 1980, Möller & Anders 1986, Lee &
Whitfield 1992, Mellergaard & Nielsen 1995, Premdas et al. 1995). However, the
viral agents of papillomata have not been visualised or defined in all studies.
Papillomata may erupt in fish due to various physiological stress factors, such
as anoxia or environmental pollutants (Mellergaard & Nielsen 1995, Premdas et
al. 1995). The clinical symptoms of papillomatosis include white, smooth,
loosely attached ovoid tumours on the skin and fins of fish. During severe
infection, fish skin may be totally covered by hyperplasic epidermis. The
persistent latent infectious agents of papilloma are suggested to be present in
the population all the time, and only part of population may get the disease
with tumours (Lee & Whitfield 1992). In smelt, large fish have been reported to
have the highest papilloma tumour prevalences and intensities (Möller &
Anders 1986, Lee & Whitfield 1992). Prior to my study, several observations of
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epidermal skin diseases were made in roach in the present study areas, but
detailed descriptions of papillomatosis on roach were lacking.

In study II, epidermal papillomatosis was found to occur in the majority of
the lakes studied during the spawning periods in 1999 and 2000. Thus, the
papillomatosis seems to be a common disease of roach in Finland. Seasonality
in the occurrence of disease showed a peak around the spawning period. I also
observed a male-biased gender dependence in the presence of papillomatosis,
and that pattern was similar in most of the populations where the tumours
were present. The length of the fish was also related positively to occurrence of
papillomatosis in six of the eight populations.

Sexual maturity and reproduction cause hormonal and physiological
stress (see e.g. Pottinger & Carrick 2000), which may induce papillomatosis
outbreak during the spawning period. Several indications of dysfunction in fish
immune defence during reproduction are known (Iida et al. 1989, Slater &
Schreck 1998, Hou et al. 1999). Moreover, in study I, breeding-related seasonal
reductions in some aspects of immunity were found. A decrease in the fish
immunocompetence may increase the risk of infections and diseases during
sexual maturation and reproduction. Therefore, the reason for the
papillomatosis outbreaks during spawning may be the lowered immunological
condition of fish at that time due to physical stress and hormonal changes. In
support of this argument, the prevalence and abundance of gyrodactylid
monogenean parasites also peaks in the spring during the spawning period of
roach (Koskivaara et al. 1991). Epidermic spawning papillomatosis has also
been described in smelt (Möller & Anders 1986, Lee & Whitfield 1992).
Papilloma virus may be present in the fish stock all the time, but the spawning
stress and changing sex hormone levels may stimulate its manifestation, as has
been suggested by Lee & Whitfield (1992). At least some fish may recover from
the disease, since I found some roach specimens with presumably healed
tumours, but the latent infection may remain.

The observed male-biased gender dependence of papillomatosis may be
explained by the development of the breeding tubercles. Clear morphological
changes in skin, like breeding tubercles, may per se increase the risk of
epidermal diseases in males, because growing or transient body tissue may be
more vulnerable to tumour-inducing infections. This could contribute to the
observed higher prevalence of papillomatosis in male fish. On the other hand,
sex hormones are commonly associated with decreased immucompetence (Iida
et al. 1989, Slater & Schreck 1998, Hou et al. 1999), and androgens may have an
effect on papilloma disease outbreaks. In salmon, Bylund et al. (1980) suggested
an association of papillomatosis with physiological, basically hormonal
changes. In fact, Premdas et al. (2001) found that testosterone itself enhanced
the development of papillomata in white sucker Catostomus commersoni
Lacepède. Moreover, my results in study IV also indicated papillomatosis to be
connected with testosterone levels. The observed gender dependence in the
disease prevalence may also indicate that the possible trade-off between
reproduction and immune defence may be more clear in males than among
females. Roach spawning is an intensive lek-like mating (Wedekind 1996),
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which may be more stressfull for males than females and thus induce more
papillomatosis among males. The potential role of epidermal injury in
aggressive or sexual encounters of males may also be important in papilloma
tumorigenesis, since replicating cells in the epidermis might be the main
substrate for neoplasms (Walter & Israel 1987).

In addition to gender dependence, I found that length affects the
occurrence of papilloma disease. Similar size dependence as I observed, has
also been found in earlier studies with smelt (Möller & Anders 1985, Lee &
Whitfield 1992). This phenomenon might also be explained by hormone-related
changes in immune defence, if larger fish have higher levels of
immunomodulative androgens (e.g. Cheek et al. 2000). Alternatively, the larger
(i.e. older) fish have a higher probability of having been exposed to presumably
chronic papillomavirus. This result is also in line with ‘terminal investment’ of
life history theory, if spawning papillomatosis is a consequence of reproductive
effort in general. In fishes, reproductive effort is observed to increase with age
(Roff 1992).

Spawning papillomatosis may have an impact on roach populations since
the fishes with severe infections may have an increased risk of secondary fungal
or bacterial infections, or of predation. The papillomatosis may also increase
mortality of fishes per se (Sano et al. 1991).

2.4 Breeding tubercles

Breeding tubercles are keratin-based epidermal nodules, which are common in
many fishes, mainly in males. The breeding tubercles of teleosts are induced by
several pituitary and sex hormones and they fall off shortly after spawning (see
review by Wiley & Collette 1970). The development of breeding tubercles may
take weeks rather than days (Wiley & Collette, 1970). The role and evolution of
breeding tubercles are not well known. Breeding tubercles may be used for
conspecific recognition (Vladykov et al. 1985), or for protection against
mechanical injuries (Ahnelt & Keckeis 1994). Müller & Ward (1995) suggested
that breeding tubercles may be used as weapons in intense pre-spawning
behaviour of males (defence of nests and territories). However, Wiley & Collette
(1970) proposed that tubercles originally evolved to allow breeding individuals
to maintain close contact during the spawning as a means to ensure fertilization
of the eggs. Breeding tubercles may also act as hydrodynamic or tactile
stimulators of females during courtship. However, to my knowledge, no
previous behavioural studies have been conducted to examine the role of
breeding tubercles as a sexual ornament.

Recently, in whitefish, the breeding tubercle ornamentation has found to
indicate offspring survival (Wedekind et al. 2001). In roach, the breeding
tubercles are thought to give females detailed information about a male’s
parasite load (Wedekind 1992) and to act as a sexual ornament indicating a
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male’s quality. According to my observations, there is a remarkable variation
on the breeding tubercles between and within wild roach populations.

2.5 Breeding tubercles, immune defence and parasites

Hamilton & Zuk (1982) proposed that secondary sexual characters could signal
genetically based parasite resistance. In study III, I examined ornamentation of
male roach from five populations in relation to (a) host long-term resistance
(proportion of dead parasites; two parasite species), (b) parasite load
(intensity/prevalence; five parasite species), (c) immune function (spleen size)
and (d) somatic condition.

I found the proportion of dead Rhipidocotyle campanula Dujardin (Digenea,
Bucephalidae) to correlate positively with male sexual ornamentation in all
three of the populations (Konnevesi, Jyväsjärvi, Saravesi) where the parasite
was abundant (III). The result suggests that ornamentation may signal parasite
resistance in roach, which is in accordance with the prediction of the HZH
(Hamilton & Zuk 1982). Moreover, I did not find evidence that ornamentation
correlates with immune function, condition, parasite load or resistance against
other, less prevalent parasites.

R. campanula was the parasite that was locally most prevalent (100%
infection) and abundant (on average 14, 9 and 88 parasite specimens per host in
Lakes Konnevesi, Jyväsjärvi and Saravesi, respectively) in the study
populations. Bucephalid digeneans, like R. campanula, have also been found to
be virulent to their fish hosts (e.g. Hoffmann et al. 1990). If ornaments signal
specific resistance against R. campanula, this would be in line with the idea that
host–parasite coevolutionary cycles could drive the evolution of sexual
selection (Hamilton & Zuk 1982). All else being equal, host-parasite co-
evolutionary cycles can be expected to be most probable to the locally most
abundant parasites (Ebert 1994, Lively 1999).

Wild roach has been shown to produce specific antibodies against
Rhipidocotyle fennica Gibson, Taskinen & Valtonen, a close relative of R.
campanula (Aaltonen et al. 1997). Therefore a specific humoral immune
response, and specific resistance, against R. campanula is possible. However, it
can not be ruled out that ornaments signal general parasite resistance. On the
other hand, it is possible that ornaments do not signal parasite resistance as
such, but reflect good condition. However, this seems improbable since the
present results indicated no relationship between ornamentation and fish
condition.



20

2.6 Androgens, papillomatosis and breeding tubercles

Since papilloma tumours may somehow be linked to testosterone levels
(Premdas et al. 2001), this disease may provide a good tool to model ICHH of
sexual selection (Folstad & Karter 1992), if the costs of papilloma virus differ
between variously ornamented males. One of the predictions of that hypothesis
is that sexual ornaments, i.e. breeding tubercles in the case of roach, are
produced by immunomodulative sex hormones. In study IV, I examined
circulating testosterone and 11-ketotestosterone levels, sexual ornamentation
and epidermal papillomatosis, of male roach during the breeding period.

The results in study IV are consistent with the ICHH; there was a positive
relationship between fish androgen levels, sexual ornamentation and papilloma
skin disease. Male roach, which had elevated expression of sexual
ornamentation, had high levels of testosterone and 11-ketotestosterone as well
as higher papillomatosis prevalence. Likewise, Skarstein & Folstad (1996) found
that sexual ornamentation of male Arctic charr, Salvelinus alpinus L. was
positively related to intensities of parasites, and in addition, negatively related
to lymphocyte count.

The relationship between the expression of secondary sexual characters
and testosterone is widespread among a variety of species, and testosterone is
considered in most cases to be the main sex steroid needed in the production of
sexual ornamentation (Hillgarth & Wingfield 1997, Verhulst et al. 1999, Evans
2000). In teleost fishes, 11- ketotestosterone is suggested to act as the main
androgen, but testosterone is also important (Borg 1994). High levels of 11-
ketotestosterone have been found associated with the development of the head
crest, the badge of status in the spawning, of the fish, Salaria pavo Risso (Oliveira
et al. 2001a). Thus, the connection I found in study IV between high circulating
androgen levels and elaborated breeding tubercle ornamentation of male roach
is well supported (see also Wiley & Collette 1970).

In the ICHH, the male sexual ornamentation is a handicapping, but honest
signal of male quality, due to the high levels of immunosuppressive androgens
needed to produce and maintain an effective expression of sexual
ornamentation. This is a consequence of either adaptive or nonadaptive
immunomodulative action of sex hormones (Wedekind & Folstad 1994,
Hillgarth & Wingfield 1997, respectively). In the present study (IV), high levels
of circulating testosterone were associated with papillomatosis. This result
supports the recent study of Premdas et al. (2001) in which testosterone was
found to induce papillomata in Catostomus commersoni. In support of my results,
some previous studies have shown that high levels of testosterone may be
connected to increased parasite infections in the host (e.g. review in Hillgarth &
Wingfield 1997, Poiani et al. 2000).

Papillomatosis in fish is induced by stress (e.g. Mellergaard & Nielsen
1995, Premdas et al. 1995) and is found in roach, mainly among males (II). The
work by Premdas et al. (2001), in which testosterone implants induced
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papillomatosis, or increased the existing papillomata, suggests that testosterone
influences a fish’s ability to control the infection. In roach, this process may be
reinforced by testosterone-induced formation of breeding tubercles. Fast
growing organs (breeding tubercles in this case) are particularly vulnerable to
tumorigenesis during rapid growth and differentiation (Walter & Israel 1987).
However, it can not be ruled out that testosterone would also increase an
individual’s susceptibility to infection. Nevertheless, the use of papillomatosis
in testing the predictions of the ICHH is highly relevant because the male
androgen, testosterone contributes the development of the disease. As
suggested by many researchers (e.g. Hillgarth & Wingfield 1997, Evans et al.
2000, Poiani et al. 2000), the immunosuppressive mechanism of testosterone
during breeding may work together with an increase in circulating cortisol level
(see also Slater & Schreck 1993). Results from a recent study with teleosts
indicated that cortisol exerted a supressive effect on leukocyte phagocytosis, but
that testosterone or 11-ketotestosterone had no effect (Law et al. 2001).
However, testosterone alone was found to elicit significant in vitro
immunosuppression in anterior kidney leukocytes of chinook salmon (Slater &
Schreck 1998). Papillomatosis increases mortality of fishes (Sano et al. 1991). In
addition, fish with severe papilloma infection may have an increased risk of
secondary fungal or bacterial infections, or of predation. Thus, I propose that
spawning papillomatosis disease may give reliable information about a male’s
intolerance to negative effects of testosterone.

While there was an association between testosterone and disease, I found
no relationship between 11-ketotestosterone and papillomatosis. Therefore, in
roach, 11-ketotestosterone may work as an androgen that promotes ornament
development, but does not increase the risk of papillomatosis. This would
provide a means of cheating: males could have elevated 11-ketotestosterone,
increased sexual signalling, but would not need to bear the cost of
immunosuppression. However, my results indicate that both 11-
ketotestosterone and testosterone may be needed to produce breeding
tubercles. In addition, 11-ketotestosterone solely has been found to suppress the
function of phagocytic cells in another cyprinid, Cyprinus carpio L. (Watanuki et
al. 2002). Thus, I think that in the present system, the possibility for cheating
may be limited. The main defence mechanisms directed against viral infections,
in general, include natural killer cells, interferons alpha and beta, specific
antibodies and cytotoxic T-lymphocytes (Minton & Sinssons 1992). Therefore,
my finding also indicates different relationships of testosterone and 11-
ketotestosterone with various parts of the immune system of roach.

The ICHH is probably one of the most controversial recent hypotheses
regarding sexual selection. It has given rise to numerous new ideas and studies.
The original ICHH predicts that high androgen levels of males should have a
positive relationship with sexual ornamentation and a negative relationship
with immune defense, leading to increased susceptibility to diseases (Folstad &
Karter 1992). However, the variation between individuals in the amount of
resources available to invest in ornamentation and immunocompetence makes
those relationships difficult to observe at the population level. This is the”big
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house, big car problem” which has been recognised in life-history studies (van
Noordwijk & de Jong 1986). Nevertheless, in the current study population, a
positive connection between sexual ornamentation and testosterone and 11-
ketotestosterone was found, as well as a connection between papillomatosis,
sexual ornamentation and testosterone, indicating that precisely during the
spawning period male roach may have little variation in extra resources to
allocate for immune defence.

Interestingly, in study III, I found that the breeding tubercles of wild male
roach signalled a long-term resistance to the predominant, harmful trematode
parasite, Rhipidocotyle campanula, as predicted by the HZH. Since the results of
study IV were consistent with the ICHH, to my knowledge, this is the first time
when both the ICHH and the HZH processes have been suggested to work
simultaneously in the same system. Thus, I propose that, in the present system,
the character a male roach signals by his ornamentation may be resistance
against parasites (R. campanula), and that papillomatosis is an element which
contributes to the honesty of the signal. Only high quality male could afford to
tolerate the negative effects of testosterone (cf. ICHH), such as increased risk of
papillomatosis. In Lake Jyväsjärvi, only 30 percent of high-ornamented males
were undiseased (IV).

2.7 Breeding tubercles, dominance behaviour and papillomatosis

Success in intrasexual competition may be the main factor determining
reproductive outcome in lek-like breeding systems (Andersson 1994, Höglund
& Alatalo 1995). A profitable tactic for a male not chosen by female could be to
invest more energy in production of badges of status or weapons to aid
successful male-male competition (Müller & Ward 1995). Together with
evolution of bright ornaments and weaponry, male counter strategies to achieve
matings have evolved.  In fish species, various reproductive strategies have
been found (Oliveira & Almada 1998). Bourgeois (i.e. dominant territory owner)
and parasitic roles of males in spawning are alternative mating tactics in fishes.
These are not exclusive, however, as bourgeois fish can show opportunistic
behaviour (Taborsky 1998). Moreover, sperm competition often has a major role
in reproductive output in fishes (Taborsky 1998).

The aim of study V was to test if breeding tubercles act as a status badge
indicating male dominance by examining courtship and mating behaviours in
pre-spawning events. Furthermore, since papillomatosis is a stress-induced and
hormonal-based disease (Premdas et al. 2001; IV), I also studied the presence of
epidermal papillomatosis in males and its effect on their behaviour patterns.

In study V I found a clear relationship between the breeding tubercles
(skin roughness) and dominance behaviour, indicating that the breeding
tubercles may have a signalling role as a status badge in intrasexual selection of
roach. By controlling the size of the fish, I could study the signalling role of
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breeding tubercles in my experimental system. However, in fishes, the
dominance rank has been previously found to increase with age together with
size, which has been shown to influence male spawning success in brown trout
(Petersson & Järvi 1997). Since no studies have been carried out on the effect of
size on dominance, or courting behaviour in roach, I can not estimate how
significant that effect is in natural spawning aggregations.

Breeding tubercles are found among several fishes (Wiley & Collette 1970),
but their role and function are still uncertain. My results give the first evidence
for the significance of breeding tubercles in pre-spawning behaviour of fish.
Dominant males had rougher skin than subordinates, so tubercles may work as
an intrasexual ornament or status badge. Dominance and the expression of skin
tubercles may share the same causal factor, for example, androgens.
Nevertheless, the badge of status, in this case breeding tubercles, signals the
quality of its bearer. Furthermore, since the breeding tubercles have been
shown to indicate parasitic load (Wedekind 1992) and parasite resistance (III), it
seems probable that they may function as an ornament of both inter- and
intrasexual selection in roach. This does not exclude a partial role for tubercles
as a protective organ in spawning (Ahnelt & Keckeis 1994). A status badge may
signal good quality to females as well as to males (Berglund et al. 1996) and the
present results suggest this to be the case for the breeding tubercles in roach. In
the case of secondary sexual traits, male contests very often favor the same
signal traits that females prefer (Andersson 1994), which can accelerate the
evolution of those traits (Berglund et al. 1996). There are no studies on roach of
how the courtship and male dominance are correlated to fitness, but the area is
open for future research. In salmon, males showing less quivering and courting
behaviour also had lowered reproductive success (Jonsson 1997).

Male roach do not offer clear shelter where they can spawn privately,
which increases the possibility of simultaneous parasitic spawning. Therefore, a
high dominance rank of a male and the ability to keep other males away from
the female probably increases fertilization success. The ability to keep harassing
rival males at a distance from the female has been found to be the key variable
for breeding success of males in leks of birds (Alatalo et al. 1991).

Interestingly, in the present study papilloma disease did not affect the
dominance status of the male. The diseased fish in the trials were able to carry
the papillomatosis load and at the same time express their quality with the
number and size of the breeding tubercles (cf. Zahavi 1975). Similarly, Hamilton
& Poulin (1995) or Barber (2002) could not find any connection between
parasitism and dominance in male-male competition. Moreover, the positive
relationship between papillomatosis and testosterone found in study IV could
explain the current result.

There is evidence of non-random patterns in spawning behaviour in
group spawning fish species when spawning behaviours are analyzed in
smaller groups (Taborsky 1998). The observed correlation between male
dominance status and the breeding tubercle ornamentation in roach provides
new insights for studies of lek-mating in cyprinids. Roach is a common
iteroparous species having multiple sexual ornaments, which are easily
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observed (Wedekind 1992). In addition, it has identifiable skin diseases and
known parasites (e.g. Taskinen et al. 1991, II, III). Thus, it offers an ideal system
for further studies of sexual selection and lek modelling in fishes.



3  CONCLUSIONS

A decrease during spawning in the seasonal pattern of some of the studied
immune defence parameters was found (I). Moreover, a novel disease
phenomenon of roach, epidermal papillomatosis occurring during the breeding
period was described (II). The disease proved to be a common condition in
several roach populations. Males had higher prevalence of the disease as did
larger fish. Observed gender dependence in the disease prevalence may also
reflect differences between sexes in the costs of reproduction. Moreover, the
breeding-related seasonal changes in immunocompetence together with an
outbreak of papillomatosis during spawning are consistent with the suggested
trade-off between reproduction and immune defence. This also suggests that
the impact of parasites and pathogens may be notable during the reproductive
period. In support of that the prevalence and abundance of gyrodactylid
monogenean parasites is also observed to peak in the spring during the
spawning period of roach (Koskivaara et al. 1991).

The important finding of this thesis is a remarkable variation between the
seasonal patterns of different immunocompetence measures. The seasonal
patterns of immune characteristics also differed between populations and sexes.
This may indicate a variation in the response of the fish immune system to
temporal and spatial environmental changes (including pathogens and
parasites). Thus, the present results support the view that the use of any single
aspect of immunity as a general measure of immunocompetence is not
recommended (Lochmiller 1995, Siva-Jothy 1995, Zuk & Johnsen 1998).

In the third study of my thesis, a positive relationship was found between
the proportion of dead Rhipidocotyle campanula digenean gill parasites, which is
a long-term measure of immunocompetence, and breeding tubercle
ornamentation. This is in the line with the HZH, which suggests that sexual
ornamentation may reveal to the female a male’s resistance against parasites.
Due to coevolutionary cycles between host and parasite, the sexual
ornamentation may work as a signal of male’s resistance to the locally most
harmful or abundant parasite in the current system.
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Roach male sexual ornamentation, the circulating sexual hormones and
spawning papillomatosis form a good model to test the ICHH, since the
breeding tubercles are produced by testosterone and 11-ketotestosterone, which
may lower the immune defence. Males having higher levels of testosterone and
11-ketotestostere had a more elaborate ornamentation, but also higher
prevalence of papillomatosis (IV). The development of the sexual
ornamentation by immunosuppressive androgens may be a handicap, which
lowers the immunological status of male and increases the risk of parasites and
diseases. Thus, my results in study IV are in line with the predictions of the
ICHH.

Since the results of study III were consistent with the HZH, and the results
of study IV were consistent with the ICHH, to my knowledge this is the first
time that both the ICHH and the HZH processes have been suggested to work
simultaneously in the same system. Thus, I propose that, in the present system,
the character that a male roach signals by his ornamentation may be resistance
against parasites (R. campanula), and that spawning papillomatosis is an
element which contributes to the honesty of the signal.

In the behavioural trials, the breeding tubercle ornamentation was related
to male dominance status (V). Dominance status also correlated with male
courtship behaviour. Thus it is possible, that the breeding tubercle
ornamentation may work as a status badge for other males, and as a cue to
choose a high-quality mate for females. However, interestingly, the papilloma
disease did not affect the male dominance status.

To conclude, the pressure from parasites and pathogens may have a
remarkable effect on the evolution of teleost life histories and on sexual
selection, causing selective processes and even physiological trade-offs between
immune defence and other life-history traits.
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YHTEENVETO (Résumé in Finnish)

Loisten ja taudinaiheuttajien merkitys kalan lisääntymisessä ja seksuaali-
valinnassa

Yksi immunologisen ekologian peruskysymyksistä on immuunipuolustuksen
rooli elinkiertopiirteiden evoluutiossa, eli mahdollisten kompromissien olemas-
saolo lisääntymisen ja immunologisen puolustuksen välillä. Tutkin tässä
väitöskirjassani immuunipuolustuksen ja loisresistenssin yhteyttä lisääntymi-
seen ja seksuaalivalintaan. Mallilajina käytän särkeä (Rutilus rutilus).

Immuunipuolustuksen vuodenaikaisvaihtelussa löytyi kutuaikaan
kytköksissä olevaa laskua pernan koossa ja etumunuaisen fagosyyttisolujen
migraatioaktiivisuudessa, mutta muissa tutkituissa muuttujissa (etumunuais-
solujen fagosytointiaktiivisuus, veren IgM-vasta-aine -pitoisuus, valkosolu-
laskenta ja punasolulaskenta) ei lisääntymiseen liittyviä muutoksia tavattu. Eri
immuunipuolustuksen osa-alueilla havaittiin toisistaan eroavat vuodenaikais-
rytmit. Lisäksi havaittiin, että kutuaikana särjille puhkeaa papilloomatauti, jota
esiintyy huomattavasti useammin koirailla kuin naarailla. Papillooman
prevalenssi on korkeampi isoilla kaloilla kuin pienillä kaloilla. Papillooma-
taudin puhkeaminen voi johtua kutuaikana tapahtuvasta heikentymisestä
tietyissä osissa immuunipuolustusta. Tämä antaisi tukea lisääntymisen ja
puolustusjärjestelmien välillä olevan kompromissin olemassaololle.

Kenttäaineistossa havaittiin koiraiden pitkän aikavälin loistentappokyvyn
ja seksuaaliornamenttina toimivien kutukyhmyjen välillä korrelaatio. Yhteys
ornamentointiin havaittiin nimenomaan loisista yleisimmän, Rhipidocotyle
campanula -imumadon puolustuksessa. Löydökset sopivat hyvin yhteen
Hamiltonin ja Zukin loisvälitteisen seksuaalivalintateorian kanssa, jossa koiraan
seksuaaliornamentit signaloivat vastustuskykyä nimenomaan kulloisenkin
ympäristön yleisintä ja haitallisinta loista vastaan. Lisäksi korrelatiivisesta
kenttäkokeesta selvisi, että koirassärkien seksuualiornamentointi,
koirassukupuolihormonit ja papilloomatauti ovat voimakkaasti toisiinsa
kytköksissä. Voimakkaammin ornamentoiduilla koirailla sukupuolihormo-
nitasot olivat korkeammat, mutta niillä oli samanaikaisesti myös enemmän
papilloomatautia kuin heikommin ornamentoiduilla koirailla. Näyttää siis siltä,
että koiraille kutukyhmyjen tuottaminen on kustannus, joka ilmenee
kutuaikana immuunipuolustuksen heikkenemisenä ja papilloomatautiriskin
kasvamisena. Koiraan kutukyhmyt voisivat olla naaraille rehellinen signaali
koiraan laadusta. Edellisestä seuraa, että särjen kohdalla voisi toimia myös
seksuaalivalinnan ‘immunokompetenssihaitta’ -hypoteesi. Tutkimus on
ensimmäinen, jossa samassa systeemissä on osoitettu sekä Hamilton-Zukin
loisvälitteisen teorian että immunokompetenssihaitta -teorian toimimismahdol-
lisuus.

Käyttäytymiskokeessa selvisi, että hallitseva, dominoiva koiras oli
useimmiten kutukyhmytykseltään karkeampi kuin sen alistettu, subordinaatti
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kumppani. Dominantit koiraat esittivät myös aktiivisemmin kosiokäyttäy-
tymistä naarasta kohtaan. Papilloomatauti ei kuitenkaan vaikuttanut koiraiden
dominanssihierarkiaan.

Yhteenvetona totean, että loisten ja patogeenien merkitys kalojen
elinkiertojen evoluutiossa ja seksuaalivalinnassa voi olla huomattava aiheuttaen
erilaisia evolutiivisia valintapaineita ja jopa fysiologisia kompromisseja
immuunipuolustuksen ja muiden elinkiertopiirteiden kanssa.
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